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Preface

The interrelationships among composition, structure, property, process, and per-
formance of a material are fundamental for materials research, development,
manufacturing, and application. Materials characterization is the key to reveal these
relationships throughout the entire circulation process of materials, from raw
materials selection, through various process stages, final products, and applications,
up to materials recycling and reuse. Characterization provides accurate and realistic
information for the in-depth understanding of a material, such as how the material
fails, how to improve the performance, how to simulate a material, and what is the
lifetime of the material.

The symposium Characterization of Minerals, Metals, and Materials is spon-
sored by the Materials Characterization Committee of The Minerals, Metals &
Materials Society (TMS) and focuses on the advancements of characterization
of the minerals, metals, and materials from the bulk down to the nanoscale and the
applications of characterization results on the processing of these materials. The
subjects of the symposium include extraction and processing of various minerals,
process–structure–property relationship of metal alloys, glasses and ceramics,
polymers, composites, and carbon used as functional and structural materials. All
characterization methods and techniques and their applications are covered in this
symposium. The methodology and instrumentation for materials characterization
are emphasized.

The symposium on which this volume is based is one of the largest—and also
one of the broadest in terms of scientific coverage—held during the TMS Annual
Meeting, which attracts materials scientists, mineralogists, metallurgists, mechani-
cal engineers, chemists, physicists, microscopists, and instrumental experts from
academia and industry across the world. In the TMS 2018 Annual Meeting held in
Phoenix, AZ, USA, the symposium received 175 abstract submissions; of these 121
were accepted for oral presentation in 14 technical sessions, and 54 will be pre-
sented as posters.

This proceedings volume includes 76 manuscripts of original research. The
peer-reviewed manuscripts were invited or contributed by the researchers from the
fields of materials science, engineering, metallurgy, physics, chemistry,
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manufacturing, and applications. The authors of the papers represent diversity from
more than 20 countries in the North America, South America, Asia, Europe,
Australia, and Africa. Although the papers were divided into 14 sections based on
the technical sessions of the symposium, the topics of this volume cover a wide
range of materials characterization from composition, structure, process, property,
performance, and their interrelations in the materials from bulk-scale down to
microscale and nanoscale. The material sequence and related processes were widely
covered and include minerals, metals and alloys, ceramics, polymers and com-
posites, semiconductors, optical, electronic, magnetic, environmental materials, and
concrete. Among these papers, metallic materials and various composite materials
take the major portion of the proceedings.

This book is a valuable reference for academic and industry readers from
advanced undergraduates to experienced professionals who wish to learn about all
types of characterization methods, their development, and applications in general,
specifically in minerals, metals, and materials. It also provides up-to-date
achievements on many types of materials for the scientists and engineers
engaged in research, development, and production. The readers will enjoy the
diversity of topics in this book with novel approaches and contributions on mate-
rials, micro- and nanostructures, performance, and relationships in practical uses.

The editors of this book are very grateful to the authors for their contribution
of the manuscripts and willingness to share their new findings with the materials
community. The editors would also like to express appreciation to TMS for giving
this symposium the opportunity to publish a stand-alone volume. We also thank the
Materials Characterization Committee and Extraction and Processing Division for
sponsoring this symposium. The editors also thank the publisher, Springer, for their
production of this book. Finally, we acknowledge the efforts by the past chairs and
members of the Materials Characterization Committee, who continuously built this
great symposium and who attracted talented and creative people and research
groups from around the world to the committee and symposium.

Bowen Li
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On FIB Milling Parameters

Jian Li and Pei Liu

Abstract In recent years, focused ion beam (FIB) has become a powerful
microscopy tool. Creating large FIB cross sections are often required to characterize
important microstructure features e.g. the depth and morphology of pitting corro-
sion and stress corrosion cracking in natural gas pipeline steels. Large FIB sec-
tioning often takes long time that not only occupy valuable FIB microscope time,
but also consume often expensive consumables that include gallium ion source,
aperture and deposition gas etc. The new plasma FIB developed by FEI can speed
up milling process by using much larger beam current. However, for most of the
laboratories that is limited by conventional Ga ion FIB, the milling speed is limited
by the relatively small beam current. In this paper, FIB milling rate are studied
against milling parameters that include beam dwell time and pixel overlap. By
optimizing the milling parameters, milling rate can increase significantly.

Keywords FIB � Milling rate � Sputter yield

Introduction

Soon after the development of liquid metal ion source (LMIS) in the 1960’s,
focused ion beam (FIB) system was invented. Small probe size of a few nanometers
are available for high-resolution ion beam imaging, and high beam current density
are now available with modern FIB columns for high speed ion beam milling [1]. In
the early days, FIB microscopes were mostly used for IC device modification [2],
failure analysis [3], and lithographic mask modification [4]. In the past decade, with
increased resolution, FIB microscopy has been widely used as an effective materials
science research instrument [5–7]. Examples includes FIB sectioning and imaging
to reveal subsurface corrosion and stress corrosion cracking of pipeline steels, crack
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tip morphology and crack propagation mechanism studies, and production of
stress-free site-specific TEM specimens [8].

Whether to prepare FIB sectioning for imaging or TEM foil extraction, milling
large areas are either required or preferred. This involves removing large volume of
substrate materials. In order to obtain sufficient information, we frequently need to
create large FIB trenches that involve removing *400,000 µm3 around the area of
interest. For convention FIB with LMIS, this is quite a large under take. Not only it
occupies valuable FIB instrument time, but also consumes a large “chunk” of
expensive Ga ion source (considering typical sputter yield of 4 when milling
crystalline Si). Unlike semiconductors micro devices, engineering materials are
often heavy. More ion dose is required in FIB milling. Increasing milling rate is of
great interest in FIB microscopy work.

Bischoff [9] summarized earlier work on FIB milling using Co, Ga, Ge, Nd and
Au ions sources under acceleration voltages of 35–70 kV. He concluded major
factors that could affect FIB milling rate include: acceleration voltage, density of
target materials, beam dwell time, beam incident angle and specimen temperature.
Using the model proposed by Sigmund [10], the calculated sputter yield of Si target
increase from about 4.3 to 5.2 when the accelerating voltage of Ga ion beam
increase from 35 to 70 kV. This increase in sputter yield is quite modest.
Considering the adverse effect of higher acceleration voltage that include significant
ion beam damage to target materials (amorphization), most commercial FIBs
nowadays are designed with lower accelerating voltage of 30 kV (as opposed to
50 kV for earlier generation of Micrion FIBs). When milling crystalline materials,
relative incident direction between the primary ion beam and lattice my cause
significant decrease in sputter yield due to the channeling of ions along crystal axes.
Sigmund [10] reported nearly 10 folds sputter yield increase when beam incident
angle (ɵ) increase from 00 to 750. He suggested sputter yield increase is the function
of 1/cosnɵ where n * 2. This explains why the milling rate increase significantly
during final stage of FIB thinning of TEM specimen (compared to the milling of the
bulk). Using a 35 kV Co+ ion beam, Sigmund [10] found little difference in sputter
yield when pixel dwell time change from 1 µs up to 200 µs at room temperature.
However when target temperature was set at 430 °C, longer dwell time doubled the
sputter yield. He attributed this increase to dynamic annealing of substrate materials
when milled under short dwell time. Dynamically recrystallized target area
increased chances of primary ion beam channeling that reduced sputter rate.

The ion-specimen interaction physics and these valuable research data provided
FIB manufacture valuable information not only to design efficient ion column but
also establish efficient milling routines for modern FIB instrument. The available
milling (and deposition) routines should have been optimized to provide users with
high milling rate while minimizing ion beam damage to target materials (which is
extremely important in final stage of TEM specimen preparation). In most orga-
nizations, FIB microscopy time are valuable not only to save microscopy time (and
reduce consumable cost), but also increase microscopy work turnaround time for
clients. Improving milling rate is of great interest. In this study, based on
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manufacture’s default milling routine, we performed a series of milling experiments
by varying beam dwell time and pixel overlap on crystalline Si and aluminum we
managed to improve the milling rate significantly.

Materials and Methods

Experiments were carried out using a FEI Helios NanoLab650 FIB. The ion beam
column with a Ga ion source can provide imaging resolution up to 4.5 nm, and the
SEM column has a resolution of 0.8 nm. Milling experiment was performed on
both single crystal Si wafer and commercial aluminum alloy under 30 kV beam
acceleration and 2.5 nA current. Ga ion dose was kept constant at 10 nC/µm2. Size
of the milling boxes were set at 8 � 20 µm. Experiments were carried out at
combination of various dwell time and pixel overlap. Depths of milled trenches
were recorded and compared.

Results and Discussion

Dwell Time

Default milling routine for milling Si include dwell time of 1.0 µs and beam
overlap of 50%. The study include changing the dwell time from 0.5 µs up to
100 µs while keeping the beam overlap constant at 50%. Milling rates (R) are also
calculated based on Eq. 1. Where “d” is depth of ion milling into the target, “q”
primary ion charge, and “D” is the primary ion dose [10].

R ¼ d
qD

ð1Þ

Sputter yield (Ys) is the escaped ions or neutrals from the target surface due to
physical knock-on process caused by energetic incident Ga ions. Sputter yield can
be calculated by volume loss method using a simplified equation below [10], where
“d” is milling depth, “N” is atomic density of the target, and “D” is the primary ion
dose.

Ys ¼ dN
D

ð2Þ

Milling depths, calculated milling rate and sputter yield as a result of various
beam dwell times are shown in Table 1. The result show the Dwell time alone (at
50% beam overlap) has little effect in milling rate.

On FIB Milling Parameters 5



The sputter yield in this study correlate well with early work by Musil et al. [11]
where they use 35 keV Co beam to sputter GaAs target. When dwell time changes
from 1 to 100 µs the sputter yield kept nearly constant at about 2.5 at room
temperature. Sigmund [10] also reported similar sputter yield when irradiating Si
with 70 keV Co and Ge ion source. The higher sputter yield in this experiment is
attributed to the improved column design in modern FIB systems. Milling rates and
sputter yields in Table 1 indicate the beam dwell time alone has little impact on
milling rate for Si target.

Beam Overlap

Efficient FIB milling involves using energetic primary beam (Ga ions) to efficiently
amorphize the top surface layer in the milled area. This reduces ion channeling into
crystalline lattice, thus improves sputter yield. Ion beam diameter varies with
column design. Hence when working with FIB made by different vendors (e.g.
Hitachi, JEOL, Zeiss and FEI), beam diameter can be quite different even with the
same beam current. When setting up FIB for milling action, beam overlap control is
often made available to FIB operators. The default value are often set at 50%. For
example, with 2.5 nA beam current, the beam diameter is estimated to be about
130 nm in FEI’s Helios NanoLab ion column. Thus with 50% overlap, the pitch
spacing is about 65 nm. In this study, we kept beam dwell time constant at 1.0 µs
and change the overlap from 50% to 80% and 90%. The resulted milling rate and
sputter yield, shown in Table 2, only marginally improved.

Table 1 Effect of beam
Dwell Time on FIB milling
rate of Si single crystal

Dwell (µs) Depth (µm) R (µm3/nC) Ys

0.5 2.7 0.14 4.33

1 2.7 0.14 4.33

5 2.8 0.14 4.49

10 2.8 0.14 4.49

20 3 0.15 4.81

50 3 0.15 4.81

100 3.1 0.16 4.97

Table 2 Effect of Beam
Overlap on FIB milling rate of
Si single crystal

Overlap (%) Depth (µm) R (µm3/nC) Ys

50 2.64 0.13 4.23

80 3.07 0.15 4.92

90 3.83 0.19 6.14
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Both Dwell Time and Beam Overlap

Experiments in the previous sections have shown with the default beam overlap of
50%, beam dwell time has little effect on milling rate. Similarly, at short beam
dwell time (1 µs), increasing beam overlap only marginally improved milling rate.
In this experiment, we investigated the effect of various combination of beam dwell
time and pixel overlap on milling rate. Prior to FIB milling, a strip of Pt was
deposited onto a single crystal Si wafer. Milling was carried out using 30 keV beam
at 2.5 nA beam current. The milled trenches are shown in Fig. 1.

It appears that when both dwell time and pixel overlap are increased to 100 µs
and 90% respectively, the milling rate increased dramatically. Further increase in
dwell time did not yield increased milling rate.

As shown in Tables 1 and 2, the milling rate was not affected when dwell time
and pixel overlap was changed separately (while keeping the others at default
value). In both cases, the milling rate and sputter yield agrees well with that
reported in literature [10, 11]. At high dwell time and pixel overlap, milling rate
more than tripled. To the author’s knowledge, such high sputter yield was not
reported previously. Figure 2 summarized milling rate from literature and from
current study.

One of the factors that affect FIB milling rate is the effectiveness of amorphize
the local target surface in the previous FIB milling pass. When ion channeling along
certain crystallographic orientation happens milling rate reduces. In extreme cases,
low melting phase can form on certain crystallographic plane when line up with
incident Ga ion beam. This significantly hinders milling [12, 13]. At shorter dwell
time and lower overlap value, the primary Ga ion beam may not provide enough ion
dose to amorphize the top surface of the milled area. The subsequent ion beam
milling pass to the same area still encounters crystalline surface. With higher dwell
time and increased overlap, the target crystal lattice can be significantly disturbed in
one milling pass and be removed easily in the subsequent ion beam pass. This can

Fig. 1 Secondary electron
image showing FIB milling
depth on Si wafer
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greatly enhance sputter rate. Repeated experiment in both Si and aluminum alloy
yield similar results. Experiments in other materials that include steel, Ni and
ceramics are underway, and will be reported elsewhere.

Summary

One of the advantages of FIB systems is the availability of digital control of Ga ion
beam that include beam dwell time, beam retrace time after each line scan, and pixel
pitch that translate to beam overlap during milling. FIB operators should take full
advantage of available beam controls. In developing these advanced and expensive
FIB columns, each vendor carried out in-depth research that nearly perfected their
milling and deposition routines. However, as shown in this study, by varying dwell
time and pixel overlap, the milling rate can increase dramatically. This not only
saves precious FIB operation time, but shortens turnaround time for microstructure
analyses.
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Preparation and Characteristics of Steel
Slag Ceramics from Converter Slag

Mingsheng He, Bowen Li, Wangzhi Zhou, Huasheng Chen, Meng Liu
and Long Zou

Abstract Steel slag is an inevitable by-product from a steelmaking furnace such as
a converter, an open-hearth furnace or an electric arc furnace. The yield of steel slag
increases with the sharp rise of steel production. Utilizing the slag effectively and
comprehensively is one of the important tasks to promote the development of iron
and steel industry in China in a sustainable and efficient way. In this study,
hot-poured steel slag from a converter was used to prepare ceramics by mixing with
fly ash, microsilica, and quartz. After heating at 1100–1200 °C, the ceramics were
well sintered. XRD revealed that multiple crystalline phases coexisted in the
glass-ceramics, and the main crystalline phases were diopside and anorthite. SEM
observation indicated that there was a plate-columnar composite structure in the
ceramics. Reaction mechanisms were discussed.

Keywords Steel slag � Fly ash � Diopside � Anorthite � Ceramic

Introduction

Steel slag, one of the most common industrial solid wastes, is an alkaline byproduct
generated from steelmaking process [1]. Generally, it is produced by a converter or
an Electric Arc Furnace during steel refinery. Converter steelmaking is the most
important process in China and the output of steel slag is 80–120 million tons a
year by 100–150 kg per ton of steel production [2–4]. Steel slag took up large
quantities of land resources, and caused water and air pollution. The recycling of
steel slag can not only protect the environment, but also make use of natural
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resources effectively and promote utilization ratio of resources. In past decades,
many efforts have been made to consume the slag as a secondary mineral resource.
The applications included the use of slag as aggregates, fertilizer, glasses, coatings,
and cementitious mixtures, etc.

The chemical compositions of steel slag mainly are oxides of calcium, iron,
silicon, magnesium, and aluminum. However, steel slag with free CaO and MgO,
and c-2CaO⋅SiO2 has a liability to raise expansion and disintegration [5–7]. It is a
great challenge for many steel mills to recycling steel slag effectively in large
industrial scale because of its high alkalinity and poor chemical stability.

Diopside is the calcium-rich and magnesium-rich mineral phase. The formula of
a pure diopside is CaMgSi2O6. It forms complete solid solution series with
hedenbergite (FeCaSi2O6) and augite. According to CaO-MgO-SiO2 trinary phase
diagram, diopside can be synthesized by adding SiO2 in steel slag with appropriate
amounts. Anorthite is the calcium-rich and end member of the plagioclase feldspar
solid solution series. The formula of a pure anorthite is CaAl2Si2O8. According to
CaO-SiO2-Al2O3 trinary phase diagram, anorthite can be synthesized by adding
Al2O3 and SiO2 in steel slag with appropriate amounts [8, 9]. Since diopside and
anorthite ceramic has many advantages for manufacturing and applications, such as
appropriate strength, low electricity conductivity, low sintering temperature, and
broad raw materials supply, and low cost, it has greatly attracted research attentions
for synthesis with various minerals [1, 10–12]. Natural mineral with high SiO2 and
Al2O3 cannot be used in large scale because of cost. Fly ash and microsilica are
cheaper raw materials for synthesis of diopside and anorthite ceramics. This study
was to prepare diopside and anorthite composite ceramics by using converter slag.

Materials and Methods

The raw materials used in this study included converter slag, fly ash, microsilica,
and quartz. Steel slag was taken from Wuhan Iron & Steel Co., Ltd. (WISCO). The
slag was produced by the WISCO Metallic Resources Ltd. The original slag was
hot-poured with water, naturally cooled down to ambient temperature, then crushed
into granules. After evenly mixing, the granules were dried and ground into −325
mesh powder by a Raymond mill. Fly ash was taken from Wugang Power Plant.
Microsilica and quartz were commercial concentrate products with −325 mesh of
particle size.

Diopside and anorthite composite ceramic was prepared by mixing converter
slag with fly ash, microsilica and quartz in certain ratios in a blender, and then
placed the mixed powder in a ball-making machine, spraying water while rotating
the powder sample to form green ceramic balls with diameters between 0.5 and
2.0 mm. The green ceramic balls were transferred in a box furnace, heated to
designed temperature, maintained the temperature for 2 h, then naturally cooled to
room temperature for characterization.
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All the raw materials were analyzed by titration to determine the chemical
compositions. Particle size and distributions were analyzed by a laser particle size
analyzer with aqueous dispersing medium. The crystalline phases of the ceramics
samples were identified using X-ray diffraction (XRD, SHIMADZU XRD-7000,
copper target, continuous, scanning range 5°–80º, scan rate 3.0°/min). The
microstructure of the samples was observed by scanning electron microscopy
(SEM, Quanta 400, acceleration voltage 20 kV) after coating with carbon.

Results and Discussions

Characteristics of Converter Slag

Table 1 shows the main chemical compositions of steelmaking slag, fly ash,
microsilica, and quartz determined by titration analysis.

The steel slag showed a feature with high content of CaO, and low concentra-
tions of SiO2, Al2O3 and MnO. By XRD analysis, the major crystalline phase of the
steel slag is calcium ferrite (2CaO⋅Fe2O3), calcium hydroxide (Ca(OH)2), wustite
(FeO), larnite (2CaO⋅SiO2), quartz (SiO2) (Fig. 1). To synthesize diopside and
anorthite composite ceramics, appropriate amounts of silica and alumina were
necessary to be added into the chemical system to obtain stable phase.

Fly ash is a major supplier for Al2O3 and SiO2, and microsilica and quartz for
SiO2 to the composite ceramics. Meanwhile fly ash and microsilica also play a role
of the ceramic preparation for the inert steel slag. Especially, microsilica, an
amorphous polymorph of SiO2, which is an ultrafine powder collected as a
by-product of the silicon and ferrosilicon alloy production and consists of spherical
particles with an average particle diameter of 150 nm, has excellent reactivity.
According to the trinary phase diagram of CaO-MgO-SiO2, the ideal composition
ranges of the three oxides for synthesizing diopside are CaO 20–45%,
MgO 10–30%, and SiO2 50–75% by weight. According to the trinary phase dia-
gram of CaO-Al2O3-SiO2, the ideal composition ranges of the three oxides for
synthesizing anorthite are CaO 15–40%, Al2O3 20–45%, and SiO2 40–65% by
weight. In this study, the ratio of steel slag/fly ash/microsilica/quartz was controlled

Table 1 Main chemical compositions of the raw materials (wt.%)

SiO2 Al2O3 CaO MgO TFe2O3 MnO TiO2 P2O5 K2O Na2O LOI

Steel slag 10.86 1.35 44.20 8.80 16.60 2.04 0.58 1.29 ND ND 8.01

Fly ash 43.68 27.13 3.95 0.65 5.83 ND ND ND 1.08 0.18 12.14

Microsilica 96.20 0.13 0.20 0.424 ND ND ND ND ND ND 1.26

Quartz 85.72 <0.01 0.051 0.015 0.50 ND ND ND ND ND 0.20

ND not detectable
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at 50.0/35.0/10.0/5.0, which is fell at the central area of diopside and anorthite
phase on CaO-MgO-SiO2 and CaO-Al2O3-SiO2 phase diagram, respectively.

The steel slag powder has an average volume size of 22.5 micron and maximum
particle size of 110 micron (Fig. 2). The distribution curve has only one peak at
24 micron in size with a volume fraction of 5.5%.

Under SEM, the steel slag particles shows irregular shapes with sharp edges and
tips (Fig. 3). The particle feature corresponds with the results from laser analyzer.

Characteristics of Composite Ceramics

The green ceramic balls were fired at 1100, 1130, 1150, and 1200 °C for 2 h,
respectively, and then naturally cooled down to room temperature for testing.

Fig. 1 XRD pattern of steel
slag

Fig. 2 Particle size
distribution of steel slag
powder
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Heated the samples to 1100 °C, the particles in green balls were partially cerami-
cally bonded, though the mechanical strength was still low. However, when the
balls were heated to 1130 °C, the ceramic balls obtained sufficient strength. On the
cross-section of ceramic ball, SEM images indicated that the ceramic was
well-sintered (Fig. 4a–c). When the balls were heated to 1150 °C, the original
green balls were liquidized, and liquid phase became the major component of the
ceramic, which indicated an over-burned state Fig. 4d–f. Figure 4b, c shows a fully
crystalline structure of the ceramic, which revealed that a re-crystalline process
happened during the cooling procedure of ceramic. The recrystallized grains
showed plate-like, columnar-like, or irregular shapes, and randomly orientations.
The interlock structure of the crystal grains provided mechanical strength of the
ceramic body [1]. When the balls were heated to 1200 °C, the green balls were
completely melted.

The XRD patterns of the sintered ceramic were showed in Fig. 5. At 1130 °C,
the major mineral components of the ceramic are diopside and anorthite, the minor
phase is augite and hematite. Elevated the temperature to 1150 °C, the intensities of
diopside and anorthite increase, while the characteristic peaks of calcium hydrox-
ide, calcium ferrite, larnite, wustite, and quartz have disappeared. This indicated
that the calcium oxide, calcium silicates, and calcium ferrite, larnite in the raw
materials have been completely reacted with the mixtures of fly ash, microsilica,
and quartz. Fly ash was used as a reaction substance supplying silica and alumina
for diopside and anorthite. The experiments showed that fly ash and microsilica
with high reactivity with inert steel slag and small particles can lower the sintering
temperature evidently, and increase the bulk density.

Fig. 3 SEM images of steel slag powder
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Fig. 4 SEM images of samples sintered at 1130 °C a–c and 1150 °C d–f
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Conclusions

In conclusion, this paper describes the possibility of manufacturing diopside and
anorthite composite ceramics from converter slag with high CaO and silicate based
industrial solid wastes such as fly ash, microsilica, and so on. By means of sin-
tering, a ceramic with plate-columnar composite structure was prepared with con-
verter slag, fly ash, microsilica, and quartz. The ceramic products can be well
sintered by heating at lower temperature of 1130 °C, but completely melted at
1200 °C. The major mineral phases were diopside and anorthite when sintered at
1150 °C, while calcium hydroxide, calcium ferrite, larnite, wustite, and quartz
disappeared. The interlock structure of the plate-columnar crystal grains provided
high mechanical strength for the diopside and anorthite composite ceramics.
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In-Situ XRD Investigation of Bauxite
Dehydroxylation

Hong Peng and James Vaughan

Abstract Thermal activation of bauxite has been proposed to enable bauxite dis-
solution at a reduced digestion temperature and also to reduce the organic content in
the liquor. Research has been carried out on phase transformation of its main
hydroxide components (gibbsite, boehmite and kaolinite) during calcination.
However, there is limited information available on phase bauxite phase transfor-
mation during thermal activation. In this study, two bauxite ore samples were
heated from 25 to 700 °C at a rate of 50 °C/min while monitoring the phase
transformation using Rigaku in situ XRD. Different phase transformation pathways
for gibbsite in the bauxite compared with pure gibbsite was observed. Boehmite and
kaolinite in bauxite behaved similarly to their pure phases. The temperature of
phase transformation depends to some extent on the bauxite sample. Samples were
also characterised by scanning electron microscopy (SEM) to reveal changes in the
microstructure.

Keywords Bauxite � Thermal activation � In situ XRD � Boehmite
Kaolinite � Gibbsite

Introduction

Bauxite ore, a mineral composite consisting of gibbsite, boehmite, kaolinite,
hematite, anatase and quartz, is the feed material for producing alumina using the
Bayer process. Of the minerals, gibbsite (Al(OH)3), boehmite (c-AlO(OH)) and
kaolinite (Al2[Si2O5](OH)4) are the main hydroxides. The properties of bauxite
vary widely, in alumina grade, mineralogy, caustic consumption and impurity
content. The optimum design and operational productivity of a Bayer refinery is
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tailored to process a specific bauxite feed types, for example low digestion
temperatures (*150 °C) for gibbsitic bauxite while higher temperatures
(*250 °C) are required for boehmitic [1–3].

Heat treating the bauxite prior to the Bayer process is known as thermal acti-
vation [4]. Thermal activation can convert crystalline boehmite to amorphous
phases enabling low temperature digestion of what was originally a high temper-
ature digestion bauxite [5, 6]. By altering the reactivity of bauxite in this way,
thermal activation can address a number of important issues. The process involves
partial thermal dehydration of the bauxite under conditions that are controlled such
that digestibility is enhanced and extractable forms of carbon are eliminated. As
indicated by Hollit et al. [7, 8], the key to the process is control of temperature and
time, to avoid thermal deactivation of dehydrated gibbsite under the influence of
water vapour at temperatures that are sufficiently high to decompose boehmite.

The heat treatment of gibbsite has been studied, as it is the basis of the con-
version of gibbsite to alumina. Particle size is a factor and there are two general
pathways. For coarser sizes (>50 lm), gibbsite gradually transforms to boehmite,
then to the less crystalline intermediate phases (alpha-alumina or gamma-alumina)
[9–12]. For finer particles, the gibbsite directly decomposes to the intermediate
phases. The phase transformation temperature is between 300 and 400 °C.
Kaolinite is the main component of the kaolin group of clay minerals and also a
common impurity in both ferrous and non-ferrous ores [3, 13]. In the Bayer
digestion process, kaolinite dissolves into the highly alkaline solution, then
re-precipitate as insoluble sodium aluminate silicate known as the desilication
product (DSP). Pure kaolinite has been used as a feed for the synthesis zeolites
where it is thermally activated to metakaolin. This study has broad appeal as it is
relevant to multiple industrial technologies [14–17].

While detailed studies of the phase transformations of gibbsite and kaolinite
exist, research on thermal activation of bauxite using in situ X-ray diffraction
(XRD) is limited [18–20]. In situ XRD reveals phase transformations continuously
during sample heating and the ability to precisely control the heating rate and
holding times. In this study, the technique was applied to three pure phases
(gibbsite, boehmite and kaolinite) and two bauxite samples for temperatures
ranging from 25 to 700 °C.

Materials and Methods

Materials and Reagents

AR Grade kaolinite, boehmite and gibbsite (99.4%) were sourced from
Sigma-Aldrich. The bauxite samples (A and B) were provided by Rio Tinto. The
chemical composition of the bauxite samples was determined by XRF analysis.
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In-Situ XRD Procedure

Rigaku Smartlab was used to perform the in situ XRD test (Fig. 1). The pulverized
solid power was held in a corundum container. The loaded container was placed on
top of sampler holder and sealed by the dome. The heating rate was set to 50 °C/
minute. The holding time for each scan at each temperature was 10 min. The X-ray
scan time was approximately 15 min to scan the 2h angle range of 5°–60°. The light
source is Cu Ka (k = 1.5406 Å) at 40 kV with a scanning speed of 0.05° per
second. The 2014 PDF database from BRUKER was used for peak identification .

SEM

The solid powder samples were disbursed on carbon tape and then carbon coated.
The coated samples were imaged by scanning electron microscopy (SEM,
HITACHI SU3500). The operating conditions were ambient temperature with an
accelerating voltage of 5 kV and spot size of 30. The samples were focused on the
higher resolution scale with a working distance of 7–8 mm and images were taken
at magnifications of �2000 or �5000 with a slow scan rate of 160 s.

Detector
X-ray Source

Sample 

Holder

Fig. 1 In-situ powder XRD (Rigaku) experimental apparatus
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Results and Discussion

In Situ Heating for Dehydroxylation of Pure Phases

The microstructures of three pure phases (gibbsite, boehmite and kaolinite) were
characterised by SEM, shown in Fig. 2. Particles of gibbsite samples were fine
(average size < 10 µm) with hexagonal crystals while the boehmite particles were
also fine (average size < 4 µm) exhibiting cuboid and rhomboid shaped crystals.
The kaolinite (average size < 6 µm) layered structure is apparent from the images
with no distinct shape.

The XRD patterns for gibbsite and heat treated gibbsite presented in Fig. 3 show
that gibbsite is stable below 200 °C. At 300 °C, gibbsite is partially transformed
into boehmite. This is consistent with previous research for fine sized gibbsite [9,
10, 12]. At this temperature, the intensity of the main crystal planes (G(002), G
(110) and G(200)) decreased while other crystal planes with 2Ɵ value larger than
25° disappeared. At 400 °C, only boehmite peaks are present in the XRD pattern.
At higher temperatures of 600 and 700 °C, the peaks for boehmite also disappear.
This phase transformation pathway is summarized by Eqs. 1 and 2.

Al OHð Þ3 gibbsite½ � ! cAlO OHð Þ boehmite½ � þH2O " ð1Þ

2cAlO OHð Þ boehmite½ � ! Al2O3 amorphous½ � þH2O " ð2Þ

The boehmite phase is stable with increasing heating temperature up to 500 °C
as shown in Fig. 4. At 600 °C, the intensity of the main crystal planes [B(020),
B(120) and B(031)] decreased while other crystal planes with 2Ɵ value larger than
45° disappeared. At 700 °C there were no detectable peaks for boehmite due to
Eq. 2. By comparing Figs. 2 and 3, it can be seen that the pure boehmite phase is
more stable than the boehmite transformed from gibbsite. The amorphous transition
temperature is higher for the pure boehmite as a starting material compared to the
boehmite transformed from gibbsite.

Kaolinite is stable below 500 °C, shown in Fig. 5. At 600 °C, the intensity of
the peaks between 35° and 45° are significantly reduced. At 650 °C, all peaks for
kaolinite disappeared and only the minor phase anatase remained. The amorphous

Fig. 2 SEM images of a gibbsite b boehmite and c kaolinite
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phase is known as metakaolin, as indicated by Eq. 3. A similar phase transfor-
mation route has been reported previously [14, 15, 21–23].

Al2 Si2O5½ � OHð Þ4 kaolinite½ � ! Al2O3 � 2SiO2 metakaolin½ � þ 2H2O " ð3Þ

In-Situ Heating for Dehydroxylation of Bauxite Samples

The composition of two bauxite samples based on XRF analysis is shown in
Table 1. Gibbsite is the main aluminum-bearing phase in both samples. Bauxite A

Fig. 3 In-situ XRD patterns of heat treated gibbsite as a function of temperature (green columns
(G) gibbsite; red columns (B) boehmite; (C) corundum)

Fig. 4 In-situ XRD patterns of heat treated boehmite as a function of temperature
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has higher SiO2 content but a lower quartz:kaolinite ratio according to the disso-
lution tests. Bauxite B has a higher Al2O3 content and lower Fe2O3. As shown in
Figs. 6 and 7, even though the compositions are significantly different, they exhibit
a similar in situ XRD trend for the three main phases when heated.

From the XRD pattern of Bauxite A at 100 °C, the main phases are kaolinite,
gibbsite, hematite and anatase. Both boehmite and quartz are undetectable. With
increasing temperatures, the gibbsite phase disappears at 300 °C but did not
transform to boehmite as was seen with the pure gibbsite sample. For kaolinite, the
peaks were not detectable above 600 °C which is a lower metakaolin transforma-
tion temperature than for the pure kaolinite. For both anatase and hematite, there
were no significant changes.

Bauxite B contained both gibbsite and boehmite but no detectable kaolinite.
There was also both hematite and anatase which maintained their crystal structures
throughout the heating range. Interestingly, the gibbsite phases still existed at
300 °C although with lower intensity peaks. The boehmite phase disappeared at
600 °C which is lower than boehmite in the pure state, consistent with Bauxite A.
Table 2 summarizes the transition temperature range for the three hydroxide phases
(gibbsite, boehmite and kaolinite) for both the pure samples and as components of
the bauxites. This implies that the thermal activation process could be of benefit for
the bauxites high in boehmite as the newly formed amorphous phases would be
suitable to a low temperature Bayer digestion stage.

Fig. 5 In-situ XRD patterns of heat treated kaolinite as a function of temperature (green column
(A) anatase phase; black column (K) kaolinite phase; (C) corundum phase)

Table 1 Chemical composition and loss on ignition of bauxite A and B samples (wt.%)

Sample Al2O3 SiO2 Fe2O3 TiO2 MgO P2O5 Quartz LOI

Bauxite A 39.3 14.2 24.7 1.9 0.03 0.05 0.3 19.4

Bauxite B 53.2 6.5 13.0 2.6 0.03 0.06 1.5 24.1
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To explore the heat treatment effect on the microstructure, both Bauxites A and
B were characterised by SEM before and after in situ XRD tests as shown in Fig. 8.
Due to water evaporating during the loss of hydroxides in the crystals, the surface
of heated samples appeared roughened in comparison with the original samples.

Fig. 6 In-situ XRD patterns of heat treated bauxite A with increasing temperature (black column
kaolinite; red column hematite; green column gibbsite; brown anatase; blue Corundum)

Fig. 7 In-situ XRD patterns of heat treated bauxite B with increasing temperature (black column
boehmite; red column hematite; green column gibbsite; brown anatase; blue corundum)

Table 2 Transition
temperature ranges for
various phases (°C)

Phases Pure phases Bauxite A Bauxite B

Gibbsite 200–300 200–300 300–400

Boehmite 600–700 – 500–600

Kaolinite 600–650 500–600 –
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Conclusions

In situ XRD revealed differences in the phase transformation pathway and transition
temperatures for three main hydroxides (gibbsite, boehmite and kaolinite) when the
pure minerals were compared to the minerals as a component of bauxite during the
dehydroxylation process. In bauxite ores, gibbsite transformed to an amorphous
phase at temperatures above 300 °C while both kaolinite and boehmite phases
required a temperature above 600 °C for complete dehydroxylation. These findings
would gain the understanding on how to conduct thermal activation of different
types of bauxites.
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The Investigation of Humics as a Binder
for LiFePO4 Cathode in Lithium Ion
Battery

Guihong Han, Shuzhen Yang, Jiongtian Liu and Yanfang Huang

Abstract Binder, as a necessary functional material of electrode in lithium ion
battery, has a vital influence on the electrochemical performance. The humics,
coupled with polyacrylamide (PAM) and sodium carboxymethyl cellulose (CMC),
were used as a water-soluble binder for LiFePO4 (LFP) cathode using in lithium ion
battery. The techniques of cyclic voltammetry (CV) and galvanostatic
charge-discharge were conducted to evaluate the performance of humics binder in
LFP electrode. The reversible specific capacity of LFP (HA + PAM + CMC)
electrode can reach to 142 mAh g−1 after 50th cycling (100 mAh g−1) on condi-
tions of raw materials with 1 wt% PAM addition, humics and CMC with a mass
ratio of 3:1 in binder, and the raw materials mixed in an interval order. Humics has
the potential to be used as a novel, eco-friendly and high-efficient binder for
lithium-ion battery.

Keywords Humics � Binder � Lithium ion battery � Cathode � LiFePO4

Introduction

Lithium ion battery is one of most the essential parts in our daily life, which is
widely used in mobile communication devices, portable electronic devices and the
like [1]. Binder, as a necessary functional material of electrode in lithium ion
battery, has a vital influence on the electrochemical performance. The most com-
mon binder used in the lithium ion battery is polyvinylidene fluoride (PVDF),
which is expensive, difficult to recycle [2]. PVDF binder usually requires the use of
volatile organic compounds, such as environmentally-harmful and toxic
N-methyl-2-pyrrolidone (NMP), for their decentralizing [2]. In addition, the
above-mentioned binder may react with the active materials and results into safety

G. Han (&) � S. Yang � J. Liu � Y. Huang
School of Chemical Engineering and Energy, Zhengzhou University,
Zhengzhou 450001, People’s Republic of China
e-mail: guihong_han@126.com

© The Minerals, Metals & Materials Society 2018
B. Li et al. (eds.), Characterization of Minerals, Metals,
and Materials 2018, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-319-72484-3_4

31



issues [3]. The development of eco-friendly binders with quality of high effec-
tiveness is of great significance for lithium ion battery.

Recently, a few of literatures have reported the novel water-soluble binder for
LiFePO4 (LFP) using in lithium ion battery. Zhong et al. [4] have reported that the
carboxymethyl chitosan/conducting polymer can be used as a water-soluble com-
posite binder for LiFePO4 cathode using in the lithium ion battery. Experimental
results indicated that the poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)/
carboxymethyl chitosan (PEDOT: PSS/CCTS) favored the formation of continuous
and homogenous conducting bridges throughout the electrode [4]. He et al. [5] have
used the cyanoethylated carboxymethyl chitoan (CN–CCTS) as the binder for
cathode LiFePO4 and it displayed better resistance to the organic electrolyte sol-
vents than that with sodium carboxymethyl cellulose (CMC) and PVDF. Qiu et al.
[6] have reported the carboxymethyl cellulose derivative (CMC–Li) as the binder
for LiFePO4 electrode. The CMC–Li can provide an effective electronically con-
ductive network and a stable interface structure for the cathode. Compared with the
PVDF, these water-soluble binders are environmentally friendly and perform
excellent electrochemical performance. However, the application of these binders
may be limited by their complicated preparation process, so it is still full of chal-
lenge to develop a new kind of economic binder for lithium ion battery.

poly 3; 4-ethylenedioxythiopheneð Þ: poly styrenesulfonateð Þ=carboxymethyl chitosan

Humics, with many polar groups, can be adsorbed on the surface of metals,
minerals and materials [7, 8]. However, few researches have been conducted on
humics as the binder for LiFePO4 cathode until now. In this paper, the humics were
reported as a novel and green binder for lithium ion battery. To enhance the
processability of electrode, the CMC and the polyacrylamide (PAM) were taken as
an assisted binder coupled with humics. In addition, the ratio of humics to CMC
was investigated to get the optimum electrochemical performance. It was found that
with the humics as the main binder, the electrochemical performance can be much
improved with some reasonable regulation.

Experimental

Materials

Sodium carboxymethyl cellulose [AR, CMC, 0.2 − 0.5 P s (1wt.% water solution)]
and polyacrylamide (AR, PAM) (Mr > 5,000,000) were both purchased from
Tianjin Kemiou Reagent Co., Ltd., China. LiFePO4 (LIB-LFPO-S21) was pur-
chased from the Shenzhen Kejing zhida Technology Co., Ltd., China. The humics
used was purchased from Tianjin Zhiyuan Reagent Co., Ltd., China. The original
humics was further purified by repeat precipitation and redissolution with 0.1 M
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HCl and 0.1 M NaOH respectively, then the humics was heated to 135 °C and kept
for 1 h in air to remove the adsorption water before using. The FTIR spectrum of
humics was characterized by iS50-Nicolet and is shown as Fig. 1.

The broad peak around 3400 cm−1 is ascribed to the O–H stretching vibration
from adsorption water. The peaks at 1700 and 1580 cm−1 are due to the C=O
stretching vibration from carboxyl group and aromatic conjugate double bond
absorption peak. The peaks at 1370 cm−1 is attributable to the C–OH vibration of
–COOH, or the C–O vibration from the aryl ethers and phenols. The peaks at
1230 cm−1 is attributed to the aliphatic OH-groups. The peaks at 1000 cm−1 can be
ascribed to the Si–O groups of silicate. The peaks below 1000 cm−1 are mostly due
to some inorganic minerals, such as aluminum dioxide etc.

Battery Preparation

CR 2032 coin-type cells were assembled with metallic lithium anodes for elec-
trochemical measurements. The positive electrodes were fabricated by spreading a
viscous slurry consisting of LiFePO4, acetylene black, and binder (humics, CMC
and PAM), with a mass ratio of 8:1:1, dispersed in deionized water on an aluminum
foil with a doctor blade, followed by drying at 135 °C for 12 h under vacuum
overnight. Electrodes were punched into discs with diameter of 8 mm, and the
active material loading on every electrode was about 3–5 mg. Electrolyte was
obtained from CAPCHEM Co. (Item No.: LBC305-01), which was 1 M LiPF6 in
1:1:1 ethylene carbonate/ethyl methyl carbonate/dimethyl carbonate. The cells were
assembled in an Ar-filled glove box with O2 and H2O lower than 0.1 ppm. The pure
lithium foil was used as reference electrode and Celgard 2500 was used as
membrane.
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Fig. 1 The FTIR spectrum of
humics used in this work
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Electrochemical Test

The galvanostatic charge/discharge tests were measured in the potential range of
2.5–4.2 V versus Li/Li+ at the current density 100 mA g−1 with LAND-CT2001A
battery-testing system. The cyclic voltammograms (CVs) and electrochemical
impedance spectroscopy (EIS) measurements were carried out on Autolab
PGSTAT204 (Holland) electrochemical working station. The CV was performed
between 2.5 and 4.2 V at a scanning rate of 0.1 mV s−1. EIS measurements
were obtained by applying the AC amplitude of 5 mV in the frequency range
10−2–105 Hz. All the tests were conducted at the room temperature.

Results and Discussion

The Effect of PAM Addition

Humics (HA) is a macromolecular compound with complex components. The
cohesiveness may not as high as some linear polymers. To improve the process-
ability and stability of electrode during cycling process, the PAM was added as an
assistant reagent for the dispersion of LFP. In the process of slurry preparation, the
humics/CMC, acetylene black, LiFePO4 and the PAM were added in stirring water
in order with an interval of 30 min. The CVs of LiFePO4 electrode with humics as
an addictive binder are shown in Fig. 2.

For the LFP electrode with PAM as an additive binder (1 wt% in all rawmaterials)
(Fig. 2a), the anodic peak at 3.54 Vcorresponds to the oxidation of Fe2+ to Fe3+,while
the cathodic one appearing at 3.31 V is associated with the reduction of Fe3+ to Fe2+

[9]. The potential interval between the cathodic and anodic peaks is 0.23 V, much
lower than 0.31 V for LFP without PAM as an additive binder (Fig. 2b). The narrow
peak separation means a low polarization of the electrodes, indicating the easy
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electrochemical reverse reaction of Fe3+ to Fe2+ during the Li+ insertion-desertion
process [10]. Besides, the redox peak profile of LFP (HA + PAM) electrode is sharper
and more symmetric than the other one, indicating that the redox kinetics is improved
due to the enhanced conductivity [11–13]. Moreover, both the anodic and cathodic
peak currents (Ip) of LFP (HA + PAM) electrode are higher than LFP (HA) electrode.
Therefore, it could be deduced qualitatively that LFP (HA + PAM) displayed larger
Li+ diffusion coefficient (DLi) during the charge and discharge processes according to
Randles–Sevcik formula [12].

Figure 3a, b describe the charge and discharge curves and cycle performances of
LFP electrodes with humics, humics-PAM, CMC, CMC-PAM as binder respec-
tively. It can be seen that the charge-discharge plateaus of LFP (HA + PAM)
electrode is similar with the LFP (CMC) electrode. PAM addition can obviously
lengthen the charge and discharge plateaus of LFP (HA) electrode, but the influence
of PAM for LFP (CMC) is opposite. From Fig. 3b, it can be seen that the LFP
(HA + PAM) electrode has the highest specific capacity. The LFP (CMC + PAM)
has the worst cycle performance among four electrodes.

The Mass Ratio Optimization of CMC to Humics

Based on the humics-PAM binder, the CMC was investigated as an auxiliary binder
combined with them. The binders with the mass ratio of CMC to humics from 2:1
to 1:5 were mainly studied. In the process of slurry preparation, the CMC, humics,
acetylene black, LiFePO4 and the PAM were added in the stirring water in order
with an interval of 30 min. The cyclic voltammograms of LiFePO4 electrodes with
the mass ratio of CMC to humics 1:3 and 1:5 are shown in Fig. 4. It can be seen that
the redox reaction can be enhanced by increasing the content of humics in binder.
The narrow peak separation (3.54–3.33 V) means a lower polarization of the 1:5
electrode.
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Figure 5a, b show the charge and discharge curves and cycle performances of
electrodes with the binders of different ratio of humics to CMC. As shown in
Fig. 5a, the discharge plateau is decreased with the increase of the ratio of humics,
which reveals the irreversibility of batteries is increasing from the ratio of 2:1 to
1:5. However, the specific capacity is increased with the increase of the mass
content of humics. The cycle performances in Fig. 5b demonstrate the consistent
phenomenon that specific capacity of battery is increased with the increase the
content of humics. However, the coulombic efficiency of the 1:5 electrode is
decreased seriously with the increase of cycle number; Table 1 shows the
coulombic efficiency of batteries of 50th cycling. It indicates that the batteries are
reversible during 50 times cycling except for the one with the mass ratio of 1:5, of
which the coulombic efficiency is 92.95% of 50th cycling. This may be caused by
the interaction of some inorganic impurities in humics and the CMC which weakens
the cohesion of LFP and binders and further makes the materials split away off
electrode.
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The Way of Materials Mixing

The way materials are mixed has big influence on homogeneous mixing of raw
materials and then affects the cohesive action between active particles and current
collector. The process of binders, active materials, and conducting materials mixed
in one step in this section and the results were compared with those reported in
section of 3.2. Figure 6 shows the cyclic voltammograms of LiFePO4 electrode
with the mass ratio of CMC to humics of 1:5; it can be seen that the peak currents
are lower and the potential interval is bigger than that in Fig. 4b. This may be due to
the heterogenous dispersion of raw materials.

Figure 7a, b show the charge and discharge curves and cycle performance of
electrodes with the raw materials mixed in one step. It can be seen that specific
capacity is influenced seriously when the mass ratio of CMC to humics is more than
1:1. However, when the mass content of humics is lower or equal to CMC, the
electrochemical performance is similar to that of the electrodes in the section of 3.2.
It proves that the mixing way of raw materials has big influence on particles
dispersion and further greatly affects the electrochemical performance of battery.

Table 1 The coulombic efficiency of batteries with different binders

Mass ratio of CMC to humics 2:1 1:1 1:2 1:3 1:5

Coulombic efficiency (%) 98.77 99.59 97.47 98.61 92.95
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Conclusions

The humics were used as the water-soluble binder in lithium ion battery. With the
assistance of PAM and CMC, the electrochemical performance of lithium ion
battery can be improved greatly. The way raw materials are mixed is an important
factor for the quality of electrode and can greatly affect the electrochemical per-
formance. When the mass ratio of CMC to humics is 1:3 and raw materials are
mixed in order of CMC, humics, acetylene black, LiFePO4 and PAM, with the time
interval of 30 min, the reversible specific capacity can reach to 142 mAh g−1 after
50th cycling. Humics are promising to be a novel, eco-friendly and high-efficient
binder used in lithium ion battery.
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Evaluation of Brazilian Bentonite
Modified by Acid Attack in Biofuel
Production

C. G. Bastos Andrade, S. M. Toffoli and F. R. Valenzuela Diaz

Abstract The climate change observed in the last decades, the increase of global
warming, the melting of the polar ice caps, and the sea level rise have in common
the non-sustainable development as causative agent. Different nations have mobi-
lized joint efforts with the objectives of minimizing the impact of greenhouse gas
(GHG) emissions, investing in the research and the development of new tech-
nologies in recycling, in biomaterials, environmentally friendly processes, and new
fuel alternatives. This paper evaluates the efficiency of a Brazilian bentonite
modified by acid attack, in the purification step of a waste oil to be used for biofuel
production, that is, diesel from waste cooking oil (WCO). The following charac-
terization tests were performed: XRD, CEC, XRF, SEM/EDS, specific surface area
(BET), stereomicrography, kinematic viscosity, and spectrophotometry at 440 nm.
The modified bentonite exhibited good purification capacity for WCO when
compared to a commercial product.

Keywords Biofuel � Modified bentonite � Nanotechnology � Recycling
Waste cooking oil

Introduction

Despite the existence of public policies for environmental preservation in many
countries, a large amount of pollutants emission into the atmosphere still persists,
and the use of fossil fuels is considered to be the principal source for the greenhouse
gas emissions. Different countries have adopted the parameters, and policies defined
by the United Nations (UN) to reduce GHG emissions, to environment recovery,
and for the development of new products, and environmentally friendly processes.
In the last decade, an enormous increase in new technologies for recycling, bio-
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materials, and renewable energy alternatives, among which is the biofuels research,
was observed [1–9]. Biodiesel, considered a “green” oil, can be obtained using
different processes, and different raw materials, such as vegetal oil or animal fat
(natural or wastes), algae, and genetically modified oil seed crops. The most effi-
cient and simple preparation method is the transesterification process, which uses a
short chain alcohol (ethanol or methanol) in the presence of a catalyst (enzyme,
alkali, or acid). In biodiesel production, close to 80% of the total cost is represented
by the refined vegetable oils that are produced in fields competing for food pro-
duction, an issue that can be solved with the use of waste cooking oil (WCO) as the
raw material [10–19]. Biodiesel must comply with the parameters set out in the
standards EN14214 (Europe), ASTM D6751 (USA), and ANP 14/2012 (Brazil).
Their specifications relate to acid value, thermal stability, density, viscosity, water
content, free and total glycerol, content of mono-, di-, and triglycerides, among
others, in order to guarantee a fuel quality to preserve the diesel engines [20–23].

The industrial use of bentonites is vast, but they are mostly used as drilling fluids,
mineral binders, foundry molds, and adsorbents. To many industrial uses, the ben-
tonitesmust be cleaned ofmineral impurities. The acid attack is a commonmethod that
provides a good cleaning of such impurities, and also promotes an increase of the acid
sites and also an increase in the porosity, which are excellent properties for catalysis
uses. The Brazilian bentonite fromCubati, State of Paraiba, is a polycationic bentonite.
It presents a low iron content, light color, and is categorized as a non-swelling bentonite
[24–30]. This paper discusses the evaluation of a modified bentonite used to the
purification process of waste cooking oil, aiming at the biodiesel production.

Experimental

Materials

The clay sample was supplied by ARGILAB (Applied Clays Laboratory) clays
collection. It is a bentonite from Brazilian northern region, modified by acid attack
using Dr. Bastos Andrade’s and Dr. Valenzuela-Diaz’s (from University of São
Paulo), MAT methodology (patent pending). The waste cooking oil sample was the
soybean oil.

Methods

Initially, the modified clay sample was sieved in #200 mesh. Afterwards, it was
dried at 60 °C for 24 h. The waste cooking oil (WCO) sample was filtered at 40 °C,
then purified using the same amount of commercial activated clay and modified
clay by MAT process. The purification of the WCO was performed by a simplified
bleaching test: the clay samples were added to 20 mL of filtered oils in a glass
vessel, homogenized by stirring, and then treated at 90 °C for 48 h. After being
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cooled to 22 °C, the samples were centrifuged at 3000 rpm for 30 minutes. The
specific surface area was measured by the N2-BET method, using a
Micromeritics ASAP 2020 analyzer. The semi-quantitative chemical composition
of the modified clay sample was measured by X-ray fluorescence (XRF), using
TBL rock standards as a parameter, and a Panalytical Axios Advanced equipment.
Images and energy dispersive X-ray spectra (EDS) were obtained using a scanning
electron microscope (SEM) Philips XL30—EDAX INSPECT 50. The mineral
content was obtained using a Panalytical diffractometer, model X’Pert Pro MPD,
with Cu-Ka radiation, scan from 5° to 90° 2Ө at 40 kV, and 40 mA. The oil
absorbance capacity, before and after purification, was obtained using a spec-
trophotometer FEMTO 700 Plus, at 440 nm. The bleaching efficiency was calcu-
lated as the percentage of the absorbance decrease with reference to the unpurified
filtered oil. The oils kinematic viscosities were determined by measuring the time
that 10 mL of oil, at 22 °C, flowed down a plastic funnel with a 1 mm aperture.

Results and Discussion

Figures 1 and 2 presents the EDS spectra of the bentonite sample treated with
purified water and submitted to MAT process, where it is possible to observe the
major peaks related to the presence of Si, Al, and O, in accordance to which is
expected for a montmorillonite [31]. The presence of gold in both spectra is due to
the required thin coating of the sample surface, necessary to perform the analysis of
non-conductive materials.

The semi-quantitative chemical analysis by EDS and XRF of the bentonite
submitted to treatment are presented in Tables 1 and 2. In the sample treated with
water it is possible to observe the presence of SiO2 and Al2O3 corresponding to
around 67% of all oxides present, and about 75% at the sample submitted to MAT

Au

Fig. 1 EDS spectrum of bentonite sample treated with H2O
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process, with a reduced presence of iron. In same samples, it was observed equal
values to Al2O3, with a reduction in Fe2O3 in the sample modified by MAT with a
corresponding increase in SiO2. According to the literature, bentonites without any
treatment present around 75% of these metallic oxides [32, 33].

Table 3 presents the basal distance d(001), the smectitic peak intensity, the
specific surface area (BET) results, and the cation exchange capacity (CEC) values.
According to the literature, the d(001) values of calcic montmorillonite with two
water molecules are in the range of 14.2 to 15.5 Å, present CEC values from 40 to
70 meq/100 g, and specific surface area with values from 50 to 80 m2/g [28, 34,
35]. The characteristic peak of the bentonite modified by MAT presented basically
the same position and slightly less intensity than the ones for the material treated

Au

Fig. 2 EDS spectrum of bentonite sample modified by MAT

Table 1 EDS results of bentonite treated with H2O and submitted to MAT process (in weight
percentage)

Element Weight% Atomic%

H2O MAT H2O MAT

Si 31.9 33.5 21.9 22.4

Al 17.5 15.1 12.5 10.5

O 38.1 34.6 45.9 40.7

C 12.3 16.7 19.7 26.2

Table 2 XRF results of bentonite submitted to treatment (in weight percentage)

Treatment SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI

H2O 45.1 22.0 3.86 <0.10 1.77 4.03 0.17 0.38 0.94 <0.10 21.9

MAT 52.3 22.0 3.01 <0.10 0.78 0.11 <0.10 0.40 1.10 <0.10 20.4
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with purified water, what could indicate the preservation of the crystalline structure.
The CEC results of the bentonite sample treated with purified water and modified
by MAT process, indicate a non-significant destruction of the crystalline clay
mineral structure, with a reduction of 5% in the value for the clay treated by MAT
process. On the other hand, the specific surface area measured for the bentonite
sample treated with water was 67 m2/g, and for the bentonite modified by MAT,
207 m2/g, indicating an intense increase of more than 300%. This high value
indicates a great potential for the MAT treated clay to be used as a bleaching clay
[30, 36].

The stereomicrocopy images of bentonite samples modified by MAT process
and treated with purified water are shown in Figs. 3, and 4, where it is possible to
observe the presence of impurity particles on the clay sample treated with purified
water, whereas no impurity particles were identified in the MAT process clay
sample.

The SEM images of the bentonite samples modified by MAT process and treated
with purified water are shown in Figs. 5, 6, 7 and 8. It is possible to observe in
Figs. 5 and 6 the crystal dispersion presenting agglomerates with irregular forms,
and apparently within similar particle size distribution ranges. In Figs. 7 and 8 it is
possible to observe the lamellar structure of the clays, and no apparent damage of
the smectite crystal structures after the MAT process.

Table 3 d(001) smectitic peaks, CEC, and BET values of the modified bentonite samples

Treatment Smectitic peak d(001) (Å) Smectitic peak
intensity (counts)

CEC
(meq/100 g)

BET
(m2/g)

H2O 15.28 144 55 67

MAT 15.16 104 52 207

Fig. 3 Stereomicrography of
sample treated with water
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Fig. 4 Stereomicrography of
bentonite modified by MAT

Fig. 5 SEM image of sample
treated with water (crystals
dispersion)

Fig. 6 SEM image of sample
bentonite modified by MAT
(crystals dispersion)
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Table 4 presents the bleaching efficiency, and the kinematic viscosity results, of
a commercial bentonite sample, and the results obtained when the MAT modified
clay was employed. The as-received soy bean oil used in the purification steps was
first paper filtered, at 40 ºC, to remove the particles of food residues. The efficiency
and viscosity values obtained for the modified clay were similar to those obtained
with the commercial activated clay: for WCO purified with 0.75 g of commercial
and MAT clays, it is possible to observe the same bleaching efficiency. Doubling
the quantity of activated clay resulted in a dramatic decrease in efficiency, most
likely because the centrifugation wasn’t capable to separate all the clay from the oil.

Fig. 7 SEM image of sample
treated with water (crystal
detail)

Fig. 8 SEM image of sample
bentonite modified by MAT
(crystal detail)

Table 4 Bleaching efficiency, and kinematic viscosity results of WCO filtered, and purified

WCO samples Efficiency (%) Kinematic viscosity (in sec)

Filtered Soybean – 121

T I purified with commercial clay (0.75 g) 16.0 121

T II purified with commercial clay (1.50 g) 9.0 120

BC 1 purified with MAT clay (0.75 g) 17.0 121

BC 2 purified with MAT clay (1.50 g) 14.0 121
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However, in this case, a smaller reduction in the bleaching efficiency was observed
for the clay modified by MAT process, with 14%, against 9% for the commercial
activated clay.

In Fig. 9 it is possible to observe the bleaching of waste cooking oil purified with
the commercial activated clay (T I and T II), and also purified with the MAT
modified clay (BC 1 and BC 2). As it may be observed, a minimum difference in
color between purified oils samples was obtained, except for the color of sample BC 2,
which presented slightly less brightness, what could be caused by the residual pres-
ence of clay particles.

Conclusions

The characteristic interplanar distance d(001) and intensity of the smectite peaks of
bentonite modified by MAT process presented similar results to the ones obtained
for the clay sample treated only with purified water, which is an indication of a
minimum destruction of the crystalline clay mineral structure, what is corroborated
by the observation of the scanning electron microscopy images and CEC values.
The MAT process also promoted an intense increase in BET specific surface area,
and a good impurities purification, which can be observed in the stereomicrograph
images, and with the reduction in the contents of the metallic oxides (except for
SiO2, Al2O3, and maybe Fe2O3, which are the oxides that form the crystalline
structure of the clay mineral), according to both XRF and EDS analyses. The waste
cooking oil exhibited excellent bleaching when the MAT clay was used as puri-
fying agent with MAT clay (0.75 g), and the viscosity of the samples yielded the
same result. For higher amount of the clay the possible cause for the bleaching
efficiency decrease could be explained by the presence of residual amounts of clay.
In conclusion, it is possible to say that the MAT modified bentonite may be con-
sidered a “green” alternative to be used in the purification step of the WCO aiming
at biodiesel production, first because it would allow the use of a waste, reducing the
amount of discarded WCO, and also because of the use of the more
environment-friendly MAT process (details to be published elsewhere).

purified with 
MAT clay

(1.50 g)
BC 2

purified with 
commercial 
clay (1.50 g)

T II

Filtered 
Soybean

purified with 
commercial 
clay (0.75 g)

T I

purified with 
MAT clay

(0.75 g)
BC 1

Fig. 9 Soybean oil samples filtered, and purified
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Part III
Characterization of Non-ferrous Metals



Synthesis and Characterization on Nickel
Orthosilicate Anode of Lithium-Ion
Battery

Guihong Han, Duo Zhang and Yanfang Huang

Abstract Ni2SiO4 was prepared by chemical precipitation process as a novel
anode material for lithium-ion batteries. The structure and morphology of further
annealed Ni2SiO4 samples were characterized by XRD and SEM analysis. The
electrochemical performance including cyclic voltammetric curves (CV), electro-
chemical impedance spectra (EIS), charge/discharge curves and cycling perfor-
mances were also determined. The results demonstrated that the crystal structure of
the samples is orthorhombic having space group Pmn21. The morphological
structure of materials exhibited cubic particles with sizes in the range of 50–80 nm.
The first cycle charge capacity of the pure Ni2SiO4 particles reached to
753 mAh g−1 with the coulombic efficiency of 63.8%. The charge capacity
remained 305 mAh g−1 at a current density of 100 mA g−1 even after 50 cycles,
which is nearly 208% higher than those of the Ni2SiO4 with SiO2 impurity. Ni2SiO4

can be a promising alternative anode material.

Keywords Lithium ion battery � Anode materials � Transition metal silicates

Introduction

Lithium-ion batteries (LIBs) have light weight, high specific capacity, and long life
to meet the different demands for large scale applications such as high
energy-storage devices for portable electronics and electric vehicles. The perfor-
mances of LIBs largely depend on the electrodes and electrolyte. Research on LIB
anode materials has developed from the Li metal and the Li alloy to carbon
materials, metal oxides, Sn- or Si-based anode materials, etc. [1–3]. However, the
relatively poor high-rate cycling and safety performance of the traditional anode
materials make it hard to meet the constantly increasing demands of lithium ion
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batteries with high energy density. Therefore, great attention has been gradually
attracted by the transition metal oxides, nitrides, fluorides, or phosphides [4–6].

Transition metal silicates, which have always been studied in mineralogy and
geophysics because of their high abundance [7, 8], are rarely considered as a
possible candidate for novel anode materials. The formation of lithium silicate has
so far been proven to be irreversible by studies on the SiO/SiO2 materials [9–11].
Nevertheless, reversible conversion of the transition metal silicates was reported for
the first time by Franziska Mueller in 2014. Co2SiO4, resulting in reversible initial
lithium silicate formation, revealed a promising high rate capability and an excellent
cyclic performance, providing a reversible specific capacity exceeding
650 mAh g−1 [12, 13]. Moreover, synthesis of nickel orthosilicate (Ni2SiO4, NSO)
was always believed to carry out on pretty high temperature and pressure with
nickel oxide impurities, both theoretically and experimentally [14–17].
Olivine-supported nickel silicate catalyst was prepared by thermal impregnation for
catalyzing tar removal during biomass gasification [18]. To the best of our
knowledge, the application of NSO in LIBS electrodes has not been reported by
now.

In this paper, a method for the synthesis of NSO is illustrated. In our work, the
precursor was obtained by the chemical precipitation reaction of sodium silicate
(Na2SiO3•9H2O) and nickel nitrate (Ni(NO3)2•6H2O), followed by calcination at
900 °C in air for 4 h. Their excellent electrochemical performance was tested as a
lithium ion anode material battery. For example, the reversible specific capacity can
reach 753 mAh g−1, and the cycling stability is promising.

Experiments

Synthesis of Ni2SiO4

First, 25 mL 1 M sodium silicate solution was added dropwise to 1 M nickel nitrate
solution of equivalent volume with magnetic stirring. The light green powder
obtained was collected by centrifugation after reaction at 90 °C for 5 h, washed
several times with deionized water and ethanol, followed by drying at 80 °C
for 12 h. The precursors were calcined in air at 900 °C for 4 h with a heating rate of
5 °C min−1 to obtain a dark green powder.

Physical Characterization

The crystal structure and phase purity of NSO were examined by X-ray diffraction
and scattering analysis (Cu–Ka radiation with k = 1.5406 Å) operating at 40 kV
and 30 mA at room temperature. The X-ray patterns were recorded in the 2h range
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10°–40° with a scan rate of 0.02° s−1. The particles morphology was observed by
field-emission scanning electron microscopy (FE-SEM; TSM-7500F) at 5.0 kV.

Electrochemical Cell Assemble and Measurements

The working electrode (WE) was prepared from slurry of the active material (NSO),
conductive agent (acetylene black) and binder (poly vinyledene difluoride: PVDF)
in a weight ratio of 75:15:10. The slurry was pasted with some drops of N-Methyl
pyrrolidone (NMP). Copper disk substrate (1 cm2 area) was coated with the
obtained slurry to form the WE with a wet film thickness of 120 µm. The WE was
dried in vacuum oven at 100 °C. The active material mass loading of the electrodes
ranged between 3.3 and 4.0 mg cm−2. Lithium foil metal (Sigma Aldrich) acted as
counter and reference electrode, while polypropylene micromembrane served as a
separator. The electrolyte was 1 M LiPF6 dissolved in mixture of 1:1 DEC and EC.
The electrodes were assembled into coin-like cells (CR2025) in an Ar-filled glove
box with oxygen and water vapor pressure less than 0.1 ppm.

Cyclic voltammetry (0.05–3.00 V, 0.1 mV s−1) was performed using an elec-
trochemical workstation (PGSTAT302 N). Meanwhile, impedance measurements
were carried out setting the frequency range to 105 and 10−2 Hz and applying
amplitude of 10 mV. Furthermore, galvanostatic cycling was achieved utilizing a
LAND-2001A at current rate of 100 mA g−1 in a voltage window of 0.005–3.0 V
versus Li/Li+. All of the electrochemical tests were performed at room temperature.

Results and Discussion

The XRD patterns of the annealed samples are presented in Fig. 1. The main phases
in pattern 1a were identified to orthorhombic Ni2SiO4 (JCPDS card no. 15-0388)
with Pbnm space group and tetragonal SiO2 (JCPDS no. 39-1425) with P41212
space group. Peak located at 22° was attributed to the SiO2 impurity. However, all
the peaks are well indexed to Ni2SiO4 phase without additional reflections of
impurities in XRD spectrum 1b. Thus, sample 1b can be considered as a
single-phase material within the XRD detection limits.

Morphology feature of the annealed material was investigated (Fig. 2) by the
Scanning Electron Microscope (SEM) and the average size of the NSO cubic
particles demonstrated in Fig. 2 is found to be about 50–80 nm.

Cyclic voltammetry and galvanostatic charge/discharge tests were undertaken to
investigate the oxidation–reduction reactions of Ni3+/Ni2+. Figure 3a shows the first
three cyclic voltammograms (CVs) of the pure Ni2SiO4-based electrode scanned
between 0.05 and 3.0 V at a scan speed of 0.1 mV s−1. The strong and obvious
reduction current peak located at (A) about 0.7 V can be detected only in the first
cathodic sweep and is generally considered to be resulted from an initial lithium ion
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insertion into the crystal and the subsequent reduction of the transition metal(s). The
different profile in the following two cathodic sweeps, showing a new reduction
current peak appearing at (B) about 1.7 V, are assigned to the lithium ion insertion
mechanism after the initial lithiation, which results in structural reorganization. The
main anodic peak (C) at about 2.5 V, however, can be characteristic for the
re-oxidation of nickel metal. The area under the oxidation peak (C) is about
approximately equal to that for the corresponding reduction peak (B), indicating
that the electrochemical reactions appeared highly reversible.
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Fig. 1 XRD patterns of samples (a Ni2SiO4 with impurity SiO2, b pure Ni2SiO4)

Fig. 2 SEM photograph of pure Ni2SiO4 samples
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Figure 3b illustrated the electrochemical impedance spectra (EIS) of the cells.
The impedance data were fitted by Z View software using equivalent circuit model
(in the inset). All of the curves were composed of a semicircle in the
high-to-medium frequency region followed by a straight line in the low-frequency
region. An intercept on the real axis Z′ at high frequency represents the bulk or
solution resistance (Re). The diameter of the semicircle is approximately equal to
the charge transfer impedance (Rct) between the active material on the electrode
and electrolyte. The sloping line is associated with the diffusion of Li ions inside the
bulk of pure NSO, which is called Warburg diffusion (Zw). It is observed that NSO
with SiO2 impurity cells have high Rct (198.7 X) in comparison with the pure
NSO-based cells (129 X).

Figure 4a illustrates the first charge and discharge profiles of NSO with SiO2

impurity cell and pure NSO-based cell during defined cycling voltage intervals,
measured at room temperature. The initial discharge capacity and coulombic effi-
ciency of the pure NSO sample are 753.4 mA h g−1 and 63.8%. This result is
slightly better than those of NSO with SiO2 impurity cell, which are 708.5 and
23.2%. The large initial irreversible capacity mainly originates from the structural
change and the existence of the SiO2 impurity.

The specific discharge cyclic performances of the different cells are shown in
Fig. 4b. The discharge capacities of both cells all decrease gradually as the cycle
number increases. The intrinsic capacity fading can be mainly ascribed to a
structural transformation. It is clearly observed that the discharge capacity of the
pure NSO—based cell decreased to 305.5 mA h g−1, after 50 cycles, which is
nearly 208% higher than those of the Ni2SiO4 with SiO2 impurity. The poor
electrochemical performance of the former can be resulted from the presence of
SiO2 impurity.
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Ni2SiO4 with impurity SiO2 and Ni2SiO4 cells
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Conclusions

In summary, a nanosized NSO material has been prepared using chemical precip-
itation process. XRD and SEM measurements revealed that the as-synthesized
cubic particles have good crystallinity with orthorhombic structure with space
group Pbnm and a uniformly distributed nanosize of ca. 50–80 nm. It is observed
that the cell prepared from pure NSO has lower real Rct (charge transfer resistance:
129.1 X) in comparison with the other cell (198.6 X). The charge-discharge
experiments demonstrate that the NSO/SiO2 cell exhibits good galvanostatic per-
formance with initial discharge capacity of 708.5 mA h g−1 at a current rate of
100 mA g−1 at room temperature. Furthermore, it was found that removal of
impurity SiO2 resulted in improvement in electrochemical performance over 50
cycles. Therefore, NS electrode materials should be ideal candidates for cathode of
Li ion battery technology.
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Eletrochemical Behavior and Corrosion
Properties of Ti–6Al–4V Alloy Made
by Selective Laser Melting for Immersion
in Artificial Seawater at Different
Temperature

Yifei Zhang, Jianzhong Li and Wenhao Zhang

Abstract Eletrochemical behavior and corrosion properties of a Ti–6Al–4V alloy
fabricated by selective laser melting in artificial seawater at temperature ranges
from 20 to 40 °C were investigated using electrochemical techniques, including
potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), and
Mott-Schottky measurement, etc. Equivalent circuits were simulated to investigate
alloy surface and analytic effects of temperature on interface of alloy and solution.
The results showed that corrosion potential increased with temperature rise, and the
EIS presented a single capacitive resistance characteristics. When the temperature
reached 35 °C or above, passive current increased, while the passivation phe-
nomenon was not obvious and corresponding radiating arc radius reduced, indi-
cating that the resistance decreased, conductivity of surface passivation film
improved, and corrosion performance improved. According to the Mott-Schottky
curves, alloys exhibited n-type semiconductor characteristics. With increasing
temperature, conductivity of passivation film enhanced, and alloy corrosion resis-
tance decreased. At 40 °C, alloy possessed the worst corrosion resistance.

Keywords Titanium alloy � Selective laser melting � Polarrization
EIS � Passive film

Introduction

Ti–6Al–4V (TC4) alloy fabricated by selective laser melting (SLM) is a moderate
strength titanium alloy with a microstructure of a + b two-phase. It has been widely
researched and used as an ideal marine engineering material after a long period of
sea condition test for its numerous advantages, i.e., high strength, small specific
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gravity, non-magnetic, shock-resistant and small expansion coefficient [1].
However, because of its poor corrosion resistance and wear resistance, the surface
of components are easy to be scratched and seized, so the working conditions of
titanium alloys in the sea water are more stringent than the terrestrial environment,
resulting in the greatly shortened service life [2, 3]. Therefore, improving the
corrosion resistance of titanium alloy in seawater and enhancing the thermal sta-
bility of marine engineering equipment have become an urgent problem to be
solved in the structural engineering field.

At present, most of the researches in corrosion wear of titanium alloys are
concentrated on the comparison of simulated body fluids, acidic media, specific
atmosphere, simulated seawater and different media [4]. Among them, studies on
corrosion of body fluids are the most. Bai et al. [5] studied the electrochemical
corrosion behavior of Ti-6Al–4V prepared by electron beam melting in phosphate
buffered saline and found that EBM-produced Ti-6Al–4V possessed slightly better
corrosion resistance than the wrought one. Zhao et al. [6] compared two types of
Ti–6Al–4V alloy scaffold fabricated by electron beam melting and selective laser
melting for implantation in vivo and pointed out that the corrosion resistance of a
SLM specimen was the best under the low electric potential and EBM specimen
was the best under the high electric potential. Krząkała et al. [7] analyzed the
bioactivity investigations of human bone marrow stromal cells in simulated body
fluid and figured out that the application of plasma electrolytic oxidation process
can increase the bioactivity and corrosion resistance of a Ti–6Al–4V alloy. Sarraf
et al. [8] proposed that the corrosion, bioactivity and wear resistance of Ti–6Al–4V
plates in simulated body fluids after nanotubular surface modification was higher
than that of without treatment.

Generally, the corrosion behaviors of titanium alloys in simulated seawater
environment are performed in a certain concentration of NaCl solution, and many
investigations on this have been carried out [9]. Al-Fozan and Malik [10] evaluated
the corrosion behavior of different alloys in seawater environment and put forward
that seawater had chemical aggressive and the constructional materials working in
the seawater were subjected to various degree of corrosion depending on the
inherent properties of the materials. Al-Muhanna and Habibb [11] observed that
seasonal changes of the seawater affected the formation of the marine biological
films on the tested material surface, controlling the corrosion behavior of the tita-
nium alloys. Similar researches have been presented by Wang [12]. Moreover, Pang
[13] reported that at high temperature of 200 °C with CO2, titanium alloys of
Grades 2, 5 and 7 in near anaerobic seawater had certain resistance to stress
cracking and pitting corrosion, but prone to generate crevice corrosion.

However, the results showed that with 3.5% NaCl solution for the corrosion test
the deviation was large. Satisfactory results can be obtained using the artificial
seawater instead of natural seawater [14]. In this paper, artificial seawater was
chosen to simulate the marine environment, and electrochemical testing was con-
ducted to investigate the effects of seawater temperature on corrosion properties of
Ti–6Al–4V alloy produced by selective laser melting, so as to provide theoretical
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basis for the inhibition of moisture absorption and deliquescence of metal surface
and improve the corrosion resistance of working parts in marine engineering.

Experimental Methods

Spherical powder of the Ti–6Al–4V alloys produced by selective laser melting
(SLM) techniques were obtained from Shanghai Research Institute of Materials.
Size range of the powder is 20–30 um, and the apparent density is 2.5 g/cm3. SLM
process was performed with standard parameters using EOSINT M270 type of the
equipment manufactured by EOS corporation of Germany. The 3D CAD models of
titanium alloys were designed by a computer, then the components were fabricated
layer by layer by the SLM technique according to the direction of the hierarchical
structures given by the CAD models. All of the specimens were produced along the
same horizontal direction. The chemical composition of the Ti–6Al–4V alloy is
listed in Table 1.

Before electrochemical experiment, all the specimens were ground by silicon
carbide papers to 1200 mesh and cleaned for 5 min in an ultrasonic washer filled
with ethyl alcohol, then rinsed with distilled water and dried. Eletrochemical
behavior of Ti–6Al–4V alloys were analyzed in the simulated seawater at a tem-
perature range from 20 to 40 °C, and the test temperature was controlled by a water
bath thermostatically. Chemical composition of the artificial seawater is shown in
Table 2. All the electrochemical tests were conducted using a PARSTAT 2273
style (American Princeton Company) electrochemical workstation.

The potentiodynamic polarization was performed in an electrolytic cell with a
three-electrode configuration. A standard calomel electrode (SCE) was chosen as a
reference and a graphite electrode worked as a counter electrode. The Ti–6Al–4V
alloy specimen was used as a working electrode with an exposed area of approx-
imate to 1 cm2. Before measurement, the open circuit potential remained stabling
for 120 min. Then the potentiodynamic polarization was measured from −1.0 to
1.5 V (vs. SCE) at a scan rate of 5 mV/s. Electrochemical impedance spectroscopy
(EIS) experiments were conducted from 10−2 to 105 Hz with an amplitude of
10 mV. Mott-Schottky curves were performed in the range of −2 to 2 V with an
amplitude of 5 mV/s and a frequency of 962 Hz. The corresponding impedance

Table 1 Chemical composition of Ti–6Al–4V alloy

Element N C Fe H Al V O Ti

wt/% 0.05 0.01 0.3 0.015 6.2 4.5 0.2 88.725

Table 2 Chemical composition of artificial seawater (g/L)

Reagent NaCl KCl CaCl2 MgCl2 MgSO4 NaHCO3

g/L 26.73 0.72 1.15 2.26 3.25 0.20
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spectra data were analyzed using ZSimpWin 3.10 software (EG&G,USA) and
equivalent circuit models were simulated to evaluate the characteristics of alloys
surface. Meanwhile, the semiconductor properties of the oxide film formed on the
alloy surface were evaluated.

Results and Discussion

Open Circuit Potential Test

The open circuit potential (OCP) of Ti–6Al–4V alloy specimens in artificial sea-
water at different temperatures were shown in Fig. 1. It was observed that in the
artificial seawater of 25 °C, the fluctuation of open circuit potential of the titanium
alloy was the smallest and the thermal stability was the best. When the temperature
rose to 35 and 40 °C, the open circuit potential of Ti–6Al–4V alloy was much
larger than that at other temperatures, and at the condition of 40 °C the curve was
very unstable. The thermodynamic stability of open circuit potential in lower
temperature range of 20 and 25 °C were better than that at of the temperature above
30 °C. At the temperature of 40 °C, the thermodynamic stability of the open circuit
potential of Ti–6Al–4V alloys was the worst, showing a vigorous fluctuation over
the time. The reason may be that the chloride concentration in the seawater is high,
the increase of temperature may contribute to the destruction of the oxide film by
the chloride ions on the surface of Ti–6Al–4V alloys, leading to a decrease in the
stability of open circuit potential curve.

Fig. 1 Open circuit potential as function of time of Ti–6Al–4V alloys in artificial seawater
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Polarisation Curves

The polarization curves of titanium alloy samples in corrosive medium of artificial
seawater under different experimental temperatures were tested. The results are
demonstrated in Fig. 2, and the corresponding values achieved from the polarisa-
tion curves are listed in Table 3: the corrosion potential is expressed by Ecorr, and
the corrosion current density extracted by extrapolating Tafel slopes at the corrosion
potential is denoted by Icorr.

It can be seen from the figure that in the solution temperatures of 20 and 25 °C,
the alloy specimens showed an obvious passivation process(0–0.5 v) in which the
current density of specimens changed little with the increase of voltage. When the
temperature increased to 30 °C, the passivation region of specimen obviously
reduced, when the temperature reached 35 °C or above, the passive current density
increased and the passivation phenomenon was not evident, indicating when the

Fig. 2 Polarization curves of Ti–6Al–4V alloys in artificial seawater at different temperature

Table 3 Electrochemical
parameters of Ti–6Al–4V
alloys in artificial seawater

Sample
no.

Temperature
(°C)

Parameters

Icorr
(uA/cm2)

Ecorr
(V)

1 20 0.312 −0.583

2 25 0.187 −0.628

3 30 0.266 −0.552

4 35 1.133 −0.234

5 40 0.747 −0.240
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temperature was above 35 °C, the corrosion resistance of Ti–6Al–4V alloys
decreased significantly. Corrosion potential is an important index to reflect the
corrosion tendency of metals [15]. Corrosion potential of samples was smaller in
the range of 20–30 °C than the others at the temperature of 35 °C or 40 °C,
manifesting that the corrosion tendency of Ti–6Al–4V alloys was much larger at
low temperature (20–30 °C). Moreover, the current density of specimens at the
temperature of 35 and 40 °C were significantly increased, indicating that the
sample’s corrosion rate was faster at high temperature (35–40 °C).

On the whole, although the corrosion tendency at low temperature is larger, the
sample has a relatively wide passivation region which hinders the corrosion process
of the sample effectively. Meanwhile, compared with Ti–6Al–4V alloys at low
temperature, the corrosion rate of sample at high temperature is greatly improved
and the reactivity of overall surface is enhanced. So the corrosion resistance of
Ti–6Al–4V alloy at low temperature is better.

Electrochemical Impedance Spectroscopy

In order to analyze alloys surface and better evaluate the influence of seawater
temperature on interface/solution, electrochemical impedance spectroscopy (EIS)
measurements were conducted at open circuit potential (OCP). The Nyquist curves
and Bode-phase plots versus temperature were shown in Fig. 3.

From the Nyquist plot it can be seen that all specimens immersed in the artificial
seawater exhibit a single capacitive arc. When the temperature was below 30 °C,
the capacitive arc radius was bigger, which leads to a better corrosion resistance,
when the temperature was increased to 35 °C or above, the capacitive arc radius
significantly reduced, indicating that the increase in temperature caused the
decrease of charge transfer resistance on the sample surface, resulting in the

(a) Nyquist plots of Ti-6Al-4V alloys (b) Bode plots of Ti-6Al-4V alloys

Fig. 3 Impedance diagrams of Ti–6Al–4V alloys at different seawater temperature
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deterioration of corrosion resistance. Resistance in high-frequency corresponds to
the solution resistance, the modulus diagram in the high frequency region has a
horizontal shape indicating that the impedance is dominated by the resistance of the
corrosive medium [16]. On the phase-frequency characteristic curves, two pro-
cesses were separated in the frequency range of 10−2–105 Hz, i.e., one in the
low-frequency region, and the second in the high-frequency process. Moreover,
when the temperature to 35 °C or 40 °C, the negative phase angle of the curve
significantly reduced in the low frequency. This suggests the signal of the low
frequency is derived from the contribution of the charge transfer resistance, and the
change of the charge transfer resistance affects the density of the passivation film on
the alloy surface [17]. Therefore, it can be considered that the reduction of corrosion
resistance is related to pore size and compactness of the passivation film under the
condition of above 35 °C.

The wide range XPS spectrum of Ti–6Al–4V alloy is presented in Fig. 4a. Many
elements (Ti, Al, V, C, O, N, Na, K, Fe, etc.) were listed there. After immersion into
the artificial seawater, a thin layer composed mainly of titanium, aluminum and
vanadium oxides was formed on the surface of titanium alloys. Two peaks of
titanium at binding energies of 458.10 eV (Ti2p3/2) and 463.70 eV (Ti2p1/2) can be
seen in Fig. 4b. The detailed analysis of titanium peaks manifested the presence of
TiO2 (458.11 eV) and small amount of TiO/Ti2O3 (456.08 eV). Similar results
were obtained for aluminum, and the peaks at 74.30 eV (Al2p3/2) and 74.71 eV
(Al2p1/2) indicated the generation of Al2O3 (Fig. 4c). The oxygen peaks appeared at
the binding energies of 530.30 eV (O1 s). After peaking treatment, the oxygen was
found to be existed in the following compounds: titanium, aluminium, vanadium

Fig. 4 Representative XPS spectra of oxide films on Ti–6Al–4V alloys after immersion in
artificial seawater
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oxide (peak at 530.00 eV), OH− groups (531.01 eV), and adsorbed water
(532.02 eV) (Fig. 4d).

The equivalent circuit obtained by fitting with the AC impedance spectroscopy
data according to the experiment results is shown in Fig. 5. Where RL is the
solution resistance, the circuit assumes that the passive film formed on the alloy
surface are consisted of an oxide layer capacitance (QC) and a resistance (RC), Qd
and Rt are the double layer capacitance and the charge transfer resistance,
respectively. The specific fitting values of the AC impedance data are illustrated in
Table 4.

The data error between obtained and simulated values was evaluated by
chi-squared (v2) and the error value below 10−3 implied a small error and a good
fitting [18]. The corrosion rate of Ti–6Al–4V alloys at low temperature is small, the
pores or micro-defects on the surface of oxide film are less, contributing to a smaller
Rc value; With the temperature increasing, the corrosion rate increased and the
electrolyte solution continually immersed into the oxide film along the pores or
micro-cracks, which could enhance the reactivity and resistance of Rc effectually.
In addition. The Rt value at 35 and 40 °C reduced by an order of magnitude than
the other conditions, manifesting that the passivation film compactness of
Ti–6Al–4V alloys reduced at high temperature, which in turn would result in a
decrease in corrosion resistance.

Mott-Schottky Measurements

The oxide film on titanium alloy surface exhibits the characteristics of a semi-
conductor. To describe the relationship between the differential capacitance of the
semiconductor space charge layer and the semiconductor surface for the noumenal
potential, the Mott-Schottky curves of titanium alloy samples in artificial seawater
were measured [19]. The temperature of electrolytes varied within 20–40 °C, and
the corresponding results are illustrated in Fig. 5.

For n-type semiconductors:

1
C2
sc
¼ 2

e e0eND
U � Ufb � kT

e

� �

Fig. 5 Equivalent electrical
circuits used to adjust EIS
results
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For P-type semiconductors:

1
C2
sc
¼ 2

e e0eNA
U � Ufb � kT

e

� �

where Csc is the capacitance of the space charge layer, e is the dielectric constant of
the semiconductor, eo is the vacuum dielectric constant (8.85 � 10−12 F m), e is the
electron charge (1.602 � 10−19 C), ND, NA is the concentration of the donor and
the receptor, U is the applied potential, Ufb is the flat band potential, k is the
Boltzmann constant, and T is the absolute temperature. According to the calcula-
tion, the relationship between the Csc

−2 and the applied potential U can be obtained
through the potential-capacitance test, the ND, NA can be got in the light of the
slope, and the flat band potential can be acquired by the intercept.

As can be seen from Fig. 6, the slope of the M-S curves obtained in the sim-
ulated seawater is positive, indicating that the samples are the n-type semicon-
ductors in the artificial seawater. The conductivity is achieved through carrying
electrons by the defects [20]. Figure 7 also shows the carrier density ND, it is
observed that as solution temperatures rise, carrier density increases, which would
promotes the conductivity of passivation film and is adverse to the corrosion
resistance of Ti–6Al–4V alloys. In fact, pitting corrosion of titanium often appeared
in the concentrated chloride under the high temperature. The occurrence of pitting
corrosion resulted in a decrease in the passivation film density and a reduction in
corrosion resistance.

Fig. 6 Mott-Schottky curves
of Ti–6Al–4V alloys
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Conclusions

1. During 120 min testing, the open circuit potential of Ti–6Al–4V alloy fluctuated
along with time increasing. Thermal stability at high temperatures was better
than that at the low temperatures. The OCP curve showed a significant fluctu-
ation at 40 °C, indicating the worst thermodynamic stability.

2. At low temperature the Ti–6Al–4V alloy exhibited an obvious passivation
process. When the temperature reached 35 °C or above, the passivation phe-
nomenon was not evident. The corrosion resistance reduced and the corrosion
speed increased. Reduction of corrosion resistance is believed to be attributed to
the increase of seawater temperature.

3. Electrochemical impedance spectroscopy of Ti–6Al–4V alloy in artificial sea-
water present a single capacitive arc, and the corrosion resistance was better at
30 °C. When the temperature increased to 35 °C or above, the negative phase
angle at low frequency region reduced and the corrosion resistance became
weak.

4. Ti–6Al–4V alloy fabricated by selective laser melting shows characteristics of
N-type semiconductors in artificial seawater. With temperature increasing, the
carrier density improved, leading to an increase in passivation film conductivity
and a decrease in corrosion resistance. At 40 °C, the corrosion resistance of Ti–
6Al–4V alloy was the worst.
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Correlation of Microstructure
to Mechanical Properties in Two Grades
of Alumina

Tomoko Sano, Ian Buterbaugh, Timothy Walter, James Catalano,
Brendan Koch, Calvin Lo and James Hogan

Abstract In this research, two grades of alumina, one at nominally 85% compo-
sition and the other at 99.5% were characterized. Microstructural and phase char-
acterization was conducted using Scanning Electron Microscopy, Energy
Dispersive Spectroscopy, X-ray Diffraction, and micro-computed X-ray tomogra-
phy. It was determined that the Knoop hardness values were influenced by the
porosity in the 85% composition. Quasi-static compressive tests and high strain rate
compression experiments were conducted to determine the influence of the mi-
crostructure to the compressive properties. It was observed that the overall com-
pressive strengths increased with strain rate. Although the Knoop hardness values
were much lower in the 85% alumina due to the porosity, the compressive strength
at both quasi-static and dynamic strain rates were not significantly lower than those
of the 99.5% composition.

Keywords Alumina � Microstructure � Compressive strength

Introduction

Due to its versatility, polycrystalline alumina (Al2O3) ceramics are used in many
commercial applications that require materials with good wear resistance, dielectric
strength, and thermal conductivity. In addition, its strength and hardness properties
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have made it a desirable material for structural and armor applications. At the Army
as well as at other institutions, the microstructure [1], mechanical properties [2–4],
shock wave loading on alumina tiles [5, 6] and projectile penetration behavior [7–
10] into alumina targets have been studied for many years. The grade of alumina
often studied in these projects [3–8, 10] was the Coorstek AD995 grade material,
which has a nominal composition of 99.5% alumina. Microstructural effects were
broadly mentioned but were not specifically studied. Hence the idea to study two
compositions of alumina in an attempt to discern the effects of microstructure on the
properties and of the quasi-static and dynamic compressive strength was pursued.
The CoorsTek AD995 was chosen as one of the composition, and the other was the
AD85, the nominally 85% alumina composition.

Experimental Methods

To prepare the AD85 and AD995 samples for characterization, samples were
mechanically polished using the Allied HighTech MetPrep 4™ PH-6 polisher,
starting with the 600 grit silicon carbide and progressing down to the 0.25 micron
diamond surface. Microstructural characterization of both compositions, AD995
and AD85, were conducted using the FEI Nova NanoSEM 600 scanning electron
microscope (SEM). Secondary electron micrographs were used to determine the
grain size using the linear intercept method [11]. Energy dispersive spectroscopy
(EDS) elemental analyses and texture analysis using the electron backscattered
diffraction (EBSD) were conducted with the Pegasus XM4 analysis system from
EDAX Inc. attached to the SEM. X-ray diffraction (XRD) for phase analysis was
conducted with the PANalytical X’Pert Pro x-ray, from a 2h of 20°–120°. For
3-dimentional microstructural and defect analysis, micro computed tomography
(micro-CT) with the Zeiss Xradia 520 Versa x-ray microscope was utilized. Knoop
hardness testing was performed on a Wilson Tukon testing machine with a load of
2 kg according to the ASTM standard C1326 [12]. Knoop indents falling on surface
flaws, such as a pore, were rejected. Low strain rate compression testing was done
in a quasi-static MTS 810 testing machine at 10−3 s−1, while higher rate testing, at
strain rates between 500 and 900 s−1, was done in a Split-Hopkinson pressure bar
system.

Results

A representative micrograph of the AD85 alumina sample is shown in Fig. 1a and
of AD995 in Fig. 1b. The brighter colored areas around the grains in AD85 is the
liquid phase, indicating that this alumina was liquid phase sintered. The dark areas
were determined to be porosity for both compositions. AD85 has significant
porosity and a more elongated grain morphology compared to AD995. From 4
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SEM micrographs of each composition, the average grain size was measured to be
2.95 lm for the AD85 and 7.75 lm for the AD995. These grain sizes differ from
Coorstek’s reported grain size of 6 lm for both compositions [13]. In addition, as
can be deduced from Fig. 1b, the AD995 appears to have a bimodal grain size
distribution, or population of abnormal grain size in the microstructure. Hence the
average grain size is not an adequate indicator of the grain size distribution for
AD995.

To identify the secondary phase present in the AD85 material, EDS analysis was
conducted. The AD85 EDS results indicated the presence of Mg, and Si, in addition
to Al and O. The EDS results of AD995 did not show the presence of Mg, but did
show Si peaks. The XRD results shown in Fig. 2a confirmed the presence of Mg
and Si in AD85, identifying the secondary phase as Mg2SiO4. It is likely that MgO
and SiO2 reacted during the process to form the Mg2SiO4 phase. However the XRD
results of AD995 shown in Fig. 2b only identified Al2O3, and did not identify any
silicate phases.

Knoop hardness for AD85 and AD995 were reported by CoorsTek but at the
1 kg load. They were 9.4 and 14.1 GPa, respectively [13]. The 2 kg load (19.6 N)
was chosen for this study since a ceramic hardness evaluation work by Swab [14]
established that at 2 kg, the hardness curves would be in the load-independent
plateau region. At the 2 kg load, the hardness of AD85 was 6.4 GPa with a standard
deviation of 0.3 GPa. For AD995, the hardness was 9.6 GPa with a standard
deviation of 1.8 GPa. The low hardness value of AD85 can be attributed to the
numerous pores in the sample. However for AD995, the minimal amount of pores
cannot explain the much lower hardness values compared to the manufacturer
reported value. Jones et al. [7] determined their AD995 sample to have a Knoop
hardness value of 13.2 GPa with a standard deviation of 1.3 GPa, a value much
closer to that reported by CoorsTek. Unfortunately Jones et al. did not include a
micrograph of their material in their paper for microstructural comparison to the

Fig. 1 Representative SEM micrographs of a AD85 and b AD995
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current AD995. It is possible that in the current study, some of the Knoop indents
were falling on the abnormal grains, lowering the hardness values.

Micro-CT scans were conducted on both AD85 and AD995. As expected from
the SEM micrographs, only small pores were observed throughout the AD995
sample volume. However in the AD85, large pores were found throughout the
volume of the sample. The micro-CT scans at a resolution of 2 lm/pixel were
analyzed to determine the volume fraction of pores. The pores were segmented
from the scans using grayscale intensity based thresholding. The binary images of
the segmented inclusions were then combined to form a 3D reconstruction, as
shown in Fig. 3a, from which sizes of the pores were characterized. The volume
distribution of the pores was produced and is shown in Fig. 3b.

Under quasi-static conditions AD85 demonstrated a compressive strength of
1970 ± 100 MPa and AD995 a strength of 2360 ± 180 MPa, both in line with
manufacturer’s reported values. Under dynamic conditions both see a rise in
strength, with AD85 having an average strength of 3180 ± 110 MPa and AD995 a
strength of 3880 ± 670 MPa. Eliminating the potential outlier in AD995 from

Fig. 2 XRD peaks identified as Al2O3 and Mg2SiO4 for a AD85 and only Al2O3 for b AD995

Fig. 3 a 3D representation of alumina pores in AD85 reconstructed using micro-CT scans and
b Volume histogram of the pores characterized using the 3D reconstruction
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consideration gives an average strength of 3430 ± 230 MPa. These results plotted
in Fig. 4, show that strength increases with strain rate for these materials, although
only 2 strain rates were tested. While AD85 has lower strength under both
quasi-static and dynamic conditions, over the range tested it also demonstrates a
greater proportional increase in strength in comparison to AD995.

Discussions

The two alumina microstructures were drastically different. This is attributed to not
only the compositional purity of the alumina samples, but the processing and
sintering aids added. Goswami et al. [1] have shown the influence of oxide addi-
tions and their amounts on the morphology of alumina grains. It is safe to deduce
that in the current AD85 material, the elongated grain shapes and the porosity is due
to the liquid phase sintering process. In the case of AD995, the microstructure
showed the presence of abnormal grains. This can be explained with the Si (in the
form of silica) addition in the microstructure found by EDS analysis. Dillon et al.
[15–17] have investigated the role of additives such as silica on grain boundaries
and grain growth of alumina. They determined that additives, such as silica cause
complexion transitions to occur, inducing abnormal grain growth for some grains,
depending on the grain boundary energy of those grains.

The Knoop hardness and the quasi-static and dynamic compressive strength is
correlated to the different microstructures. The porosity played a large role in the
lower hardness values measured on the AD85 sample. However, although the
compressive strength were lower than those of AD995, the porosity found
throughout the sample of AD85 did not appear to significantly influence the
strength. The preliminary results show that the compressive strength increased with
strain rate for both compositions. More research is necessary to understand the role
of the homogeneously distributed pores on the quasi-static and high strain rate
compressive strengths, and additional compression testing is required to definitively
link the increase in the compressive strengths to the strain rate.

Fig. 4 Compressive strength
versus strain rate for AD85
(circles) and AD995
(diamonds)
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Conclusions

Two compositions, nominally 85 and 99.5%, of alumina were characterized. The
AD85 sample showed a liquid phased sintered microstructure, consisting of a
Mg2SiO4 secondary phase surrounding elongated alumina grains. The AD995
sample showed evidence of abnormal grain growth, most likely due to the silica
sintering additives causing complexion transitions. There were distinct differences
in the Knoop hardness values. The lower hardness of the AD85 material was
attributed to the porosity. The compressive strengths were measured and deter-
mined to increase with increasing strain rate. The AD85 alumina had lower but not
significantly lower compressive strengths compared to those of AD995. More
experiments are necessary to deduce the influence of the porosity and microstruc-
tural differences on the quasi-static and dynamic compressive strengths of alumina.
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Part V
Characterization and Uses

of Metallurgical Slags



Preparation and Characterization
of NaNO3/BFS Composite Phase Change
Materials

Jicheng Liu, Yuanbo Zhang, Zijian Su, Bingbing Liu, Manman Lu,
Tao Jiang and Guanghui Li

Abstract Blast furnace slag (BFS), one kind of typical solid waste in the steel
industry, was used as structural materials to synthesize NaNO3/BFS composite
phase change materials (C-PCMs) by mixing and sintering method. NaNO3 in the
composites functioned as phase change materials (PCMs) and BFS as structural
skeleton to maintain a stable external form. In this study, the prepared C-PCMs could
remain in the solid state without salt leakage even if operating temperature exceeded
the melting temperature of NaNO3. The composition and structure of BFS and the
prepared composites were characterized by XRD, FTIR, SEM and TG-DSC anal-
yses. The results showed that NaNO3 was well incorporated in the pores of BFS. The
melting temperature and latent heat of the final composites were 300.5 °C and
65.53 J/g, respectively. The product also had good thermal storage performance and
durability even after 100 thermal cycles. The energy density of the product was
calculated as high as 468.03 J/g for an temperature range of 50–400 °C.

Keywords Blast furnace slag � Composite phase change materials
Thermal energy storage � NaNO3

Introduction

Blast furnace slag (BFS) is one of the main by-products discharged from the steel
industry. During the production of pig iron, 200–300 kg of BFS is generated per
ton of pig iron. The output of BFS is more than 200 million tons in 2015 in China
according to the World mineral production report by the British geological survey
[1]. The negative impact on the environment caused by BFS and other metallurgical
slags becomes more and more severe, thus how to utilize or reuse them is a
significant issue [2]. In the past few decades, many attempts have been made to
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apply BFS into the construction materials such as portland cement [3], ceramic wall
tiling [4], cold bonded artificial aggregate used in self-compacting concrete, etc. [5].

Phase change materials (PCMs) are materials that undergo the solid-liquid phase
transformation, more commonly known as the melting-solidification cycle at a
temperature within the operating range of a selected thermal application [6]. PCMs
are widely used in thermal energy storage fields. Due to low thermal conductivity
and poor thermal stability, the PCMs are usually used in conjunction with porous
materials to fabricate composite phase change materials (C-PCMs) [7]. Some
porous materials such as expanded perlite, vermiculite and SiC ceramic honeycomb
were used to prepare C-PCMs [8, 9]. However, these materials usually need to be
pretreated and it will consume much extra energy.

Previous study showed that the BFS had a porous structure and high adsorption
capability. Therefore, the BFS might have potential to act as structural materials for
high temperature C-PCMs. In this study, the NaNO3/BFS was prepared as a novel
kind of C-PCMs by mixed and sintering method. The products were characterized
using TG-DSC, XRD, FTIR, SEM, etc. All the results indicate that BFS can be
utilized as a good structural material in thermal energy storage fields.

Experimental

Materials

NaNO3 with 99.9 wt.% purity were purchased from Beijing Chemical Reagents
Company. The BFS used in this study was supplied by a steel company in Hunan,
China. The chemical constituents of the BFS include CaO (35.18 wt.%), SiO2

(30.28 wt.%), Al2O3 (14.17 wt.%) and MgO (13.21 wt.%). Figure 1 shows the
XRD pattern of the BFS, indicating that the BFS is amorphous and the main phases

Fig. 1 XRD pattern of the
BFS
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are gehlenite (2CaO�Al2O3�SiO2), calcium silicon (Ca2Si) and forsterite
(2MgO�SiO2).

The TG-DSC curves of the BFS are given in Fig. 2. The TG curve showed
that the mass of the BFS was almost unchanged as the temperature rose from
0–1000 °C. The DSC curve indicated that there was no chemical reaction occurred
when temperature was lower than 800 °C. However, an obvious exothermic peak
was found at 800–950 °C, which might be caused by the crystallization reaction of
the glass phase [10].

The as-received BFS samples had large grain size. Hence, the BFS was ground
to 100 wt.% less than 74 lm. Then, two samples of raw BFS (Sample#1) and the
ground BFS (Sample#2) were characterized. The SEM image shown in Fig. 3 is the
ground BFS sample with a large number of irregular pores below 1 micron.
Figure 4 shows the adsorption-desorption isotherm of BFS sample before and after
ground. The results show that the total pore volume increased from 0.008 to
0.025 cm3/g and the BET surface changed from 3.90 to 10.60 m2/g.

Fig. 2 TG-DSC curves of
the BFS

Fig. 3 SEM image of the
BFS
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Method and Characterization

In this study, the C-PCMs were prepared by mixing and sintering process. The
typical PCMs NaNO3 with operating temperature around 300 °C was employed as
thermal storage medium. The main experimental procedure included ball-milling,
mixing, briquetting and roasting. The BFS was first ground to 100 wt.% less than
0.074 mm, and then mixed with NaNO3 at a certain mass ratio. Then, the mixture
was pressed into cylindrical green briquettes with a diameter of 10 mm and height
of 6 mm at 20 MPa pressure for 3 min. After that, the green briquettes were dried at
100 °C for 12 h and roasted for 2 h in a muffle furnace. The roasting temperature
for NaNO3/BFS C-PCMs was fixed at 350 °C.

The thermal reliability of the NaNO3/BFS C-PCMs was tested by 100 thermal
cycles. Thermal cycle test was operated in a muffle furnace and the prepared
C-PCMs was maintained at a temperature of 350 °C for 2 h during each thermal
cycle. The morphological structure of the prepared C-PCMs was observed by
scanning electron microscopy (SEM) and thermal properties were measured by
differential scanning calorimeter (DSC). The heat transfer properties were investi-
gated by a laser thermal conductivity meter.

Chemical constituents of the BFS were measured by X-ray Fluorescence (XRF,
EDX6000B). Phase compositions of the raw BFS and the prepared C-PCMs were
tested by X-ray diffraction (XRD, Rigaku D/max-2500). N2 adsorption isotherms
were obtained at 77.3 K with the aid of a conventional volumetric apparatus
(Autosorb-1-MP). The equivalent surface area was obtained from the linear BET
plots (SBET), and the pore size distribution of samples was calculated by BJH
method. The morphology and structure of the prepared C-PCMs were observed
using a scanning electron microscope (SEM, JEOL JSM-6490LV). The latent heat
and the phase-transition temperature of the PCMs and the prepared C-PCMs were
characterized by differential scanning calorimeter (DSC, NETZSCH STA 449F3) in
an Ar atmosphere at a heating rate of 5 °C/min.

Fig. 4 N2

adsorption-desorption
isotherms of BFS (the inset is
the pore size distribution)
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Results and Discussion

Preparation of the NaNO3/BFS C-PCMs

The roasting process plays an important role in various properties of C-PCMs
during the preparation, especially in the microstructure. Reasonable and correct
formulation of roasting system is in favor of the C-PCMs with ideal structure and
expected performance. The Fig. 5 exhibited the thermal stability of NaNO3 under
1000 °C. The results indicate that NaNO3 will undergo a decomposition reaction
when the temperature is higher than 500 °C and the chemical reaction formula was
displayed as Eq. (1):

NaNO3 ! NaNO2 þ 1=2O2 ð1Þ

According to the DSC curve of NaNO3, it had three endothermic peak in the
process of heating up to 1000 °C. The first endothermic peak in the temperature
range of 225–290 °C was caused by solid-solid transformation, therefore, the
heating rate must be slow as 5 °C/min and maintain 30 min at 290 °C. The second
endothermic peak in the temperature range of 300–325 °C was due to solid-liquid
transformation, hence the heating rate should increase to 10 °C/min to avoid the
loss of NaNO3 due to the evaporation or decomposition. The specific roasting
schedule was showed in Fig. 6.

Morphological Structure

During the preparation process, it was found that the C-PCMs with more than 60
wt.% NaNO3 were deformed significantly and the leakage of NaNO3 was serious.

Fig. 5 Thermal stability of NaNO3 under 1000 °C
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Samples with 45 and 60 wt.% NaNO3 were deformed slightly and presented a small
amount of NaNO3 leakage. When the content of NaNO3 was lower than 40 wt.%,
the prepared C-PCMs had perfect appearance without deformation nor NaNO3

leakage. So, the suitable proportion of NaNO3 and BFS was very important to
guarantee a good performance of the C-PCMs. In this study, the addition of NaNO3

was fixed at 40 wt.% in the subsequent studies.
The macroscopic shape of the NaNO3/BFS C-PCMs had no significant change

and there was no leakage of NaNO3 after 100 thermal cycles according to Fig. 7a.
Figure 7b showed that on the surface of the BFS there existed a large number of
irregular nano-scale pores, which could provide plenty of sites for absorbing
NaNO3. The molten NaNO3 entered into the pores of BFS and covered almost the
entire surface of BFS (Fig. 7c). Compared to the coarse surface of BFS, the
NaNO3/BFS C-PCMs had a relatively smooth superficies with even distribution of
NaNO3. It showed that NaNO3 was successfully embedded in the pores of BFS.
After 100 thermal cycles, no obvious change emerged on the surface of NaNO3/
BFS C-PCMs (Fig. 7d). Besides, the surface became smoother and the NaNO3

distributed more uniform after 100 thermal cycles. All these results proved that the
NaNO3/BFS C-PCMs were competent to remain in the solid state without salt
leakage during the phase-transition.

Thermal Properties

The melting-freezing DSC curves of pure NaNO3 and 40 wt.% NaNO3/BFS
C-PCMs are shown in Fig. 8. The melting and freezing temperatures were mea-
sured to be 303.6 and 301.1 °C for the pure NaNO3, while the values were 300.5
and 300.4 °C for the NaNO3/BFS C-PCMs, respectively. The melting and freezing
latent heat was measured to be 180.23 and 177.96 J/g for the pure NaNO3,

Fig. 6 Roasting schedule of
the NaNO3/BFS C-PCMs
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and 65.53 and 64.55 J/g for the prepared C-PCMs, respectively. The
phase-transition latent heat of the NaNO3/BFS C-PCMs were very close to the
theoretical value (with 40 wt.% of NaNO3, 180.23 J/g � 40% = 72.09 J/g).
Meanwhile, the results also revealed that the supercooling of the NaNO3/BFS
C-PCMs was only 0.1 °C compared to 2.5 °C of pure NaNO3. The low
super-cooling was favorable to the stability of the C-PCMs.

The C-PCMs must be stable in terms of thermal performance even over a large
number of melting and freezing cycles. Therefore, there should be no or less change
in its thermal properties after long-term working period. In this study, 100 thermal
cycling test was carried out to determine the change in thermal properties of
NaNO3/BFS C-PCMs. Figure 8 displays the melting-freezing DSC curves of the
NaNO3/BFS C-PCMs before and after 100 thermal cycles. The results showed that
the melting and freezing temperature were 302.1 and 301.7 °C, and the melting and
freezing latent heat were 63.30 and 62.97 J/g for the prepared C-PCMs after 100
thermal cycles. After 100 thermal cycles, the melting temperature was increased by
1.6 °C and the freezing temperature increased by 1.3 °C. The increase of the

Fig. 7 Images of NaNO3/BFS C-PCMs: a macrographs of the NaNO3/BFS C-PCMs before and
after 100 thermal cycles b SEM image of the BFS used in the preparation process c SEM image of
the NaNO3/BFS C-PCMs d SEM image of the NaNO3/BFS C-PCMs after 100 thermal cycles
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melting and freezing temperature was mainly due to a more uniform distribution
of NaNO3 in the prepared C-PCMs. Meanwhile, the super-cooling changed into
0.4 °C after thermal cycles, which was still much smaller than pure NaNO3. The
phase-transition enthalpies of the C-PCMs after thermal cycling had no significant
change. The results revealed that the NaNO3/BFS C-PCMs had a good thermal
reliability with regard to the changes in its phase change temperatures and latent
heats.

Energy Density

Energy density of the NaNO3/BFS composite material relies on not only the latent
heat of NaNO3, but also the sensible heat of BFS and NaNO3. It can be calculated
by using the following Eq. (2) for a temperature range between T0 and Ts:

Q ¼
ZTS

T0

CSSdT þ d
ZTsf

T0

ClSdT þrHlf þ
ZTS

Tll

ClldT �
ZTS

T0

CSSdT

0
B@

1
CA ð2Þ

where Q is the general energy density of the materials in a unit mass, Css, Cls and Cll

is respectively denoted as the specific heat capacities of the structural material, the
PCMs in solid phase, and the PCMs in a liquid phase. At the same time, T0, Ts and
Tsf represents the original temperature, the upper limit temperature and the melting
temperature of the PCMs, respectively. And the d means the percentage of PCM in
the composite materials. Figure 9 was the measured heat capacity curve of the
composite materials containing 40 wt.% NaNO3. The results indicated that it had
two endothermic peaks at 265–298 °C and 299–314 °C, respectively. Curve-fitting

Fig. 8 Melting-freezing DSC
curves of NaNO3/BFS
C-PCMs before and after 100
thermal cycles
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of the measured heat capacity data over the two temperature ranges of 50–268 °C
and 315–400 °C gives the following two polynomial expressions corresponding to
the two temperature ranges:

Cp1 ¼ 2� 10�5T2 � 0:009Tþ 2:634 R2 ¼ 0:9415
� � ð3Þ

Cp2 ¼ 2� 10�5T2 � 0:0222Tþ 5:4799 R2 ¼ 0:9736
� � ð4Þ

where T is temperature. Using the heat capacity data discussed above, the energy
density of the C-PCMs was calculated to be as high as 468.03 J/g with the NaNO3

content of 40 wt.%. The results indicated that the prepared C-PCMs had a good
energy storage density and it rendered this C-PCMs a very promising materials for
thermal energy storage.

Conclusions

The study presented a novel route for utilizing BFS to prepare C-PCMs for thermal
energy storage, and the following conclusions were obtained:

1. BFS possesses abundant porous structure and excellent thermostability, which
can meet the requirements of structural materials for PCMs. A pre-grinding
process is beneficial to enlarge the total pore volume for absorpting the PCMs.

2. The NaNO3/BFS C-PCMs even remained good thermal reliability after 100
thermal cycles. The melting point and latent heat of the NaNO3/BFS were
300.5 °C and 65.53 J/g, respectively. The super-cooling of the product was only
0.1 °C, and it remained in the solid state without NaNO3 leakage at a

Fig. 9 Heat capacity of the
prepared C-PCMs containing
40 wt.% of NaNO3 (the inset
is its DSC curve)
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temperature of 350 °C even after 100 thermal cycles. The prepared C-PCMs
with the optimal formulation has an energy density exceeding 468 J/g for an
temperature range of 50–400 °C.
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Characteristics of WISCO
Steelmaking Slags

Bowen Li, Mingsheng He and Canhua Li

Abstract Steelmaking slag is a by-product in considerable volume and a valuable
material for various applications. In general, steelmaking slag is an alkaline com-
pound of CaO, Fe2O3, and SiO2. However, its characteristics varies depending on
the feedstocks, steelmaking process and cooling method of the slag. To utilize this
by-product effectively, this study investigated the characteristics of steelmaking
slags taken from Wuhan Iron & Steel Co. Ltd. The results showed that the slags
mainly consist of the oxides of calcium, iron, and silicon, with low contents of
magnesia, alumina, and manganese oxide with a feature of high alkalinity and lime
saturation factor. The major mineral phases include belite, calcium ferrite, calcium
hydroxide, wustite, quartz, and small amount of elite. Thermogravimetric analysis
indicated the weight loss from ambient temperature to 800 °C is 8% in total.
Melting test showed the glass transition temperature is between 1300 and 1350 °C,
flow temperature is about 1400 °C. The slag samples investigated in this study can
be considered as a typical glass-ceramic composite.

Keywords Steelmaking slag � Glass-ceramic � Characteristics

Introduction

Steelmaking slag is a by-product from primary steelmaking processes which
include Basic Oxygen Furnace (BOF) and Electric Arc Furnace (EAF) [1]. BOF
slag (Converter slag) is generated during the refinery process to remove carbon,
phosphorous, sulfur, and other components from the pig iron and to convert the
molten pig iron into steel by blowing oxygen. EAF slag is generated when iron
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scrap is melted and refined in an electric arc furnace. In general, the steelmaking
slags is cooled down to ambient temperature by cooling with water spraying in a
cooling yard, prior to further application process.

Steelmaking slags has a considerable volume in production as 10–13% of steel
production [2, 3]. It was estimated that the global steelmaking slag produced in
2016 reached 160–240 million tons [4]. Steelmaking slag has been used as raw
materials for road construction, aggregates, fertilizer, soil amendment, cementitious
additive in concrete, limestone substitute for cement clinker manufacture and BOF
process, sandblasting sand, and ceramics, etc. [5–10].

Steelmaking slag mainly is an alkaline compound of CaO, Fe2O3, and SiO2.
However, its characteristics and chemical and physical performance vary depending
on the feedstocks and process of steelmaking and cooling method of the slag. Its
large quantity also makes it challenging for recycling the material in various
industrial applications [1, 11, 12].

To effectively utilize the by-product, this study investigated the characteristics of
steelmaking slags from Wuhan Iron & Steel Co. Ltd.

Materials and Methods

The steelmaking slag used for this study was taken from the 3rd cooling yard of
Wuhan Iron & Steel Co. Group Metallurgical Slag Division. The initial BOF slag
was hot-poured with water spraying while it was cooled down to ambient tem-
perature. Then the slag chunks were crushed into gravels and granules, and the
metallic iron was removed with a magnetic separator, then the slag was transferred
to stock yard and stored for further use. Figure 1 shows the slag stock piles next to
the cooling yard.

For further investigation, the slag granules were mixed completely, and then
ground into −325 mesh powder by a Raymond mill. The chemical composition of
the slag powder sample was determined by titration method while carbon and sulfur
content were determined by a carbon/sulfur analyzer. The particle size distribution
of the slag powder samples were measured by a laser particle size analyzer
(Malvern Mastersizer 2000) with aqueous dispersing medium. The mineral com-
ponent of the slags was determined by X-ray diffraction (XRD, SHIMADZU
XRD-7000, copper target, continuous, scanning range 10–80º, scan rate 3.0°/min.).

Fig. 1 Slag stock piles of Wuhan Iron & Steel Co. Group
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Scanning electron microscopy (SEM, Quanta 400, acceleration voltage 20 kV)
associated with EDS was also employed for morphological and microstructural
study and microanalysis of the slags. The refractoriness of the slag was determined
by Pyrometric Cone Equivalent (Segar Cone) test. The thermal melting behavior of
the slag was monitored by a high temperature optical microscope (melting point
tester). The thermal gravimetric analysis (TGA) was implemented with a
Thermogravimetric Analyzer.

Characteristics of BOF Slag

Chemical Composition

Table 1 shows the chemical composition of the slag samples. It indicates that the
slag contains high content of calcium oxide as 42.36–44.20%, but low content of
silica, alumina and magnesia. Carbon and sulfur content are lower than the
detection limits.

Alkinity coefficient (AE) and Lime saturation factor (LSF) have been widely
used to quantitatively assess raw materials for formulations of porcelains and
cement clinkers. They can be determined by following equations [13].

AE ¼ C
56:1

þ M
40:3

� �
=

S
60:1

þ A
101:9

� �
ð1Þ

and

LSF ¼ C
2:8Sþ 1:2Aþ 0:65F

X100% ð2Þ

here, C, M, S, A, and F represent the mass percentages of CaO, MgO, SiO2, Al2O3,
and Fe2O3 in the materials, respectively.

By calculation, the AE for sample 1 and 2 are 5.20 and 4.99, and LSF for sample
1 and 2 are 103.23 and 107.85%, respectively. This indicated the slag samples are
highly alkaline and calcium oxide is sufficient to form alite with free CaO if it is
used for producing cement clinker.

According to statistic results of chemical analysis of the BOF slags from the
plant in 2013 and 2009, the concentrations of the major chemicals were fluctuant
but the average content were not changed significantly in the past six years (Fig. 2;
Table 2).

Table 2 shows the fluctuating ranges of the major oxides of the steel slags. The
data were obtained from the analyses of 900 inline samples for 2013, and 420 for
2009, respectively. Generally, CaO content varied mainly between 42.25 and
49.26%, while its maximum content reached 63.39% and minimum content was
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dropped to 20.73%. The fluctuating ranges of other major contents were: SiO2

12–14%, TFe2O3 17–23%, and MgO 7–9%.
The calculated AE and LSF based on the average contents of 2013 and 2009

analyses are 5.19 and 103.10% for 2013, and 3.82 and 80.64% for 2009, respec-
tively. The slags produced in 2009 have lower alkalinity.

Thermal gravimetric analysis was carried out while elevating temperature from
room temperature through 1100 °C (Fig. 3). The average temperature increment
was 5.6 °C/min. The results showed that when increasing the heat temperature from
room temperature to 800 °C, the total loss of the slag reached 8%. Continuously
increased the temperature from 800 to 1100 °C, the slag had no more mass loss.
These results indicated that the slag contains 6.5% of volatized contents such as
carbon, sulfur, hydroxides of magnesium and calcium, etc., except 1.34% of free
water.

Fig. 2 Fluctuation of major compositions of steel slag in 2013

Table 2 Statistics of chemical compositions of hot-poured slags in 2013 and 2009(wt%)

Oxide SiO2 CaO MnO TFe2O3 P2O5 Al2O3 MgO

2013 Maximum 32.77 63.39 9.37 29.2 3.43 19.93 14.53

Minimum 6.68 10.48 1.14 3.84 0.01 0.37 2.03

Average 12.06 49.26 2.29 20.13 1.86 0.77 8.37

2009 Maximum 20.19 54.71 5.37 26.92 2.15 34.62 9.65

Minimum 3.97 20.73 0.86 11.73 0.33 0.47 5.88

Average 13.73 42.25 1.86 18.16 1.38 1.787 7.51
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Particle Size and Morphology of the Slag

The particle size distribution of the BOF slag sample is in volumetric percentage
and it presents a bimodal feature with one peak at 20–50 mm and the other one at
10 mm[5]. The median size of the powder is about 30 mm, while the maximum
particle size is about 100 mm.

Fig. 3 Thermal gravimetric analysis of slag samples, a temperature curve; b thermal gravimetric
curve

Fig. 4 SEM image of slag powder
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SEM imaging showed that the slag particles are in irregular shapes with sharp
edges and tips (Fig. 4). A few of micro-pores can be seen on the cross sections. The
particle feature is corresponded to the results from laser analyzer.

Mineral Components

The major mineral components in the slag powder is calcium ferrite (2CaO�Fe2O3),
calcium hydroxide (Ca(OH)2), wustite (FeO), belite (2CaO�SiO2), quartz (SiO2),
while containing less alite (3CaO�SiO2), which has been described in an previous
publication [5]. The existing of calcium hydroxide indicated that free calcium oxide
was formed during the cooling process of slag. This characteristics is in corre-
sponding to the chemical composition of high calcium oxide. It is also indicated
that this slag is not appropriate to be directly utilized as an additive of cement or
concrete, but would be usable to other sintered materials such as porcelain.

Thermal Properties

The tested refractoriness of the slag powder is 1320 °C by Segar cone method.
The melting behavior of the slag powder samples was measured by monitoring

the dimensional change of a cylinder sample under a high temperature melting point
microscope. The slag powder sample was mixed with distilled water to form a
/2 � 2 mm cylinder, then placed onto a sample stage made of alumina, then put in
a tubular furnace and to be heated to desired temperature (temperature control at
±0.3 °C). By heating the sample in the furnace, the slag sample showed a soften
temperature at 1327 °C, semi-spherical temperature at 1368 ºC, and flow temper-
ature at 1399 °C. Figure 5 shows the shape change of the cylinder sample along
with raising temperature. The softening temperature measured is same to the
refractoriness temperature measured by Segar Cone method. Figure 6 shows the
molten slag sample after solidification.

Fig. 5 Melting curve of slag
powder
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Conclusions

The characteristics of steelmaking slags from Wuhan Iron & Steel Co. Ltd. was
investigated. The results showed that the slags mainly consist of the oxides of
calcium, iron, and silicon, with low contents of magnesia, alumina, and manganese
oxide, with a feature of high alkalinity and lime saturation factor. The major mineral
phases include belite, calcium ferrite, calcium hydroxide, wustite, quartz, while
containing less alite. Thermogravimetry analysis indicated the weight loss from
ambient temperature to 800 °C is 8% in total. Melting test showed the glass tran-
sition temperature is between 1300 and 1350 °C, flow temperature is about 1400 °C.
The slags are a typical glass-ceramic composite.
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Effects of Civil Construction Waste
on Properties of Lining Mortars

A. R. G. Azevedo, J. Alexandre, G. C. Xavier, B. C. Mendes,
S. N. Monteiro and N. C. Aguiar

Abstract Brazilian civil construction generates a huge amount of waste in different
stages of construction, mainly due to the work methodology used in construction
sites. The objective of this work is to study the inclusion of the residual of the civil
construction in the sand mass in 0, 10 and 20%, with mortars used to cover
masonry. For this study, the beneficiation of the material in crusher was obtained so
that it obtained granulometry similar to sand and the most recurrent technological
tests in mortars for this purpose, as the mechanical resistance (compression and
flexion), water absorption and determination of the coefficient of Capillarity beyond
the index of consistency, according to Brazilian norms, that define parameters of
execution the technological tests. The results showed that the mortars after the
incorporation presented value within the norm except the consistency and capil-
larity to the 20% that presented problems of fluidity and durability, hindering its
use.

Keywords Civil construction waste � Sustainable � Mortar
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Introduction

Civil construction in Brazil has experienced a significant advance in the last dec-
ades, driven by the growth of urban infrastructure works and major events that
occurred without parents, such as World Cup and Olympic Games that generated
large construction sites throughout the country. In addition to major housing con-
struction projects, it is also making great strides due to government programs aimed
at reducing the country’s housing deficit. According to data from the Brazilian
Institute of Geography and Statistics (IBGE), a civil construction presented until the
year 2014 to constant and solid growth resulting from the actions of growth [1].
Between the year 2015, the sector lived with large losses from misguided public
policies and a series of layoffs from Brazil, which is what is the number of works.

Even though there is a reduction in the number of works in quantity and
quantity, and even more important, and it is an important tool for generating
employment and income, it is estimated that there are no more than 3 million
employees in Brazil, returning to year numbers of 2009 there is thus a significant
participation in the economically active population [2].

The civil construction sector, besides having an important economic meaning,
still plays an important role in the sustainability of a country due to the large
generation of industrial waste, in the production of its inputs or even in the con-
struction stages. It is estimated that about 30% of the material of a work is wasted at
different stages of which in addition to occasions in costs increases means a major
environmental problem [3].

The whole world on the problem of construction waste, and a production of this
material is quite variable as observed in Table 1.

In Brazil, a National Solid Waste Policy was established by law, which defined
rules for the packaging, transportation and final destination of construction waste,
called RCC, which should be disposed of in an appropriate place as landfills. This
disposal in landfills generates excessive costs as companies that end up passing
them on to end users [4].

Therefore, the main objective of this work is to evaluate the feasibility of using
construction waste in mortars for the manufacture of building linings making
replacement in the sand. Three levels of substitution (0, 10 and 20%) were defined
in the sand mass by the RCC (construction waste), whereas mortars were submitted
to tests for consistency index, mechanical resistance, water absorption and capillary
coefficient determination.

Table 1 Per capita
generation of construction
waste in several countries [2]

Country Waste generation (Kg pop−1/year−1)

Sweden 136–680

Holland 820–1300

U.S.A. 463–584

Italy 600–690

Japan 785

Brazil 400–760
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Materials and Method

The waste was collected at three different construction sites located in the city of
Campos dos Goytacazes, RJ, Brazil, where care was taken to remove material
resulting from the masonry execution process (there is a great variety of materials
that could harm the usability of the materials). This material is based on remnants of
ceramic brick pieces and mortars left over from the process of laying the blocks.

After the material was collected, it was taken to the Construction Materials
Laboratory of the State University of Norte Fluminense where it was identified and
processed by grinding until its homogenization and visual similarity to sand. After
the beneficiation the three materials type they were mixed in proportional way to
have representativeness in the mixture. This method of beneficiation and mixing is
recommended for the use of civil construction waste (RCC).

The mortar that will be produced is the cement and lime base that will be used
the commercial materials used in the works of the region, which consists of Type III
Portland cement (CPIII) and hydrated lime type II (CHII). The sand is natural and
comes from the bed of the Paraiba do Sul river.

After the process of selection and separation of the materials, the test was carried
out to determine the amount of water required in each of the evaluated traces, for
which the trait was adopted with proportions of 1:1:6 (cement, lime and sand
respectively) where The proportion of RCC replacement occurred in the sand mass
at different levels (0, 10 and 20%). The test of determination of the consistency
index is standardized in Brazil [5] and fixes parameters with the spreading of the
mass in a specific mass to obtain the amount of water. The water/binder ratio
remained fixed at 0.6.

With the amount of water, the specimens were molded, which according to
Brazilian standards must be prismatic (4 � 4 � 16 cm) and a cure time must be
observed for the mechanical strength test. Is necessary for the hydration reactions of
the cement to occur and the mortar to gain strength in the setting process. Three
rupture ages, 7, 14 and 28 days were adopted due to the stability of cementitious
composites after 28 days [6]. The measured resistance was three-point flexion and
simple compression in a press with computerized actuators and load cell compatible
with the speed required by the Brazilian standard [7].

The essential water absorption determination test evaluates the level of internal
pores that effect other properties as incorporated air content besides directly
affecting the mechanical strength of due to the stress state of the hardened mass.
This test is standardized as well as the determination of the capillary coefficient
which, other than porosity, measures the internal communication of the pores which
causes water to penetrate by soaking the mortar which will directly affect durability
properties, very important for the desired application for liners under construction
civil [8].
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Results and Discussion

With the test of determination of the consistency index, where the amount of water
used in each trace is found, as seen in Fig. 1.

As shown in Fig. 1, the amount of water required to maintain the consistency of
the trace increases in comparison to the reference value (without additions). This
increase is due to the difficulty of filling the pores and excessive moisture variation
in the residue due to its diversity of composition, thus requiring more water to
maintain its workability and enable its use in civil construction. Figure 2 shows the
results of the three-point flexural strength and Fig. 3 shows the mechanical strength
of single compression, at all three cure ages (time after molding of the specimens)
[9].
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According to Fig. 2 the flexural strength of mortars with additions is lower than
the reference material, this is due to the internal consolidation state and specific
characteristics of cement matrixes. The results of simple compression strength,
shown in Fig. 3, show an increase in this resistance due to its curing time, due to the
hydration reactions of the cement that gains strength in the hardened state and the
consolidation of the mortar. In both tests it is verified that mortars meet the
Brazilian normative requirements for the use of mortars to coat walls and ceilings in
civil construction. Figure 4 shows the water absorption of mortars and their dif-
ferent traces [10].

According to Fig. 4 it is observed that the water absorption decreases as a
function of the level of incorporation, this reduction is due to the fact that the
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existing pores were filled by the reaction of the different materials that constitute the
residues of the civil construction with the reducing its absorption capacity [11]. This
reduction can contribute to the durability of the composites and should be analyzed
in other complementary tests, such as the determination of the capillary coefficient,
shown in Fig. 5.

The capillary coefficient (Fig. 5), which is the saturated mass difference after 90
and 10 min of exposure, showed a reduction as a function of the level of the
material incorporated (residue), which means that the pores, which also decreased
in quantity, have no internal communication, thus reducing Its permeability of the
material in the hardened state. This is extremely beneficial to mortars that are
exposed, such as in facades of buildings [12].

Conclusions

With the results found it can be concluded that:

• The incorporation of construction waste into mortars to coat walls and ceilings
brings economic and technological benefits to mortar, given the savings gen-
erated by avoiding disposal of this material.

• Granulometry tests in the bibliography of this material indicate that its
replacement, in whole or in part, by the mortar sand may be feasible.

• The technological results in the fresh state, such as the determination of the
consistency index, show that up to 10% incorporation are satisfactory. The
incorporation of 20% presented fluidity problems that directly affect the work-
ability, which is due to the interaction of the residue within the cement matrix.
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• Technological results in the hardened state, such as mechanical strength, show
that the mortar presents values close to those indicated in the Brazilian literature
for use in buildings, both internal and external.

• Parameters such as water absorption and determination of capillary coefficient
are extremely important for the durability of the composite and with the results
found they are sufficient results to indicate that the degradation over the shelf
life of the material is adequate, but values of 20% are in a transition zone of
materials that may be hazardous due to the location of exposure.

• Mortars with traces of incorporation of 10% has potential for use as sealing liner
boards in buildings because present mechanical properties and durability com-
patible, still acoustic tests and external permeability to final product.
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Pilot Trial of Direct Modification
of Molten Blast Furnace Slag
and Production of High Acidity
Coefficient Slag Wool Fibers

Jun Li, Lingling Zhang, Guizhou Zhao and Daqiang Cang

Abstract Pilot trial of direct modification of molten blast furnace slag and pro-
duction of high acidity coefficient slag wool fibers were investigated nearby a blast
furnace. Molten blast furnace slag discharged from blast furnace and then directly
flow into specialized modification furnace and quartz was simultaneously added
into the molten slag as modification agent. The modified molten slag was electric
heated to 1500–1550 °C and then the melt was produced into slag wool fibers
through high-speed centrifugation method. Melt with acidity coefficient of 1.2, 1.4,
1.6 and 1.8 were investigated and fibers with corresponding acidity coefficient were
produced. Slag wool fibers with shot content of 5.5, 5.8, 6.2, 6.8% and average
diameter of 4.5, 4.9, 5.6, 6.4 lm for four samples were successfully produced,
respectively. Total energy consumption and production costs decreased by 50–70%
compared to traditional cupola furnace method. This method provides an
energy-saving and emission-reduction technology for the direct utilization of
molten blast furnace slag.
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Introduction

Iron and steel industry is one of the most energy-intensive industries and accounts
for approximately 4–5% of total world energy consumption [1]. Blast furnace slag
(BFS) is produced in iron making process and 300–450 kg BFS were discharged
for per ton of liquid pig iron. Normally, BFS is discharged at 1450–1550 °C and the
total energy carried by molten BFS is about 1770 MJ/t [2, 3]. One effective solution
for energy saving and emission reduction is to recover waste heat from molten BFS
in iron making and process.

BFS are mainly processed with water granulation to produce glassy granules and
then intensively used in cement production as a substitute [4]. However, water
granulation process wastes the high-grade waste heat of molten BFS and consumes
massive water and could also cause serious air pollution. Hence, an alternative
method for processing molten BFS should be proposed to replace water granulation
process.

BFS is rich in CaO, SiO2, Al2O3, MgO and its chemical composition is similar
to that of mineral wool. As a subgroup of mineral wool using mainly metallurgical
slag as raw materials, slag wool is wide applied in civil engineering and industry
due to its excellent thermo-acoustic insulation and fire resistance properties [5].
Traditionally, the melting of the raw materials is carried out in copula furnace and
coke is the main energy source for melting raw materials [6, 7]. Approximately
350–800 kg/t standard coal is consumed and environmental pollution is also caused
by the high temperature flue gas and dust [8–10].

The combination of heat recovery and utilization of molten BFS with the pro-
duction of slag wool fibers were investigated. Pilot trial of direct modification of
molten blast furnace slag and preparation of high acidity coefficient slag wool fibers
were carried out nearby a blast furnace. The modification process, production of
slag wool fibers and the properties of the fibers were investigated.

Materials and Methods

Materials

Raw materials used in this pilot trial were molten BFS and quartz. Molten BFS
directly flowed into the modification furnace though the slag runner and a flow
diversion baffle was used to control the BFS flow. The main chemical composition
of BFS and quartz as detected by X-ray fluorescence (XRF-1800, SHIMADZU,
Japan) were shown in Table 1. It can be seen that BFS mainly consists of CaO,
SiO2, MgO and Al2O3. Quartz was homogeneously added into the molten BFS as
modification agent to adjust the acidity coefficient Mk [mass ratio of
x (SiO2 + Al2O3)/x (CaO + MgO)].
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Pilot Trial

The production of mineral wool products involves melting of raw materials and
subsequent spinning of the melt into fibers. Traditionally, raw materials were
melted by coke combustion in cupola furnace and the thermal efficiency is only
approximately 50% [8]. In the pilot trial, molten BFS directly flowed into the
modification furnace and quartz was simultaneously added into the molten BFS as
modification agent. The melt was then electric heated to 1500–1550 °C with gra-
phite electrode. The melt with proper temperature was then produced into slag wool
fibers through high-speed centrifugation method.

Results and Discussion

Modification of BFS

The acidity coefficient Mk of BFS used in this study was 1.0 and Mk of slag wool is
usually kept at approximately 1.2. Therefore, the modification of BFS with high
silica/alumina materials to raise the acidity coefficient is essential for the production
of slag wool. Chinese national standard “Rock wool thermal insulation products for
building applications (GB/T 19,686-2015)” regulates that an acidity coefficient
Mk � 1.6 is required for rock wool products. In mineral wool industries, high
acidity coefficient normally implies better quality of the wool products. Hence, high
acidity coefficient slag wool should be investigated to compete with rock wool.
Samples modified with different proportion of quartz and Mk of 1.2, 1.4, 1.6 and 1.8
were listed in Table 2.

Table 1 Main chemical composition of BFS and quartz (mass ratio, %)

SiO2 Al2O3 CaO MgO Fe2O3 TiO2 K2O

BFS 30.86 13.85 34.96 9.68 0.45 0.66 0.35

Quartz 94.77 2.26 0.52 0.33 0.65 – –

Table 2 Samples modified with different proportion of quartz

Sample Mk Proportion of
quartz (mass ratio, %)

Chemical composition (mass ratio, %)

SiO2 Al2O3 CaO MgO

1 1.20 16.0 41.56 11.21 38.99 4.86

2 1.40 23.0 46.19 10.37 35.75 4.46

3 1.60 28.7 49.95 9.69 33.10 4.13

4 1.80 33.7 53.25 9.09 30.79 3.84
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The mass ratio of SiO2 in quartz is 94.77% and that makes quartz a widely
applied modification for the adjusting of Mk of slag wool. It can be seen that the
addition of quartz increases with the increasing of Mk and an approximate linear
relationship indicated that the addition of quartz significantly affected the Mk of the
samples. SiO2 increases while Al2O3, CaO and MgO decreases with the increasing
of quartz due to the high SiO2 content of quartz.

Viscosity of the melt of sample 1–4 were tested by RTW-08 and the results is
depicted in Fig. 1. It can be seen that the viscosity of the samples increased with the
increasing of Mk. Besides, high temperature decreases the viscosity of the samples.
Normally, viscosity of the silicate melt is significant affected by the connection
degree of glass structure network. Glass viscosity is directly affected by the function
of oxides presented in the chemical composition (glass former SiO2, glass modifier
CaO and MgO, glass intermediary Al2O3). Al2O3 can become glass former by
forming tetrahedral coordination similar to SiO2 in silicate glass system. Glass
structure network formed by Si-O tetrahedrons is crucial for the mechanical
properties and chemical stability of the slag wool. High SiO2 content enhances the
connection degree of glass structure network, which is beneficial for the properties
and chemical stability of slag wool. However, increasing quartz addition has an
adverse influence on the melting and homogenization of the melt. The proper
viscosity of the melt for slag wool production is 1–3 Pa s. Hence, melt melted by
sample 1–3 with temperature exceeding 1400 °C is the ideal melt for the production
of slag wool. An appropriate range was determined and labeled in Fig. 1 with dot
lines considering the viscosity and temperature variations. It can be seen that slag
wool fibers can be produced by all samples with quartz proportion varies from 16.0
to 33.7%. The optimal temperature range of the melt should be 1350–1450 °C for
sample 1, 1400–1500 °C for sample 2 and 3, 1450–1550 °C for sample 4,
respectively. For the pilot trial, 1450 °C was selected as the forming temperature of
the melt spinning into fibers.

Fig. 1 Viscosity of the melt
of samples
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Preparation of Slag Wool Fibers

In the pilot trial, BFS were modified by different proportion of quartz. Molten BFS
flowed into the modification furnace through slag runner after discharged from blast
furnace. The molten BFS flow was controlled by a specialized diversion baffle.
Modification agent quartz was simultaneously and homogeneously added into the
modification furnace with the preset proportion. The mixture of the molten BFS and
quartz was then electric heated to 1500–1550 °C with graphite electrode and then
produced into slag wool fibers through high-speed centrifugation method. In tra-
ditional cupola furnace method, the coal consumption is 350–800 kg/t slag wool
and waste gases containing SO2 and NOx were also generated. In the pilot trial, the
sensible heat in molten BFS was applied as the main energy source and electrical
energy was used as supplementary. Total energy consumption and production costs
decreased by 50–70% compared with traditional cupola furnace method. This
method provides an energy-saving and emission-reduction technology for the direct
utilization of molten BFS.

The melt falls onto the rotating discs of the centrifuge machine under gravity.
Fibers are formed from the molten film on the discs. The formation of the fibers
depends on the comprehensive effect of the inertial, viscous and surface tension
forces of the melt film.

Normally, there is an approximate 50–100 °C temperature drop from the melt
outlet to the rotating discs of the centrifuge machine. The ideal tapping temperature
are 1450–1550 °C for sample 1–3 and 1500–1600 °C for sample 4, respectively.
The rotating speed for disc 1–4 are 2500–3500, 3000–4000, 3500–5000, 3500–
5000 r/min, respectively. The melt was high-centrifuged into slag wool fibers and
then the fibers were blown into the collection chamber to produce slag wool
products.

Characterization of Fibers

The average diameter and shot content of the produced slag wools were tested and
shown in Table 3.

A fraction of the melt which has not been transformed into fibers remains in the
form of solidified shots, which causes the incomplete fiberization and the deterio-
ration of the properties of the slag wool products. The quality of the slag wool

Table 3 Average diameter and shot content of slag wools

1 2 3 4 National standard

Average diameter (lm) 4.5 4.9 5.6 6.4 � 6.0

Shot content (%) 5.5 5.8 6.2 6.8 � 7.0
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products is highly related to the structure of the fibers and the shot content in the
slag wool [11].

It can be seen that the average diameter and shot content increase from sample 1
to sample 4 when the Mk of the melt increases. This is due to the increasing of
viscosity of the melt from sample 1 to sample 4. The increasing of average diameter
and shot content deteriorate the mechanical properties of the slag wool products.
Low viscosity is beneficial for the melting and homogenization of the mixture of
BFS and quartz. The viscosity decreasing means the increasing of fluidity of the
melt and fine fibers with small average diameter and low shot content can be
produced. The average diameter 6.4 lm of sample 4 exceeded Chinese national
standard.

Phase identification of the slag wool fibers was conducted using X-ray diffrac-
tion (XRD, M21X apparatus, Cu Ka radiation, MAC Science Co. Ltd., Japan).
The XRD spectra of the produced fibers is shown in Fig. 2. The amorphous curve
without crystalline peak illustrates the vitreous structure of the fibers. The fibers
were fast cooled during the centrifuge process and thus the amorphous phase can be
obtained. The amorphous structure contributes to the excellent acoustic and thermal
insulation properties of the slag wool products [12].

Dark white translucent and highly interweaved fibers were produced for sample
1–4 in the pilot trial. Microstructure of the fibers were observed by scanning
electron microscope (SEM, ZeissEVO-18, Germany) and SEM images of slag wool
fibers of sample 3 were depicted in Fig. 3. Figure 3a (SEM image of 500x) shows
porous structure formed by intensively interweaved fibers, which explains the
superb thermo-acoustic insulation properties of the slag wool products. It can be
seen that small black shots attached to or entrapped by the slender fibers (marked
with a dotted circle in Fig. 3a). Figure 3b (SEM image of 2000x) shows smooth
surface without crackles and holes of the fibers and thus ensures the physical and
mechanical properties of the slag wool products.

Fig. 2 XRD spectra of slag
wool fibers of samples
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Conclusions

Slag wool fibers with acidity coefficient 1.2, 1.4, 1.6 and 1.8 were produced with
molten BFS after modification with quartz. Quartz proportion increases with the
increasing of Mk from sample 1 to 4 and the approximate linear relationship
indicated that quartz addition significantly affected the Mk of the samples. Slag
wool fibers can be produced by all samples with quartz proportion varies from
16.0–33.7%. Melt at 1450 °C with the viscosity range of 1–3 Pa s was selected as
the forming temperature of the melt spinning into fibers. The sensible heat in molten
BFS was the main energy source and electrical energy was used as supplementary.
Total energy consumption and production costs could be decreased by 50–70%
compared with traditional cupola furnace method. The rotating speed for disc 1–4
are 2500–3500, 3000–4000, 3500–5000, 3500–5000 r/min, respectively and fibers
with qualified average diameter and shot content were successfully produced. The
amorphous structure contributes to the excellent acoustic and thermal insulation
properties of the slag wool products. Porous structure formed by intensively
interweaved fibers also explains the superb thermo-acoustic insulation properties of
the slag wool products. This technology provides an energy-saving and
emission-reduction method for the direct utilization of molten blast furnace slag.
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Reduction Behavior of Ternary Calcium
Ferrites for CaO–Fe2O3–MgO System

Senwei Xuan, Xuewei Lv, Kai Tang, Chengyi Ding, Gang Li
and Chenguang Bai

Abstract Sinter is an important iron-bearing material charged into blast furnace.
Calcium ferrite (CF) is one of the most significant liquid phases in fluxed sinter.
The isothermal reduction kinetics of CF and CF8M (n(CaO):n(Fe2O3) = 1,
wt%(MgO) = 8) with 30% CO and 70% N2 gas mixtures at 1123, 1173, and
1223 K were investigated through thermogravimetric analysis in this study. Rate
analysis illuminates that the reduction processes of CF and CF8M are mainly
expressed as a typical two-stage reaction. Sharp analysis indicates that CF and
CF8M reduction is expressed by the Avrami–Erofeev equation presenting a 2D
shrinking layer reaction. The apparent activation energy values of CF and CF8M
reduction are 46.9 and 31.8 kJ mol−1 individually based on model-free method.

Keywords Calcium ferrite � Magnesia � Isothermal reduction kinetics
Apparent activation energy

Introduction

In iron ore sintering process, calcium ferrite is one of the most common liquid
phases, which has crucial effect on coke ratio in blast furnace ironmaking process.
As a raw material of blast furnace, magnesia play a significant role in reducibility
and strength of furnace burden. Hence, the effect of magnesia was deeply investi-
gated by various studies during the past decades [1–3]. Kimura et al. [4] investi-
gated the effect of magnesia on liquid phase of CaO–SiO2–FeOx system at 1573 K
and found that the liquid area shrinks by addition of MgO. Kalenga et al. [5]
reported that increasing magnesia concentration in sinter increases the amount of
the spinel and glassy phases. Li et al. [6] explored the effects of magnesia behaviors
on softening–melting properties of high basicity sinter and found that magnesia
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mainly exists in wustite as FeO–MgO solid solution. Zhang et al. [7] conducted
laboratory pot-grate sintering tests and discovered magnesia has positive effects on
sinter low temperature degradation. The reduction of samples in previous studies
was chemically regarded as the solid–gas reduction of iron oxides [8–10]. The
reduction route of iron oxides has been explored by many studies. However, many
researchers adopted iron ore samples to investigate influence of magnesia content
so that the resulted conclusions influenced by many factors were difficult to agree
with each other and explanations with the model function derived by thermal
kinetics are lacking. This study attempts to improve the understanding of these
aspects.

Experimental

Experimental Scheme

Experimental equipment used in this study are listed in Table 1.
The isothermal TGA was conducted using Setaram analyzer (Setsys Evo

TG-DTA 1750) in this study. Samples CF and CF8M (20 mg) in alumina crucible
were heated to 1123, 1173, and 1223 K at 15 K/min in N2 (>99.99%) atmosphere,
respectively. Then the temperature remained unchanged with atmosphere trans-
formed into 30% CO (>99.99%) and 70% N2 gas mixtures. TGA data were
obtained in the isothermal reduction stage.

Materials

Calcium carbonate (� 99.99%) and hematite (a-Fe2O3, � 99.99%) were mixed
uniformly in a 1:1 mol ratio with addition of 0 and 8 wt% magnesia. The mixed
samples were then pressed into cylindrical-shape samples with 10 MPa pressure.
The roasting process was performed on a MoSi2 furnace where the samples were
first heated from room temperature to 900 °C and maintained for 1 h to decompose
calcium carbonate to calcium oxide. The samples were further heated up to 1200 °C
and held for 10 h. Finally, the reacted samples were ground into powder
(<100 lm).

Prior to the TG measurement, the phase composition of samples were confirmed
by XRD (D/max2500/PC (Cu Ka)) with a scan rate of 4°�min−1. The XRD results

Table 1 Experimental
equipment in this study 1

Equipment Model Supplier

Thermal gravimetric analyzer TG-DSC Setaram®

Mass flowmeter CS200A Hua Chuang®

Electronic balance BSA124S Sartorius®
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were shown in Fig. 1. The reaction results of the CaO–Fe2O3–MgO system in the
roasting process can be described as follows:

CaO + Fe2O3 þMgO ! CaO � Fe2O3 + 2CaO � Fe2O3 þMgO � Fe2O3 ð1Þ

Theoretical Basis

Reduction degree is defined as the ratio of removed oxygen mass at a fixed time t to
the theoretically removed oxygen mass from iron oxide, which can be expressed as

a¼ Dmt

Dm0
ð2Þ

where a is the reduction degree, and Δmt and Δm0 refer to the removed oxygen
mass at a fixed time t and the theoretically removed oxygen mass from iron oxide
respectively. In the reduction of CaO–Fe2O3–SiO2 system, the removed oxygen is
only from phases containing iron oxides. For instance, Δm0 accounts for 22.22 and
20.58% of the total mass for CF and CF8M, respectively.

The basic kinetics equation that describes the relationship of reduction rate and
time can be shown as

Fig. 1 XRD patterns of CF and CF8M samples
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da
dt

¼ k Tð Þf að Þ ð3Þ

where da/dt is the reduction rate, and k(T) and f(a) are the rate constant and model
function of the reduction reaction. f(a) is influenced by the reaction mechanism.
k(T) is determined by the Arrhenius equation:

k Tð Þ ¼ A exp
�E
RT

� �
ð4Þ

where A is the pre-exponential factor, E is the apparent activation energy, and R is
the gas constant [8.314 J/(mol�K)]. Equation (2) can be further expressed as

da
dt

¼ A exp
�E
RT

� �
f að Þ ð5Þ

As the reduction degree a is a constant, ln f(a) remains unchanged. Therefore,
the activation energy can be calculated as

E¼� R
d ln da

dt

� �
d 1

T

� � : ð6Þ

Model function G(a) was obtained to describe the relationship of reaction degree
with time, nine normal functions [11] expressing the solid-state reaction was shown
in Table 2. Function A2 and A3 were obtained from the nucleation process (crys-
tallization) and can be also applied to the shrinking core reaction. As the model
function can’t be obtained directly, Sharp [12, 13] defined a non-dimensional
parameter y(a) to target model function.

y að Þ ¼ G að Þ
G 0:5ð Þ ¼

kt
kt0:5

¼ t
t0:5

ð7Þ

where G(0.5) refers to a fixed G(a) with a = 0.5, and t0.5 is the time corresponding
to a = 0.5.The curves described by the plots of y(a) against a are based on the
normal solid reactions called standard curves. Experimental data [ai,ti/t0.5(i = 1,2,…
l)] can be easily obtained through TGA. The corresponding G(a) can be identified
when the experimental data match one of the standard curves. As the Sharp analysis
was derived when the transition of reaction rate peak approximately occurs when
a = 0.5. According to the rate change of CF and CF8A reduction, y(a) was set as
t/t0.1, t/t0.2 for CF and CF8M, respectively.
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Results and Discussion

Reduction Degree and Reduction Rate

The reduction degree of samples CF and CF8M with the change of time during the
isothermal reaction stage that calculated by TG data were shown in Fig. 2. The
results indicate that reduction degree is obviously promoted with rise in

Table 2 Model function G(a) for normal solid-state reactions

Symbol Kinetic models G(a) n

Diffusion
models [14,
15]

D1(a) One-dimensional diffusion a2 = kt 0.62

D2(a) Two-dimensional diffusion,
cylindrical symmetry

(1 − a)ln(1 − a) + a = kt 0.57

D3(a) Three-dimensional diffusion,
spherical symmetry, N = 3

[1 − (1 − a)1/3]2 = kt 0.54

D4(a) Three-dimensional diffusion,
cylindrical symmetry

(1 − 2/3a)–(1 − a)2/3 = kt 0.57

Reaction-order F1(a) Random nucleation and
subsequent growth, N = 1,
M = 1

−ln(1 − a) = kt 1.00

Geometrical
contraction

R2(a) Phase boundary reaction,
cylindrical symmetry, N = 1/2

1 − (1−a)1/2 = kt 1.11

R3(a) Phase boundary reaction,
spherical symmetry, N = 1/3

1 − (1 − a)1/3 = kt 1.07

Nucleation
models
[16–18]

A2(a) Random nucleation and
subsequent growth, N = 1/2,
M = 2

[− ln(1 − a)]1/2 = kt 2.00

A3(a) Random nucleation and
subsequent growth, N = 1/3,
M = 3

[− ln(1 − a)]1/3 = kt 3.00

Fig. 2 Reduction degree of samples at 1123, 1173, and 1223 K
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temperature. With the increasing of magnesia content, the MF and C2F gradually
increasing which inhibited the reducibility and CF gradually decreasing. Therefore,
the total reduction degree presented a slight increase as alumina content increase.
There was little distinction of the reduction degree among temperatures during the
initial stages (before 50 min) for CF. But for CF8M, temperature barely had impact
on the reduction degree for CF8M in the first 10 min.

Reduction rates of samples CF and CF8M at 1123, 1173 and 1223 K were
shown in Fig. 3. The results show that the reduction process of CF and CF8M
samples has two stages. The reduction degree is about 0–15% during the first stage
where Fe2O3 is converted into Fe3O4 and the reduction degree is about 0–20%
during the second stage where Fe3O4 is further reduced into Fe.

Apparent Activation Energy for Reduction of CF and CF8M
Samples

Apparent activation energy was calculated by the slope of the plots of ln(da/dt)
against 1/T shown in Fig. 4. The calculated values were presented in Table 3.
Given that sample reduction was combined with several reaction stages and gas
diffusion, activation energy was regarded as the apparent value that reflected the
comprehensive influence on the reduction process. The results revealed that
sample reduction tends to be easy with the addition of 8% magnesia in the
Fe2O3–CaO system. In addition, the apparent activation energy increased gradu-
ally as a reduction reaction proceeds. Gas switching from pure N2 to N2 and CO
mixtures result in the samples not being reduced by the target CO content during
the initial stage. Thus, reduction degrees above 0.3 samples were selected for the
calculation.

Fig. 3 Reduction rate of samples CF and CF8M
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Model Function Results

Sharp analysis is a method by defining non-dimensional parameter y(a) to target G
(a). The relevance of y(a) to a for CF and CF8M at various temperature were shown
in Fig. 5. The results indicate that the experimental data y(a) values for samples CF
and CF8M reduction mostly lie in the standard curve corresponding to function A2.
The reduction of CF and CF8M can be described by the mechanism of 2D
shrinking layer reaction merely.

Fig. 4 ln(da/dt) against 1/T of CF and CF8M samples

Table 3 Apparent activation
energy of CF and CF8M
samples

0.3 0.4 0.5 0.6 0.7 Avg.

CF 20.3 23.1 30.9 52.8 67.5 38.9

CF8M 27.5 35.1 29.0 24.5 31.8 29.6

Fig. 5 Standard curves and experimental data based on Sharp analysis for CF and CF8M samples
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Conclusions

The isothermal reduction kinetics of CF and CF8M samples were investigated by
TG measurement with 30% CO and 70% N2 gas mixtures. This study implies the
reducibility of phases in the Fe2O3-CaO system by revealing the reduction rate and
apparent activation energy. CF with 8% magnesia addition showed better
reducibility and the reduction mechanisms were examined through Sharp analysis.
The following conclusions were drawn by this study:

(1) The reduction rate analysis indicated that reduction of samples CF and CF8M
comprises two stages during the whole reduction degrees.

(2) The apparent activation energy of reduction of samples CF and CF8M based on
the model-free method are equal to 46.9 and 31.8 kJ/mol. Sample reduction
tends to be easy with the addition of 8% magnesia in the Fe2O3–CaO system.

(3) According to Sharp analysis, the reduction of samples CF and CF8M were
described by the Avrami–Erofeev equation with 2D reaction.

References

1. Strassburger JH (1969) Blast furnace-theory and practice. Gordon and Breach Science
Publishers, New York, pp 211–215

2. Panigrahy SC, Verstraeten P, Dilewijns J (1984) Influence of MgO addition on mineralogy of
iron ore sinter. Metall Trans B 15(1):23–32

3. Shigaki I, Sawada M, Tsuchiya O, Yoshioka K, Takahashi T (1984) Study of primary melt
formation and transition mechanism to final slag of sintered ore. Tetsu-To-Hagane
70(16):2208–2215

4. Kimura H, Ogawa T, Kakiki M, Matsumoto A, Tsukihashi F (2005) Effect of Al2O3 and MgO
additions on liquidus for the CaO–SiO2–FeOx system at 1573 K. ISIJ Int 45(4):506–512

5. Kalenga MK, Garbers-Craig AM (2010) Investigation into how the magnesia, silica, and
alumina contents of iron ore sinter influence its mineralogy and properties. J South Afr Inst
Min Metall 110(8):447–456

6. Li T, Sun C, Liu X, Song S, Wang Q (2017) The effects of MgO and Al2O3 behaviors on
softening–melting properties of high basicity sinter. Ironmaking Steelmaking 2017(2):1–9

7. Zhang M, Andrade MW (2016) Effect of MgO and basicity on microstructure and
metallurgical properties of iron ore sinter. In: Characterization of minerals, metals, and
materials 2016, proceedings symposium, pp 67–174

8. Dutta SK, Ghosh A (1993) Kinetics of gaseous reduction of iron ore fines. ISIJ Int
33(11):1168–1173

9. Kang HW, Chung WS, Murayama T (1998) Effect of iron ore size on kinetics of gaseous
reduction. ISIJ Int 38(2):109–115

10. Unal A, Bradshaw AV (1983) Rate processes and structural changes in gaseous reduction of
hematite particles to magnetite. Metall Trans B 14(4):743–752

11. Hancock JD, Sharp JH (1972) Method of comparing solid–state kinetic data and its
application to the decomposition of kaolinite, brucite, and BaCO3. J Am Ceram Soc
55(55):74–77

12. Brown ME, Dollimore D, Galwey AK (1980) Reactions in the solid state, vol 22. Elsevier,
Amsterdam

128 S. Xuan et al.



13. Sharp JH, Brindley GW, Narahari BN (1966) Numerical data for some commonly used solid
state reaction equations. J Am Ceram Soc 49(7):379–382

14. Tamhankar SS, Doraiswamy LK (1979) Analysis of solid–solid reactions: a review. AIChE J
25(4):561–582

15. Ginstling AM, Brounshtein BI (1950) On diffusion kinetics in chemical reactions taking place
in spherical powder grains. Zhur Priklad Khim 23

16. Avrami M (1939) Kinetics of phase change. I general theory. J Chem Phys 7(12):1103–1112
17. Avrami M (1940) Kinetics of phase change. II transformation–time relations for random

distribution of nuclei. J Chem Phys 8(2):212–224
18. Avrami M (1941) Granulation, phase change, and microstructure kinetics of phase change. III.

J Chem Phys 9(2):177–184

Reduction Behavior of Ternary Calcium Ferrites … 129



Propagation of Power Ultrasound
in Calcium Ferrite Melt

Ruirui Wei, Xueqing Li and Mingrui Yang

Abstract Ultrasonic vibration was introduced into calcium ferrite (CF) melt in
order to develop a new sintering process. Based on the acoustic refraction and
reflection principles, ultrasonic propagation between amplitude transformer and CF
melt has been analyzed and discussed. In addition, numerical simulation of ultra-
sonic propagation in CF melt has also been carried out using finite element method.
The distribution of acoustic pressure in CF melt were obtained, and the effects of
ultrasonic power and frequency on acoustic pressure distribution were also inves-
tigated. The results show that increasing ultrasonic power promotes the acoustic
pressure amplitude in the CF melt, while increasing frequency decrease the acoustic
pressure amplitude. The acoustic pressure amplitude with the frequency closer to
the resonant frequency may get the best cavitation effect because its average
acoustic pressure is greater than those of others.

Keywords Calcium ferrite � Finite element method � Ultrasonic propagation

Introduction

In China, blast furnace (BF) technology occupies the absolute dominant position in
the production of iron-making process. Sinter is one of the main raw materials in
BF iron-making process, which takes about 70% of the iron-bearing materials. The
quality of sinter has a direct impact on the productivity of blast furnace, and it
affects the yield and quality of the pig iron. In recent years, the domestic iron and
steel enterprises have attached great importance to the use of low-grade iron ore due
to the price fluctuation of imported iron ores, constantly consumption of high-grade
iron ore, and falling profits of iron and steel enterprises. Therefore, iron ores with
higher gangue content are used in sintering, which results in chemical composition
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fluctuation in the raw material, restraining the assimilation process and bringing
many difficulties to sinter production [1].

The ore-forming process during sintering involves a series of complex physical
and chemical processes, the most important of which are solid-phase reaction,
liquid formation, cooling and consolidation. It is worth noting that the heating times
employed in sintering at high temperature are usually very short, and the chemical
reaction process is very slow because the reaction rate is controlled by the diffusion
process [2]. Therefore, many researchers are focused on how to promote the
chemical reaction in the sintering process, thereby to improve the quality of sinter.

Ultrasonic vibration has been widely used in the solidification [3–6] and
chemical reaction [7–10] of metals and alloys due to its cavitation effect and
acoustic streaming effect [4, 5], which aims to refine the grains and accelerate the
chemical reaction rate. Regretfully, the application of power ultrasound in the
sintering process has not been reported. Calcium ferrite is the base to produce
silico-ferrite of calcium, and aluminum (SFCA) in the sintering process [11]. The
authors have been studied the effect of power ultrasound on the solid reaction
between CaO and Fe2O3 in the previous work, the results indicated that power
ultrasound can accelerate the chemical reaction, and promote the formation of
calcium ferrite (CF) phase [11]. Therefore, as a series work, the effect of power
ultrasound on the CF melt will be studied. In this work, the effect of different
parameters on the acoustic field was studied to optimize ultrasonic parameters for
the experimental study of solidification process.

Numerical Models

When the ultrasonic waves are introduced to the CF melt, the bubbles are produced
due to the expansion and compression of power ultrasound periodically. With the
propagation of power ultrasound, the bubbles continue grow up. When the acoustic
pressure induced by power ultrasound is high enough, the bubbles may collapse and
form an instantaneous high temperature and high pressure area. These will break the
formed dendrite and produce more nuclei, thus the grains are refined. Therefore, the
acoustic pressure in the melt greatly influences the results of ultrasonic cavitation.

In this work, the acoustic pressure distribution was calculated using the
Helmholtz equation (1) [12]:

r 1
q
rp

� �
� x2

qc2
p ¼ 0 ð1Þ

where q denotes the density of melt (kg/m3), x denotes the angular frequency (rad/s),
c denotes the sound speed in the melt (m/s), p denotes the acoustic pressure (Pa).

Equation (1) was solved by the finite element method. Figure 1 shows the
geometrical model and the relevant boundary condition. The liquid was set as CF
melt.
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In present work, only 25% of the full ultrasonic power, W, was consumed. Thus
the acoustic radiation pressure of the emitter can be given [12]:

pemitter ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25% �W
pr2emitter

s
ð2qemittercemitterÞ ð2Þ

where qemitter denotes the density of emitter (kg/m3), cemitter denotes the sound
velocity in the emitter (m/s), and remitter denotes the radius of the emitter (m). Thus,
p0 can be obtained following Snell’s law:

p0
pemitter

¼ 2qc
qcþ qemittercemitter

ð3Þ

Equation (4) was used to calculate the sound velocity in the melt [13]:

c ¼ ðr=ð6:33� 10�10qÞÞ2=3 ð4Þ

where r denotes the surface tension of melt, for CF, the surface tension is 558 N/m
[14].

Fig. 1 Geometrical model
and the related boundary
conditions using in the
calculation

Table 1 Characteristic
properties of CF melt and
emitter

Properties Melt Emitter

Density, kg/m3 4850 8570

Sound velocity, m/s 3208 3400
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Characteristics of the CF melt and emitter can be found in Table 1.

Results and Discussion

COMSOL Multiphysics software was used to calculate the distribution of acoustic
field in the melt. Figure 2 shows the distribution of acoustic pressure amplitude in
the CF melt at different ultrasonic power. In general, the change of the acoustic
pressure amplitude at different ultrasonic power is consistent. The acoustic pressure
amplitude in the ultrasonic probe is higher than that of in the others points. It can be
seen that the acoustic pressure amplitude decreases to zero and then increases along
the axis periodically with the increase of the distance. For different ultrasonic
power, the acoustic pressure increases in the same point with increasing the
ultrasonic power. These results indicate that increasing ultrasonic power can
increase the acoustic pressure amplitude, thereby promote the cavitation effect,
which is consistent with the results of the previous study [12].

Figure 3 shows the distribution of acoustic pressure in the CF melt at different
frequencies. The change of the acoustic pressure amplitude is obvious different. It
can be seen that the acoustic pressure amplitude decreases and then increases along
the axis. For different frequency, the acoustic pressure amplitude obviously
decreases in the same site with decreasing of frequency. The acoustic pressure
amplitude in the ultrasonic probe with 15 kHz frequency is smaller than that at the
bottle of the melt, while the frequency is higher than 20 kHz, the acoustic pressure
amplitude is greater than that at the bottle of the melt, and the average acoustic
pressure amplitude with 20 kHz is higher than that of others. These results mainly
caused by the resonance behavior between the CF melt and ultrasonic system, the
resonant frequency in the CF melt is closer to 20 kHz. These results indicate that
low frequency ultrasonic waves will be beneficial to improve the ultrasonic effect,
and the frequency close to the resonant frequency maybe the best under the
ultrasonic treatment.

Fig. 2 Distribution of acoustic pressure amplitude in the CF melt at different ultrasonic powers
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Conclusions

The finite element method was used in this work to study the effect of ultrasonic
power and frequency in calcium ferrite (CF) melt. With the increase of ultrasonic
power, the acoustic pressure amplitude increases in the CF melt, larger ultrasonic
power can improve the cavitation effect of power ultrasound. With the increase of
frequency, the acoustic pressure amplitude obviously decreases. However, the
acoustic pressure amplitude closed the resonant frequency may obtain the best
cavitation effect due to its average acoustic pressure is greater than the others.
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Dynamic-Mechanical Analysis of Epoxy
Composites Reinforced with PALF Fibers

Gabriel O. Glória, Maria Carolina A. Teles, Felipe L. Périsse,
Carlos Maurício F. Vieira, Sergio Neves Monteiro, Frederico
M. Margem and Maycon Gomes

Abstract The society is increasingly the concern about the ambiental impacts, and
demand for eco-friendly materials. The composites reinforced with synthetic fibers
are been replaced by composites reinforced with natural fibers because of the
environmental advantages. Besides the environmental advantages, those fibers have
economical and properties advantages, like the low density and cost. Composites
with up to 30% of PALF fibers were tested. The analyzed parameters were the loss
modulus, the storage modulus and the delta tangent. The test was conducted in the
temperature interval from 25 to 195 °C in a DMA equipment operating at 1 Hz of
frequency under a nitrogen flow. The results showed that the incorporation of
continuous and aligned PALF fibers tends to increase the viscoelastic stiffness of
the epoxy matrix. Contrasting this, minor changes occurred in both the glass
transition temperature and the damping capacity of the structure as measured by the
tan delta peaks.

Keywords PALF fibers � DMA test � Composites � Natural fibers
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Introduction

Due to growing concern about the ambient impacts caused by the society, new
materials that are eco-friendly. In this context the lignocellulosic fibers, natural
fibers extracted from cellulose-containing, appears like an option to substitute the
more expensive, non-recyclable and energy-intense synthetic fibers in polymer
composites. The lignocellulosic fibers are abundant in our planet, biodegradable,
recyclable and neutral with respect to carbon dioxide emission, associated with
global warming and greenhouse effect [1–3]. In fact, composites reinforced with
traditional natural fibers such as coconut, sisal, jute, hemp, etc.…are already on the
market in substitution for common glass fiber automobile components [4–6].
Technical aspects could also be in favor of the natural fibers that are softer and,
consequently, less abrasive to processing equipments. Furthermore, for some lig-
nocellulosic fibers, the mechanical properties can be superior to the corresponding
one of glass fiber composites [2, 7].

Therefore, the objective of this work was to investigate the dynamic mechanical
(DMA) behavior of epoxy matrix composites reinforced with up to 30% in volume
of continuous and aligned PALF fibers in a wide temperature interval. This eval-
uation was carried out through the determination of the temperature dependence of
the DMA parameters.

Experimental Procedure

The basic material used in this work was the PALF fiber supplied by Desigan
Natural Fibers and a diglycidyl ether of the bisphenol A (DGEBA) epoxy resin and
TETA hardener (trietylene tetramine) was used as matrix.

One hundred PALF fibers, shown in Fig. 1, were randomly selected from the
bundle, the equivalent diameter corresponding to the average between the larger
and smaller (90° rotation) cross section dimensions at five locations for each fiber,
was measured in a profile projector Nikon 6C.

Figure 2 presents histogram corresponding to the distribution of diameter of the
as-received PALF fibers. The equivalent diameter of each fiber was actually the
average value obtained by 10 different measurements performed in a profile pro-
jector, at five distinct locations (two with 90° rotation at each location).

The histogram in Fig. 2 reveals a relatively large variation in the diameter, which
is a consequence of the non-uniform physical characteristics of a lignocellulosic
fiber [1, 3, 5–8]. The diameter range was large, varying between 0.10 and 0.28 mm
with an average of 0.20 mm.

In this work, the specimens have dimensions of 50 � 13 � 5 mm, for the
DMA’s tests. Initially the PALF fibers were lay down inside silicone molds with the
nominal dimensions, where different volume fractions of 0, 10, 20, 30% of con-
tinuous and aligned fibers were used for each specimen. A still fluid epoxy resin
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Fig. 1 A bundle of PALF fibers

Fig. 2 Histogram for the distribution of diameter’s PALF fibers
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was poured into the molds to fabricate the composites. These composites specimens
were cured for 24 h at room temperature.

Each specimen was tested in a DMA TA instruments Q/800 operating in a three
points flexural mode at 1 Hz of frequency and heating rate of 3 °C/min under
nitrogen atmosphere. The storage modulus, E’, loss modulus, E”, and tangent delta,
tan d, curves were simultaneously registered from 20 to 180 °C.

Results and Discussion

In order to evaluate the effect of PALF fiber incorporation into the epoxy matrix, the
composites of PALF fibers with epoxy matrix prepared were analyzed in the same
way as the neat epoxy. Their respective DMA curves are shown in Figs. 3, 4, 5.
These figures show only the second run curves for the 10, 20 and 30 vol.% of PALF
fiber composites, respectively. Corresponding curves of the first run were not
presented, but the results related will be commented afterwards.

The interpretation of the DMA graphs in Fig. 4 implies that the PALF fiber
incorporation results in a reduction of the lower limit of the Tg for the epoxy
matrix.

Another relevant result obtained from Fig. 4, is the displacement to lower
temperatures of the composites tan peaks with respect to that of the neat epoxy,
with a difference about 10 °C. Since the tan peak corresponds to the upper limit of
the epoxy matrix Tg, the incorporation of PALF fibers up to 30 vol. % results in a
low fiber/matrix interaction due to the difficult in developing effective molecular
bonds. This should prematurely disrupt the crystallinity of the epoxy matrix.

Fig. 3 Storage modulus curves for 0, 10, 20 and 30% of volume fraction of PALF fibers
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Furthermore, the level of E’ in the composites’ first stage is significantly below that
of the neat epoxy, even for composites with 20 and 30% of natural fibers, for the
second run, where it is possible to seefirst an increase in the elasticmodulus and after a
decrease, as expected. Since E’ is directly related to the material’s capacity to support
mechanical loads with recoverable viscoelastic deformation [9], comparatively lower
E’ indicates that the PALF fiber composites are less stiff than the neat epoxy.

Fig. 4 Loss modulus curves for 0, 10, 20 and 30% of volume fraction of PALF fibers

Fig. 5 Tangent delta curves for 0, 10, 20 and 30% of volume fraction of PALF fibers
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Similar results were reported by Nair et al. [9] in short cut sisal fibers reinforced
polystyrene matrix composites. These authors attributed the reduction in the neat
polymeric matrix tan peak to the presence of residual solvent in their composites.
However, another possible explanation in the present case could be the influence of
PALF fibers is disrupting the epoxy structure at lower temperature, i.e., the PALF
fiber contributes to prematurely uncrystallize the epoxy chains. The same rationale
could be extended to the temperature of the loss of modulus, E”, peaks, corre-
sponding to the damping capacity of the composite structure, that is displaced to
lower values with PALF fiber incorporation. As a general remark, it is suggested
that the PALF fiber sensibly affects the DMA parameters of epoxy composites
because of the disruption that it causes on the epoxy macromolecular structure.

It’s important to mention that the different behavior of the storage modulus and
tangent delta for the composite with 20% of fibers can be related to possible pores in
the internal structure of the composite.

Conclusion

• A preliminary analysis of the dynamic-mechanical parameters of epoxy matrix
incorporated with continuous and aligned PALF fibers showed a significant
effect of samples second run, as compared to the first heating run.

• After the second DMA run up to 180 °C, not only the neat epoxy but also the
PALF fiber composites suffered considerable increase in both the lower and
upper limits of the glass transition temperature. This is apparently related to the
curing process, which was not completed until the second run.

• The introduction of PALF fibers in the epoxy matrix also affects the Tg and
causes sensible reduction in both the viscoelastic stiffness and the damping
capacity of the composites as compared to the epoxy matrix. It is suggested that
a possible reason would be the weak viscoelastic interaction between the PALF
fibers and the epoxy macromolecules.
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Characterization of PCBs from Obsolete
Computers Aiming the Recovery
of Precious Metals

Mariana Alves de Carvalho, Marcos Paulo Kohler Caldas,
Jorge Alberto Soares Tenório and Denise Crocce Romano Espinosa

Abstract The massive application of electrical and electronic equipments
increased the production and industry development, which leads to a rising envi-
ronmental and economic problem: the increase of e-waste’s generation. The main
cause to explain this problem is the combination between the diversification of
electric and electronic device’s applications and programmed obsolescence, which
promotes a high generation the so-called waste electrical and electronic equipments
(WEEE). Printed circuit boards (PCBs) are present in almost all WEEE and their
heterogenous composition have a considerable amount of metals, including some
precious ones. It is necessary to think about viable alternatives for the destination of
WEEE, mostly PCBs’. Recycling is an environmental friendly purpose for PCBs’
destination, combined with economic advantage from the recovery of metals. The
choice of correct process to recycling depends on the composition of the PCBs, so
the correct characterization is required. This work aims to characterize two different
PCBs from obsolete computers: motherboard and memory board, concluding that
they have 35.5 and 18.92% of metals, respectively, including precious metals as
silver and gold. Also, memory board has 0.122% of these precious metals to the
detriment of 0.047% from motherboard.
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Introduction

Production of electric and electronic equipments (EEE) has had, in past years until
now, an exponential growth while their applications in society also became distinct
[1]. On the other hand, the technologic advance is responsible by a phenomenon
called programmed obsolescence, which leads to the reduce of life cycle for the
EEE [2, 3]. One alarming consequence is the increase in the amount of the so called
WEEE (Waste electrical and electronic equipments), electric and electronic
equipments after their life cycle which demands correct strategies to final deposition
without cause any damage to environment and human health [4]. Intending to
contribute in terms of call the attention of society and purpose actions to mitigate
the negative effects of WEEE’s production and final deposition, European
Parliament enacted two directives to contribute with the management of WEEE [5]
and the use of hazardous substances in fabrication process of electric and electronic
equipments [6].

Printed circuit boards (PCBs) are present in almost all EEE and, because of it,
represent a large volume of the WEEE [4]. PCBs’ composition is complex because
the constituent materials—ceramics, polymers and metals—have heterogeneous
origin and different proportion. Metallic fraction varies around 30% of the board
and is composed of a lot of metals, including Cu, Fe, Al, Ni, Zn, Sn, precious
metals as Ag, Au and Pd, and potentially toxic metals as Hg, Cd and Pb [1, 7].

The combination between the composition of PCBs and the high volume gen-
erated every year demands that, after the life cycle, it is necessary to give to the
PCBs the correct treatment to prevent the direct contact with the ground, which can
cause the contamination of local ecosystems and human health damages, and also
the transport by water bodies to more distant places. Because of this environmental
concern, the recycling of WEEE represents an alternative to the treatment of
end-of-life PCBs and another WEEE [8]. Beyond, in economic sector, recycling is
also attractive because of the opportunity of recover the metals contained in them.
This recovery implies in the preservation of natural resources, because the use of
recycled metals instead of virgin metals reduces the demand of extractive activity of
the ores [7].

Precious metals as Ag and Au are contained in PCBs due to their characteristics
as stable materials and with exceptional properties as high performance conductors
[9]. Besides, because of their high market value, they represent a high percent of the
intrinsic value of the residue, even with their low proportion—less than 1% in mass
—if compared with another metals, as Cu, Al and Fe. Thus, the residue is con-
sidered a promisor secondary source of precious metals in detriment of the metal
ores [1, 10].

The recycling of PCBs may use many processes, and the choice of which is
better depends on the main objective and characteristics of the residue. Aiming the
recovery of metals, it is possible to use hydrometallurgical processes [11],
pyrometallurgical [2] processes and biohydrometallurgical processes [1]. All of
them have advantages that can be take in consideration and limitations that can be
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avoided. To achieve the success in any process adopted, it is necessary to know
details of the process but, mostly, to know well the residue in terms of composition.

This work intends to characterize two different PCBs from obsolete computers—
memory board and motherboard—aiming the recovery of precious metals by
hydrometallurgical routes.

Materials and Methods

PCBs—memory board and motherboard from obsolete computers—were ceded by
Centro de Descarte e Reúso de Resíduos de Informática da Universidade de São
Paulo (CEDIR/USP). Lead free boards were used due to the substitution of lead in
the weld by silver. High sized parts, mostly of motherboard, were manually
removed. Then, the boards were comminuted, quartered and characterized with
digestion in aqua regia and ICP-OES analysis, and fire loss test to determine the
fractions of ceramic, polymeric and metallic materials, and also to identify which
metals were contained in metallic fraction. Figure 1 shows the fluxogram with the
methodology adopted in this work:

Fig. 1 Fluxogram of boards’
physical processing and
characterization
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Physical Processing

To promote the liberation of the material and the increase of surface area, the PCBs
passed through a comminution stage. The comminution was performed using two
mills in sequence: the first was a knife mill with a 9 mm grid (RONE FA2305) and
the second was a hammer mill (Astecma MDM 18/18) with a 2 mm grid. The
boards were weighed before the process, between the two mills and after the second
mill to evaluate loss of materials in each stage. After the comminution, the boards
were quartered to be homogeneously divided in fractions containing 20 ± 5 g.

Characterization

Aqua Regia Digestion

From the quartered sample, one fraction containing 5 g was solubilized in 100 mL
of aqua regia, in 1:20 of solid-liquid ratio. The digestion occurred in ambient
temperature for 24 h. Then, the solution was filtered in quantitative paper fast
filtering and porosity of 0.75 µm, resulting in two fractions. The liquid fraction—
liquor, containing all metals dissolved—was sent to chemical analysis. Solid
fraction was washed using deionized water and dried in fumehood for 24 h and
temperature of 60 ± 5 °C, ant then was weighed in analytical balance and sent to
fire loss test.

Fire Loss Test

The solid fraction was transferred to a porcelain bracelet and weighed in analytical
balance. After this, it was put in a muffle oven under heating rate of 10 °C/min until
reach the temperature of 800 °C, and then maintained for 1 h. The muffle was
turned off to the cooling of the sample naturally until ambient temperature, so the
sample was weighed again.

Chemical Characterization ICP-OES

To identify and quantify the metals contained in each board, a sample of 10 mL
from the liquor obtained after aqua regia digestion was collected and sent to
chemical analysis in ICP-OES.

150 M. A. de Carvalho et al.



Results and Discussion

Physical Processing

The weighing after the knife mill showed material’s loss of 0.22% and, after the
hammer mill, material loss of 1.30%. Overall material’s loss calculated was 1.51%
and is important to notice that this is a good result, representing low loss of
material, mostly small size particles.

Characterization

Aqua Regia Digestion

From the weighing after the digestion, it was possible to know the amount of
insoluble material. The difference between the initial mass and the mass of insol-
uble material—ceramic and polymeric materials—give the mass of soluble mate-
rial, which corresponds to the amount of metal. For the memory board, the amount
of soluble and insoluble material is 18.9 and 81.1%, respectively. Motherboard has
35.5% of soluble and 64.5% of insoluble material.

Fire Loss Test

The difference between the mass of solid fraction before and after the fire loss test
corresponds to the polymeric material on the boards. Combining the result of aqua
regia digestion and fire loss test, Fig. 2 shows the amount of each type of material
for memory board and motherboard:

Fig. 2 Composition of memory board and motherboard in each type of material
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In both boards, the main material in composition is ceramic, followed by
polymeric material in memory board and metallic material in motherboard. Memory
board has more insoluble material—ceramic and polymeric—than metallic mate-
rial, comparing with motherboard.

Chemical Characterization ICP-OES

The following metals were analyzed: Ag, Al, Au, Cu, Fe, Ni, Sn and Zn. The result
is shown in Fig. 3:

It is possible to notice that the main metal in the composition of both mother-
board and memory board is similar in terms of de proportion of constituent
materials. Cu is the main metal because of its exceptional property as conductor.
Motherboard also has a significative amount of Fe in front of the other metals, while
memory board presents other metals—as Al, Fe and Sn—in similar amounts. Ni
and Zn are presents in low amounts for both boards.

In less significative amounts it is possible to find precious metals as Au and Ag,
representing together 0122% of memory board and 0047% of motherboard.
Considering only the absolute value, it seems like to be a low amount which makes
the recovery seems unattractive. But if the market value of the two metals is take for
consideration, the recovery becomes economically attractive.

Fig. 3 Percentage of metals of memory board and motherboard
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Conclusion

The characterization of Printed Circuit Boards from obsolete computers in terms of
determine the percentage of each constituent material, mostly metallic material and
which are these metals is important to choose the correct treatment in recycling
them. Physical processing to prepare the boards for chemical processing were
successfully conducted, with low loss of material, preserving mostly small sized
particles. About characterization, motherboard has more metals in its composition
than memory board, but main metal in both of them is Copper, followed by Iron,
Aluminum and Tin. In lower concentrations, there are precious metals as silver and
gold that can be recovered using physical and chemical methods to aggregate
market value to the recycling process.
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Izod Impact Test Comparative Analysis
of Epoxy and Polyester Matrix Composites
Reinforced with Hemp Fibers
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Sergio Neves Monteiro, Carlos Maurício F. Vieira,
Frederico M. Margem, Lázaro A. Rohen and Anna C. C. Neves

Abstract The interest in composites with natural fibers is due, among other factors,
to the growing worldwide concern with the preservation of environment and
renewable raw materials. The natural fibers have many particular properties that
make them an attractive alternative to traditional synthetic fibers. The advantages of
using these fibers are: low cost, renewability, biodegradability, low toxicity,
abundance and specific strength. The searching for new suitable, economically
viable and technologically advanced materials justifies the accomplishment of this
work that aims at comparing the mechanical behavior of polyester matrix com-
posites with epoxy matrix composites reinforced with hemp fibers Izod impact
tested. The specimens with dimensions: 10 � 63 � 12.7 mm, made in different
volume fractions of fiber: 0–30 vol%. The samples were tested at PANTEC pen-
dulum model XC-50 located at LAMAV/UENF. With this research was possible to
analyse the mechanical properties of these two new materials.

Keywords Izod impact test � Polyester � Epoxy � Hemp fiber � Composites

L. de A. Pontes � J. da S. Vieira (&) � D. de P. Mantovani � C. M. F. Vieira
L. A. Rohen � A. C. C. Neves
Advanced Materials Laboratory LAMAV, UENF—State University
of the Northern Rio de Janeiro UENF, Av. Alberto Lamego 2000,
Campos dos Goytacazes 28013-602, Brazil
e-mail: Janaina.s.vieira@hotmail.com

S. N. Monteiro
Department of Materials Science, IME—Military Institute of Engineering,
Praça General Tibúrcio 80, Rio de Janeiro 22290-270, Brazil

F. M. Margem
Faculdade Redentor, Rodovia BR 356, nº 25, Itaperuna, RJ 22290-270, Brazil

© The Minerals, Metals & Materials Society 2018
B. Li et al. (eds.), Characterization of Minerals, Metals,
and Materials 2018, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-319-72484-3_17

155



Introduction

Owing to worldwide problems related to climate changes and pollution,
Environmental issues are additionally gaining attention. Natural fibers are renew-
able, biodegradable and recyclable, and this is nowadays a major advantage for
them. By contrast, to glass fiber composites that cannot be recovered, natural fiber
composites can be completely burnt to produce energy. Moreover, lignocellulosic
fibers are neutral with respect to CO2 emission, the main responsible for global
warming.

Especially lignocellulosic fibers, the natural fibers obtained from plants (Table 1),
offer economical environmental and technical advantages in comparison to synthetic
fibers for application as the reinforcement of polymeric composites. Low cost is
certainly one important incentive for the industry, and it has caused the use of lig-
nocellulosic fibers because they usually have a commercial price around five times
lower than that of glass fiber, the cheapest among the synthetic fibers.

Nowadays the synthetic fibers are been replaced by the natural ones, particularly
the common glass fiber, as reinforcement of polymeric composites in many engi-
neering applications, such as, automobile interior components, cyclist helmets,
housing panels and windmill fins [2–5]. The lignocellulosic fibers obtained from
vegetables offer social, economical, environmental and technical benefits [6, 7], in
particular a higher impact resistance.

These fibers are naturally flexible, while the glass fiber have a brittle charac-
teristic. in a situation of a crash event the flexible ones absorbs more energy than the
brittle ones. This is why the natural fibers can be used in automobile parts such as
the head-rest and the interior front panel, parts that should not have a brittle rupture
during an accident, because in this case them should be sufficiently soft and flexible
to absorb the impact energy without splitting into sharp pieces, to avoid injuring the
passengers [7].

The hemp fiber, although strong and flexible [8] has not yet been applied in
composites for automobile components. Actually, the fibers obtained from the petiole
of the hemp palm tree commonly used to fabricate ropes and baskets owing to its high
strength. This has motivated the study of the mechanical characteristic of the fibers.

The impact resistance of continuous and aligned fiber reinforcing polymeric
composites has yet to be evaluated, in spite of existing works on the properties of
hemp fiber composites [9, 10]. Therefore, the objective of the present work was to

Table 1 Classification of
lignocellulosic fibers
according to origin [1]

Origin Lignocellulosic fiber

Leaf Abaca, Cantala, Curaua, Sisal

Seed Cotton

Steam Ramie, Linen, Hemp, Jute

Fruit Cairo, Sumaúma

Herb Alfalfa, Sugarcane Bagasse, Bamboo

Stalk Banana and Straw
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access and compare the toughness through the energy absorbed by notched Izod
Impact specimens of epoxy and polyester composites reinforced with different
amounts of continuous hemp fibers.

Experimental Procedure

In this work, the material used was untreated hemp fiber extracted from the stem
hemp plant and epoxy resin. Were performed a statistical analysis on one hundred
fibers randomly removed from the as-received the lot. Figure 1 shows the histogram
for the distribution of hemp fiber diameters by considering 6 diameter intervals.
From this distribution, presented elsewhere an average diameter of 0.065 mm was
found for the as-received lot.

Several other hemp fibers were cleaned in water and dried at 60 °C in a stove to
be used as composite reinforcement. Continuous and aligned fibers were laid down,
in separate amounts of 10, 20, and 30% volume, mixed with still fluid unsaturated
epoxy and polyester resin, in a mold made of steel with 146 � 127 mm and 10 mm
of thickness. Epoxy resin type commercial diglycidyl ether of bisphenol A
(DGEBA) cured with triethylene tetramine (TETA) in stoichiometric proportion of
13 parts of hardener to 100 parts of still liquid resin was poured into the hemp fibers
in the mold. The polyester ones were prepared using unsaturated orthophitalic
polyester resin mixed with 0.5% of methyl ethyl- ketone as hardener of still liquid
resin. A 24 h cure at room temperature was allowed for these composite samples.
After unmolded, the samples were cut following the ASTM D256 standard. Ten
specimens for each percentage of hemp fiber composite were impact tested in a
PANTEC pendulum, Fig. 2, set in the Izod configuration.

Fig. 1 Distribution histogram for six diameter intervals
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Results and Discussion

The macrostructural appearance of broken specimens with different amounts of
hemp fibers, from 0 to 30% in volume, are shown in Fig. 3. It can be noticed that
the epoxy matrix without the addition of hemp fiber is brittle and the
impact-generated crack propagates without being arrested until the specimen sep-
arates. However, for any proportion of hemp fiber the initial propagating crack is
blocked and the rupture migrates to the fiber/matrix interface.

Important factors related to the impact fracture characteristic of polymeric
reinforced with long and aligned natural fibers are relevant. Interface strength
between a hydrophilic natural fiber is relatively low, and a hydrophobic polymeric
matrix contributes to an ineffective load transfer from the matrix to a longer fiber.

Fig. 2 Izod equipment

Fig. 3 Typical ruptured
specimens of epoxy
composites reinforced with
hemp fibers by Izod impact
tests
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These results not only in a relatively greater fracture surface but also higher impact
energy needed for the rupture. The impact energy obtained in the Izod impact tests
of epoxy matrix composites reinforced with different volume fractions of fibers
hemp are shown in Table 2.

From the data in Table 1, the graph of the energy absorbed in the Izod impact
versus the corresponding volume fraction of hemp fibers in the epoxy matrix was
plotted, as shown in Fig. 4.

Due to the heterogeneous nature of these fibers, causing substantial dispersion in
the composites properties, other lignocellulosic fibers present the same behavior [5].
It is possible to interpret the increase of impact energy (even considering the error
bars), as following a linear relationship. Indeed, for most lignocellulosic fibers, the
increase in the Izod impact energy is directly related to the increase in the fiber
volume fraction [10].

The cracks had propagated along the fiber/matrix interface causing the fiber
separation from the epoxy but not the fiber rupture. This effect increases the cracks
trajectory through the composite, creating greater impact energy. Similar behavior

Table 2 Izod impact energy
for epoxy matrix composites
reinforced with hemp fibers

Fiber content (%) Impact energy (J/m)

0 23.07 ± 6.42

10 29.09 ± 3.91

20 36.56 ± 9.38

30 47.99 ± 5.36

Fig. 4 Variation of the Izod impact energy with the amount of fiber in the epoxy composites
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was also observed in the pullout tests [11]. Thus, the composites absorb relatively
larger amounts of energy, leading to an increase in the impact resistance. Figure 5
shows the typical fracture surface of a 30% hemp fiber composite caused by an Izod
impact test.

With low magnification, Fig. 5a, the surface region where the fibers are bending,
instead of breaking, can be observed. With higher magnification, Fig. 5b, one sees
the interface fiber/matrix where a crack is propagating. The crack “river pattern” is
observed at the left side of Fig. 5b.

Figure 5b also shows a detail of the interface between the epoxy matrix and a
hemp fiber, especially signs of adhesion between them. Some cracks may be
observed, however, propagating through the fiber/matrix interface. This behavior
confirms the mechanism of rupture between the hemp fiber and epoxy matrix
associated with low interfacial resistance, resulting in greater impact energy.

Table 3 presents the results of Izod impact tests of polyester matrix composites
reinforced with different volume fractions of hemp fibers.

Based on the results shown in Table 3, the variation of the Izod impact energy
with the amount of hemp fiber in the polyester composite is shown in Fig. 6.

In this figure it should be noticed that the hemp fiber incorporation into the
matrix significantly improves the impact toughness of the composite. This
improvement can be considered almost as increase with respect to the amount of
hemp fibers.

Fig. 5 SEM micrograph of the fracture for a 30% hemp composite. a 30�; b 1600�

Table 3 Izod impact energy
for polyester composites
reinforced with hemp fibers

Volume fraction of hemp fiber (%) Izod impact energy (J/m)

0 14.9 ± 0.60

10 78.7 ± 2.58

20 87.1 ± 7.51

30 139.05 ± 8.21
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The relatively high dispersion of values, given by the standard deviation asso-
ciated with the higher fiber percentage points in Fig. 6, is a well known hetero-
geneous characteristic of the lignocellulosic fibers [12]. The values shown in this
figure are consistent with results reported in the literature [12, 13]. The reinforce-
ment of a polymeric matrix with both synthetic [14, 15] and natural [16, 17] fibers
increases the impact toughness of the composite.

In this work, using aligned hemp fibers, the impact toughness of 139.05. J/m for
30% long hemp fibers. The greater impact resistance of the polyester in comparison
with the polypropylenematrix could be one reason for the superior performance found
in the present work. However, there are other important factors related to the impact
fracture characteristic of polymeric reinforced with long and aligned natural fibers.

The relatively low interface strength between a hydrophilic natural fiber and a
hydrophobic polymeric matrix contributes to an ineffective load transfer from the
matrix to a longer fiber. This characteristic allow the system to absorb more energy
because of the flexibility of the fiber that slide out of the matrix but do not breaks,
what amplifies the energy needed to rupture the specimen [17]. The macroscopic
aspects of the typical specimen ruptured by Izod impact tests are shown in Fig. 7. In
this figure it should be noted that the incorporation of fiber results in a completely
different rupture shape with respect to pure polyester (0% fiber) in which a totally
transversal rupture occurs.

Even with 10% of fiber, the rupture is no longer completely transversal. This
indicates that the cracks nucleated at the notch will initially propagate transversally
through the matrix, as expected in a monolithic polymer. However, when the crack
reaches a fiber, the rupture will proceed through the interface. As a consequence, after

Fig. 6 Izod impact energy as a function of different volume fractions of hemp fiber
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the Izod hammer hit the specimen, some long fibers will be pulled out from the matrix
but will not break, simply bend. In fact, for volume fractions offiber above 10%, some
specimens are not separated at all. For these amounts of fibers, part of the specimen
was bent enough to allow the hammer to continue its trajectory carrying away the
specimenwithout breaking it into pieces, which is expected in a Izod test. The value of
the impact toughness in this case cannot be compared with others in which the
specimen is totally split apart. Anyway, the fact that a specimen is not completely
separated in two parts underestimates the impact toughness. In other words, had all the
fibers been broken, the adsorbed impact energy would be even higher.

Conclusion

• The hemp fiber incorporation in the polymeric matrix reinforced the composite
material, and showed a linear increase in the absorbed Izod impact energy, the
results displays some significant dispersion commonly associated to the non
uniform nature of the lignocellulosic fiber, and the presence of pores, defects
and impurity occurs during the specimen fabrication.

• There is a significant increase in energy absorbed in Izod impact tests with the
incorporation of hemp fibers in an epoxy matrix composite.

• The weak interface between the hemp fibers and the epoxy matrix contributes
greatly to increase the impact energy by changing the cracks trajectory in the
composite. Most of this increase in toughness is apparently due to the low hemp
fiber/epoxy matrix interfacial shear stress. This results in a higher absorbed
energy as a consequence of a longitudinal propagation of the cracks throughout
the interface, which generates larger rupture areas, as compared to a transversal
fracture.

Fig. 7 Typical ruptured
specimens of polyester
composites reinforced with
hemp fibers by Izod impact
tests
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• There is a significant increase in energy absorbed in Izod impact tests with the
incorporation of hemp fibers in a polyester matrix composite. The weak inter-
face between the hemp fibers and the polyester matrix contributes greatly to
increase the impact energy by changing the cracks trajectory in the composite.
Most of this increase in toughness is apparently due to the low hemp fiber/
polyester matrix interfacial shear stress. This results in a higher absorbed energy
as a consequence of a longitudinal propagation of the cracks throughout the
interface, which generates larger rupture areas, as compared to a transversal
fracture.
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Synthesis of Polymeric Hydrogel Loaded
with Antibiotic Drug for Wound Healing
Applications

Angélica Tamião Zafalon, Vinícius Juvino dos Santos,
Fernanda Esposito, Nilton Lincopan, Vijaya Rangari, Ademar
B. Lugão and Duclerc Fernandes Parra

Abstract Polymeric hydrogels are natural or synthetic systems, which have gained
interest due to their high biocompatibility with soft tissues. These types of hy-
drogels have been used for wound dressing as a drug delivery system. Here in this
study the polymeric hydrogels based wound healing systems were prepared using
poly (N-vinyl-2-pyrrolidone) (PVP), poly (ethylene glycol) (PEG), agar and neo-
mycin drug followed by gamma irradiation to promote crosslinking and steriliza-
tion. The influence of irradiation process with 25 kGy dose was investigated. The
gel fraction and maximum swelling were estimated using physicochemical methods
and found about 95% gel fraction and 1100% swelling after 8 h of immersion.
Neomycin released from hydrogel was carried out by Liquid Chromatography-
Mass Spectrometry method and the drug concentration remained constant for 48 h.
Hydrogel/neomycin exhibited antibacterial effects against Staphylococcus aureus.
With these results, it can be inferred that hydrogel/neomycin is a suitable candidate
for wound dressing.
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Introduction

Hydrogels are insoluble three-dimensional structures, with soft and elastic consis-
tency. They are crosslinked polymers with high capacity to absorb water and swell
without losing its integrity [1–3]. The synthesis of hydrogels with crosslinked
polymers can be prepared by ionizing radiation process. Ionizing radiation source
commonly used for hydrogel membranes is from 60Co gamma source and involves
crosslinking of molecules, scission mechanisms and modification of rheological
characteristics of three-dimensional network. Advantages of radiation processes are
the sterilization, polymer crosslinking and the no use of toxic reactants or catalysts
during the polymerization process [4–11].

Currently, hydrogels are used in dressings as transdermal drug delivery systems.
They provide a moist environment at the wound, accelerated healing, act as barrier
against microorganisms, prevention of fluid loss from wound, reduce the dosing
frequency and ensure the presence of drug exposure at infected wound area con-
tinuously [12–16]. PVP hydrogel is formed from synthetic polymer with high
polarity, amphoteric characteristics, electrical properties, complexing ability, sta-
bility, processability, high transparency, good biocompatibility and non-toxicity in
nature. These characteristics are in high demand for pharmaceutical industrial
application of polymer [7]. The PVP may be used alone, however, to increase its
versatility, researchers have blended it with other polymers, nanoparticles and
antibiotic carriers for therapeutic membranes for wounds [17, 18]. Incorporation of
drug in hydrogel is of current interest to develop more efficient wound healing
system [19, 20]. Neomycin is one of such antibiotic drug with aminoglycoside
antibiotic, which has broad spectrum activity, produced by Streptomyces fradiae
and consists of two main components, neomycin B and C. It has high polarity,
solubility in water, low volatility and capability of topical use for treatment and
prophylaxis of skin infections, including traumatic wounds and burns [21, 22].

Chronic wound infections are difficult to treat due to low blood perfusion and
systemic drugs have been seen to have low effectiveness. Often, antibiotic resistant
bacteria lead to increase mortality and morbidity especially in debilitated patients
[18]. The necessity for developing new techniques for the treatment of wounds and
overcome bacterial resistance are the motivation for this research. In this study,
PVP based hydrogels loaded with neomycin drug using gamma irradiation method
were prepared and characterized. It was found that gamma irradiation methods
improved crosslinking and sterilization.
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Experimental

Materials

PVP k90 (Mw 360,000) was purchased from Exodo Cientifica, neomycin was
obtained from Sigma Aldrich, polietilenoglicol 300 (PEG 300) was provided from
Synth and agar was supplied from Oxoid. The chemical structure of neomycin is
shown in Fig. 1.

Materials Sample Preparation and Irradiation

PVP polymer (6 wt%) was mixed with an appropriate amount of deionized water
and kept for 24 h at room temperature to complete dissolution. This mixture was
heated at 80–85 °C and added agar (1.5%), PEG (0.45%) and Neomycin (0.5%).
This hot mixture was slowly poured in a custom built rectangular plastic molds and
dried at room temperature. These hydrogels were further exposed to the gamma
irradiation in 60Co source using a 25 kGy dose and 6 kGy/h dose rate.

Determination of Gel Fraction

Extraction of the sol fraction was carried out by Soxhlet apparatus for 6 h using
water as solvent. Then dried at 50 °C to a constant weight. The gel fraction was
determined gravimetrically by using the following equation.

G ¼ Wg=Woð Þ � 100% ð1Þ
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Fig. 1 Chemical structure of
the neomycin.
R1 = CH2NH2, R2 = H2
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where G is the gel fraction (%), Wg the weight of sample after extraction and Wo,
before.

Swelling Behavior

Hydrogels were dried to constant weight. After they were immersed in distilled
water and weighed each hour for 10, 24, 48 and 72 h. The water absorption was
calculated as follows:

S ¼ Ws�Wo=Woð Þ � 100% ð2Þ

where S is water absorption, Ws weight swollen sample, Wo is the weight of initial
gel sample.

Characterization of the Hydrogels

Hydrogels were lyophilized before characterization by Fourier Transform Infrared
(FTIR) spectroscopy using KBr pellet prepared by mixing KBr with dried hydro-
gels samples (10:1 w/w). The TGA analysis was carried out using a Mettler-Toledo
TGA/SDTA 851 under inert atmosphere of N2 from 25 to 600 °C at heating rate of
10 °C min−1. The DSC experiments were carried out using Mettler-Toledo 822e
under inert atmosphere of N2 from 25 to 600 °C at heating rate of 10 °C min−1.

Drug Release

Hydrogels samples were placed in beakers and immersed in 100 mL distilled water
and incubated at 37 °C under agitation of 80 rpm. 2 mL aliquots were retained at
times intervals of 2, 5, 8, 10 and 15 min, 1, 1.5, 2, 4, 8, 24, and 48 h, and were
replaced by 2 mL of distilled water at aliquot. These samples were further analyzed
by LC—MS/MS.

LC–MS/MS Analysis and Standard Solution Preparation

HPLC analysis were carried out using Agilent Technologies 1290 Infinity. The
chromatographic experiments were performed using an Aquasil C18 column,
100 � 2.1 mm, 5 µ. A mixture of acetonitrile/formic acid mobile phase was
applied. The MS–MS system used was AB Sciex 3200 Q Trap equipped with an
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electrospray interface (ESI). MS data were recorded in the full scan mode from 250
to 620 m/z. The standard of neomycin was weighed into volumetric flasks and
dissolved with the distilled water to produce stock solution at concentration
1 mg mL−1 and successive dilutions were carried out to obtain five required con-
centration (20, 50, 100, 200 and 400 µg mL−1).

Microbiological Test

The efficiency of the hydrogel was tested against Gran positive bacteria S. aureus
(ATCC 6835). Colonies were incubated at 37 °C in tube to an approximate con-
centration of 108 colony forming units (CFU/mL) and after inoculated in Mueller
Hinton agar in Petri dishes [19]. Circular disc hydrogel (control) and hydrogel/
neomycin were placed on the bacteria lawn. The dishes were incubated overnight at
37 °C and the antimicrobial activity was observed and zone of inhibition around the
disk was measured using ruler.

Results and Discussion

Hydrogel

Synthesis of hydrogel was carried out by gamma radiation in 60Co gamma ray at
25 kGy. The crosslinking induced by ionizing radiation was shown to be a suitable
method for the synthesis of hydrogel, inducing the formation of insoluble
three-dimensional structure. The technique has advantages such as easy to control
the process and relatively low cost process [9, 10] The crosslinking density is
proportional to radiation dose, it could be seen hydrogel produced at low dose are
smoother than hydrogel produced at high doses. The 25 kGy dose is optimal to
ensure the formation of insoluble three-dimensional structure with excellent fluid
affinity, elasticity and sufficient to concomitant sterilization of the membrane [21–
24].

After irradiation process, gel fraction was determined. The gel fraction (%) of
hydrogel and hydrogel/neomycin, both estimated at around 95% gel fraction. The
variation of the gel fraction at two different compositions are not significantly
different, this indicates that the neomycin did not modify the crosslinking density of
the polymer.
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Swelling

One of most important characteristic of a hydrogel is swelling capacity without
losing its form and the water cannot be removed from hydrogel under pressure [25].
Several parameters affect the swelling ratio such as hydrophilicity attributed to the
presence of hydrophilic groups on the polymer chain, stiffness, polymer concen-
tration, plasticizer and irradiation dose. Theses factors modify average molecular
weight crosslinks and thus the spaces between them. This influences the structure
and water absorption [1, 5, 20]. The swelling can be explained in steps. Swelling
increased rapidly during the first period in contact with solution due to the porosity
of the crosslinked polymer, enabling water to diffuse rapidly. This relaxation of the
polymer chains allows diffusion of the water into the hydrogel interface until sat-
uration, in this moment the maximum swelling is achieved [25]. This makes the
structure stable for fluid retention and integrity of wound dressing [1, 5, 9, 26]. The
results of swelling of hydrogel as a function of time in distilled water at room
temperature can be observed in Fig. 2. The water penetrated and diffused into the
hydrogel rapidly in the first few hours and the maximum swelling reached equi-
librium about 1100% after 24 h of immersion. Maximum swelling value can be
observed above 1000% from expected results with hydrogel at 6% PVP. It is seen
that PVP polymer has hydrophilic groups which allow absorption, however,
inversely the increase in PVP concentration decreases swelling due to increased
crosslinking density by ionizing radiation [5, 26].
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Characterization of the Hydrogel

FTIR

Functional groups of the hydrogel and composition were characterized by FTIR.
Figure 3 shows some characteristic peaks of PVP at 1286 cm−1 for C–N stretching
vibration of amid group, presence of C=O stretching adsorption peaks in
1652 cm−1. According to the literature, vibration carbonyl stretching around 1650
and 1680 cm−1 is assigned to the presence of PVP. Peaks between from 3000 to
3500 cm−1 are attributed to water presence [27, 28].

Thermal Behavior—Thermogravimetric (TGA)

Thermogravimetry was used to investigate the thermal stability of the composite
hydrogel. The TGA curve shows two distinct steps of loss mass, as illustrated in
Fig. 4.

These results suggest that during the first step of the thermal degradation, from
25 to 250 °C, the weight loss is due a dehydration process of the water contained in
such hydrophilic hydrogels. During the second stage, from 250 to 450 °C, there are
the decomposition of the side groups and branches of the hydrogels. In temperature
above 450 °C, the weight loss due to the main chain scission of polymeric chain,
which resulted in rapid decomposition into carbon dioxide and volatile hydrocar-
bons. Results show that the hydrogels are thermally stable at temperature up to
about 350 °C, which are suitable for most practical uses. The 50% weight loss at
above 400 °C is observed and it is assigned to the degradation of hydrogel [29].
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Drug Release

LC—MS/MS Method

In this method, a solution of neomycin sulfate at concentration of 10 lg ml−1 was
studied. The retention time of the neomycin was at 3 min. A neomycin sulfate
solution was injected in LC–MS full scan positive ion mode to recognize frag-
mentation pattern. Peak at 612.3 m/z was attributed to the protonated molecular ion
of neomycin [M + H] + (the precursor ion), and five others peaks corresponded to
the protonated ions resulting from the proposed fragmentation scheme as presented
in Fig. 5 with 615 m/z as the precursor ion. In Fig. 5, it can be observed fragment
ions at 259, 277, 293, 323 and 455 m/z [30, 31].

The reference method described in the European and US Pharmacopoeia
(USP) is the bioassay method or turbidimetric test, but this method has a low
efficiency and reproducibility [30, 32]. Other analytical methods may be used such
as the HPLC-MS/MS [33].
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Figure 6 shows the neomycin release from hydrogel evaluated for 48 h. It was
observed a fast release of neomycin in the early hours of experiment with the
maximum release concentration at 8 h and remained stable up to 48 h. Through this
study it can be inferred, the release rate of drug is related to its interaction with
three-dimensional network fluid retention. Once neomycin is water soluble, strong
interactions with hydrophilic PVP [21, 34]. When water penetrates and diffuses into
the hydrogel a relaxation of structure occurs, increasing pore size, which enables
neomycin to be released from the system [35]. The result indicates that release
neomycin from hydrogel was about 40% and occurred at a prolonged duration,
which is required for the development of a dressing with controlled drug release
system. With this improvement, the wound dressing is effective to remain on the
wound for a longer duration without losing drug efficacy.

Growth Inhibition Test

Growth inhibition tests were performed by disk diffusion method against S. aureus
strains in triplicate (control, sample 1, 2 and 4). Bacterial was inoculated in Mueller
Hinton agar and circular discs hydrogels were carefully placed on the Petri plates.
After 24 h incubated, the hydrogel/neomycin exhibited clear zone of inhibition
around the disc, obtained strong antibacterial effects compared with the sample
without drug.

In Fig. 7 can be observed zone of inhibition in samples 2, 3 and 4, with
22 ± 1 mm diameters. While the control sample (1), without the antibiotic did not
present halo. Theses results indicate that the neomycin was released from hydrogel,
diffused in agar and bound of to the DNA structure of the bacteria resulting cell
lysis. Therefore, the hydrogel could be used in the treatment for infected wounds.
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Conclusion

The hydrogels obtained by gamma radiation are widely studied due to their
potential medical applications. Hydrogels/neomycin have been formulated, char-
acterized and have shown excellent transparency, elasticity, optimal swelling,
sustained release of neomycin and consistent antibacterial activity. The presence of
neomycin did not affect the physical structure and properties of the hydrogel. TGA
analyses and FTIR spectra indicated thermally stability of these hydrogels and
showed characteristics peaks of PVP and neomycin.

The drug delivery system released the antibiotic shortly after application of the
hydrogel, and reached equilibrium after 8 h. This indicates the formulation and
method for producing PVP hydrogel loaded with neomycin are suitable for con-
trolled drug release for wound healing applications. It was observed that hydrogel/
neomycin showed antibacterial activity against S. aureus. These results were sig-
nificant and suggest that hydrogel/neomycin are promising candidate for wound
treatment application an alternative to conventional topical dressing.
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Comparative Mechanical Analysis
of Epoxy Composite Reinforced
with Malva/Jute Hybrid Fabric
by Izod and Charpy Impact Test

Janaína da S. Vieira, Felipe P. D. Lopes, Ygor M. de Moraes,
Sergio N. Monteiro, Frederico M. Margem, Jean Igor Margem
and Djalma Souza

Abstract Synthetic fibers have been used for many years to attend the demands
required by the technological fields. However, the use of them has been questioned
due to the impact on the environment. In this way, the natural fibers have received
extensive attention, in particular hybrid fabrics of natural fibers to reinforce envi-
ronmentally friendly polymer matrix composites. Thus, the present work has the
objective of evaluating and comparing the mechanical properties of composites
formed by hybrid fabric with 70% Malva—30% Jute in epoxy polymer matrix. The
tests carried out are the Charpy and Izod Impact Tests, with specimens of 10, 20
and 30% in volume of hybrid fabric environmentally friendly into polymer matrix
composites at room temperature. The 30% samples had the best results, functioning
as an efficient reinforcement.
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Introduction

The first known composite material used by human was clay reinforced by tree
branches some 3000 years ago. However, materials with better performance have
been intensively used and developed, reducing interest in natural fiber composites
[1].

Recently, the use of natural fiber composites began to gain in popularity in
engineering applications, because of their properties, such as low density, low cost
and easy workability, and more importantly it come from renewable sources and are
biodegradable [2]. Certain natural fibers have already been used in the automotive
sector [3, 4].

However, the down side of natural fibers include they are hydrophilic while the
polymer matrices are hydrophobic, thereby making it more difficult to bond well
with the resin [5]. The objective of this work is to analyze the Izod and Charpy
impact resistance of the epoxy composites with hybrid blanket—70% of Malva
fibers and 30% Jute fibers.

Experimental Procedures

Materials

The materials used in this work were the commercial epoxy resin DGEBA /TETA,
from the company Resinpoxy and the 70% Malva /30% Jute hybrid fabric (MJHF)
was purchased from the company Permantec localized in California. In Fig. 1 it can
be seen the 70% Malva /30% Jute hybrid blanket.

The weight average formula, Eq. 1, was used to determine the density hybrid
malva/jute fabric.

1 cm

Fig. 1 The 70% malva /30%
jute hybrid blanket
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Impact Test

According to the ASTM D 256-84, there are significant differences between both
tests, Izod and Charpy impact test, that can lead to distinct results [6]. These
differences are shown in Fig. 2.

This figure reveals that the Charpy specimen, with a minimum length of 124 mm,
is freestanding on the support during the impact with a hammer, which strikes exactly
at the opposite side of the notch, Fig. 2b. By contrast, the Izod specimen has a
maximum length of 63 mm and it is fixed to the support during the impact, Fig. 2a,
which strikes at a point 22 mm away from the notch. In practice, the Izod test sim-
ulates better the actual situation of a component fixed into a system, which is hit at a
point away from a stress concentrators as groves or flange. The test was done through
using the Pantec model XC-50 machine with hammer 2,7 J at room temperature.

Procedures

For the perform of the tests, ten specimens for each percentage of fiber were made.

Fig. 2 The Izod a and the Charpy b impact test methods
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ASTM D256/ISO R180 and ASTM D6110 were followed in performing Izod
impact test and Charpy impact test.

Fabric was cut to 62 � 12.7 mm in size to prepare the composites with 10, 20
and 30% MJHF, the fabric was then soaked with bisphenol A (DGEBA) cured
diglycidyl ether (TETA) epoxy resin in the stereometric ratio of 13 parts of hardener
to 100 parts of resin. The matrix was subjected to press with 2.5 tons for 24 h.

After curing, the specimens were cut according to ASTM D256 (Fig. 3), sanded,
measured, numbered and subsequently subjected to the Izod impact test. And
according to ASTM D6110 (Fig. 4), they were sanded, measured, numbered and
subsequently subjected to the Charpy impact test.

Fiber Surface Analysis

The surface of representative specimen was analyzed by scanning electron micro-
scopy (SEM).

Fig. 3 Izod test standard specimen

Fig. 4 Charpy test standard specimen
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Results

Table 1 presents the result of the hybrid fabric density based on percentage of its
constituents fibers.

Table 2 shows the average of the Izod and Charpy impact test results on 100%
epoxy, 10, 20 and 30% MJHF.

Based on the results presented in Table 2, the variation of the Izod impact energy
with the changing of the specimens is shown in Fig. 5.

Based on the results presented in Table 2, the variation of the Charpy impact
energy with the according to the specimens types is shown in Fig. 6.

In this figure, it is noted that the incorporation of hybrid fabric in the epoxy
matrix significantly improves the impact strength of the composite. The relatively
high dispersion of the values given by the error bars associated with higher fiber
percentage points is a well-known characteristic of non-uniform lignocellulosic
fibers [9].

Table 1 Hybrid fabric density

Material Density (g/cm3) References

Malva 1.04 Margem [7]

Jute 1.30 Bledzki and Gassan [8]

Malva/jute hybrid fabric 1.12 This work

Table 2 Average of the Izod and charpy impact test results

MFHF percentage (%) Izod impact energy (J/m) Charpy impact energy (J/m)

0 31 ± 3.9 22 ± 3.6

10 112 ± 8.6 98 ± 9.8

20 148 ± 12.8 158 ± 11.8

30 198 ± 11.5 186 ± 15
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Fig. 5 Graph of the Izod
impact test results in function
of different reinforcement
percentages
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Limitation the interface interaction between polymeric matrix, hydrophobic, and
the fabric, hydrophilic, contributes to an ineffective charge transfer from the matrix
to natural fibers.

The incorporation of MJHF results in a marked change with respect to the pure
epoxy (0% MJHF) where a transverse rupture occurs fully. This indicates that the
nucleated cracks in the slot initially spread transversely across the epoxy matrix, as
it is expected in a monolithic polymer [10]. However, when the front of the crack
reaches a fiber, the break will continue through the interface. As a result, after the
Izod hammer hitting the sample, some fibers will be pulled out of the matrix, but
due to their compliance, it will not break, but simply fold. This feature allows the
system to absorb more energy due to the flexibility of the fiber that slides out of the
matrix, which amplifies the energy needed to break the sample [11, 12].
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Fig. 6 Graph of the charpy impact test results in function of different reinforcement percentages

Fig. 7 Scanning electron microscopy (SEM) of the MJHF with �500 and �30
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Figure 7 shows Scanning Electron Microscopy (SEM) investigation.
Figure 7 shows the fiber imperfections, voids and irregularities in the all frac-

tures surface.

Conclusions

– Compared to pure epoxy specimen, composites of epoxy matrix, exhibit a
significant increase in resistance when reinforced with Malva/Jute hybrid fabric.

– This increase is due to the low interfacial shear strength of the tensioned epoxy
matrix /fabric. This results in increased energy absorbed when longitudinal
cracks along the interface, which leads to larger areas of rupture compared to a
transverse fracture.
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Comparison Between Epoxy Matrix
Composites Reinforced with Ramie Fabric
Under Pressure and Vacuum

Caroline G. de Oliveira, Janine F. de Deus, Felipe P. D. Lopes,
Lucas A. Pontes, Frederico M. Margem and Sérgio N. Monteiro

Abstract For decades, natural fibers have been studied as an economical and
environmentally viable alternative to use instead of some types of synthetic fibers,
for example fiberglass. To find the best way to make composites, the investigations
shall be under various configurations, which is extremely important to understand
the potentialities and facilities. To aim the comparison of impact performance of
epoxy matrix composites reinforced with ramie fabric, the composites were pro-
duced by two different methodologies: under pressure and vacuum. The results
show that the composites produced under pressure have greater resistance to both
the Charpy and Izod Impact than under vacuum conditions.
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Introduction

In the current world scenario, factors such as technological development, popula-
tion growth and increasing industrial activities in the last decades, lead to a growing
concern with global issues like worldwide pollution and climate changes [1]. This
makes the search for sustainable solutions associated with high-performance a
global trend. With this regard, the replacement of synthetic materials by natural
ones is a promising alternative. In the past decades, natural lignocellulosic fibers,
obtained from plants widely cultivated around the world, have emerged as a
potential alternative to the use of synthetic fibers as polymer matrix reinforcement.

Several studies in the last decade demonstrated that natural lignocellulosic fiber
composites result in cheaper, lighter and more resistant materials when compared to
fiberglass composites, steadily used in many engineering sectors [2, 3]. Besides
that, they are environmentally friendly, biodegradable, renewable and less abrasive
to processing equipment. It worth noting that, unless glass fibers, the natural fibers
present CO2 neutrality and are not toxic to the operators [4–10].

Among the natural fibers, ramie (Boehmeria nivea) is one of the most resistant,
which can reach a tensile strength higher than 1000 MPa [5] and elastic modulus of
44 GPa [11]. Moreover, epoxy matrix composites reinforced with ramie fibers
reached 102.26 MPa for 30% of fibers in tensile tests. Another possible configu-
ration for the use of natural fiber is as its fabric (Fig. 1), instead of its aligned fibers.
The fabric provides multidirectional reinforcement and also grants the introduction
of higher volume fraction of reinforcement material. This new structure, consid-
ering the use of ramie fabric, has already been tested for bulletproof panels and
jackets [12].

One of the most common industrial applications of natural fibers composites
nowadays is in the automotive industry, which already widely applies them in
various internal parts, such as front and door panels, package trays, seat backs,
head-rest, and trunk liners [13, 14]. In this regard, the natural flexibility of natural
fibers can be considered an important technical advantage. In a situation of a crash

Fig. 1 As-received ramie
fabric
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event, the flexible natural fibers are able to absorb more energy than the glass fibers,
which have brittle behavior. It avoids that automobile parts, such as the interior
front panel, have a brittle rupture during an accident, splitting into sharp pieces and
injuring the passengers [15]. Thus, it is extremely important to investigate the
response of natural fiber composites to a range of stresses, in order to enable its use
in more industry sectors.

Aiming to further improve the performance of the natural fiber composites, this
work studied the performance of composites reinforced with ramie fabric under
Izod and Charpy stresses, manufactured in two configurations: under pressure and
under vacuum. The comparison between both materials revealed that the com-
posites produced under vacuum presented higher impact resistance, leading to
conclude that, so far, vacuum is the most efficient manufacturing methodology.

Experimental Procedures

The ramie fabric was purchased from a Chinese company Rose Natural Healthy
Items Wholesale. The epoxy DEGEBA/TETA resin was supplied by Resinpoxy.
First, the ramie fabric was manually cleaned for the removal of solid waste from the
transport. Then, two methodologies were adopted for the production of the test
specimens: under pressure and under vacuum.

In the first methodology (under pressure), the fabric was cut in the impact molds
format and then dried in an oven at 120 °C for about 1 h. After, the epoxy resin was
mixed with the catalyst/hardener DEGEBA/TETA according to the manufacturer’s
instructions and the fabric layers were pressed with enough quantity of resin to
guarantee total impregnation. Then new layers of still liquid resin and ramie fabric
were alternated into the Charpy and Izod impact molds. The specimens were cured
for 24 h at room temperature. Both Izod and Charpy impact tests were carried out in
a pendulum Pantec set to the respective configurations.

In the second methodology (under vacuum), the fabric was cut in 15 cm� 13 cm
rectangles and then dried in an oven at 120 °C for about 1 h and the epoxy resin was
mixed with the catalyst/hardener DEGEBA/TETA according to the manufacturer’s
instructions. The first layer of ramie fabric was positioned into the mold and
embedded in resin; the subsequent layers were then positioned and the procedure
was repeated until the last layer were placed. After, the perforated film, the absorbent
film and the peel ply were positioned and the system was sealed with tacky tape.
Finally, the system was subjected to vacuum with the aid of a vacuum pump (Fig. 2).
The cure lasted 24 h at room temperature and the specimens were cut from the plate
into the Charpy and Izod specimens dimensions. Both Izod and Charpy impact tests
were carried out in a pendulum Pantec set to the respective configurations.

For both methodologies, the percentage of ramie fabric is 35% in volume.
The tested specimens were metallized and analyzed by scanning electron

microscoping (SEM) under a voltage of 15 kV for the electron beam.
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Results and Discussion

The macroscopic analysis of the Charpy test specimens for both methodologies
shows that the fracture was transversal to its thickness, with small deviations in
some cases, characterizing a brittle fracture. It can also be observed that the rupture
of the specimen was complete without fabric involvement, indicating that the pull
out effect (reinforcement sliding out of the matrix before the fibers break) does not
occur (Fig. 3).

The results show that both methodologies are effective in reinforcing the epoxy
matrix under impact stress. The values obtained by the tests can be seen in Table 1.

Fig. 2 Under vacuum
methodology set

Fig. 3 Specimen after charpy impact test
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The introduction of the fabric increased by more than ten times the impact
resistance of the material for the under pressure methodology, and by more than
five times for the under vacuum methodology, compared to the neat epoxy matrix
and considering the statistic error. This increase in impact strength can be attributed
to fabric layers acting as a barrier to crack propagation, making it necessary to
provide a much higher amount of energy to rupture the composite than to break the
epoxy, which offers low resistance to the propagation of cracks, characteristic of
thermosetting resins [16].

Although the methodology of production under pressure is effective reinforcing
the epoxy matrix, this methodology does not guarantee the complete elimination of
micro air bubbles from the arrangement of the fabric layers, in fact: in some cases it
can trap the microbubbles. The continuous application of vacuum ensures not only
the complete impregnation of the fabric by the resin, but also the elimination of
practically all microbubbles present. This explains why the impact resistance is
lower in the composite produced under vacuum: the elimination of practically all
the micro air bubbles increases the adhesion between the fabric and the matrix,
making the material more compact and more rigid. It means that the crack prop-
agation occurs in a shorter trajectory, requiring less energy to rupture the material.

Although natural fibers (including ramie fiber) generally exhibit low adhesion to
the matrix, slipping does not occur in this case. This is possibly due to the inter-
woven configuration of the fabric, which contributes to the fabric being retained in
the matrix. While fibers aligned to the direction of stress tend to slip from the
matrix, the transverse fibers (at 90°) do not undergo this effect and help to retain the
fabric in the matrix. In this way, the fabric fibers rupture without slipping from the
matrix. It can be evidenced in Fig. 4.

It can be seen in Fig. 4a that the fabric fibers ruptured approximately parallel to
the point where the matrix fractured, which evidences that the pull out effect did not
occur. It is also possible to observe the characteristic marks of the brittle fracture,
called “river patterns” and how the fibers deviate the propagation of the crack. This
deviation is even more evident in Fig. 4b.

The Izod impact tests have shown very similar results. In Fig. 5 it can be seen
the fracture of Izod impact test specimen, which is typically brittle with some
deviations and with total rupture of the matrix and the fabric.

The results, just like in the Charpy test, showed that both methodologies are
effective as reinforcement for the epoxy matrix, increasing its impact resistance. It
was also observed that the composites produced under vacuum presented an impact

Table 1 Charpy impact
resistance for the epoxy
matrix and for the reinforced
composite with ramie fabric
for both methodologies

Material Charpy impact resistance (J/m)

Epoxy matrix 23.09 ± 4.78

Composite under pressure 252.56 ± 28.40

Composite under vacuum 8536 ± 1156
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resistance about 4.5 times greater than the neat matrix and the composites produced
under pressure presented a resistance about 8 times greater, considering the statistic
error. The results obtained from the Izod impact test can be seen in Table 2.

Figure 6 shows the micrographs of Izod impact specimens after the test, where it
can be seen that, when encountering the fibers of the fabric, the crack is deviating. It
may also be observed that the fibers of the fabric break at approximately the same
height as the matrix, confirming that the slip between the matrix and the fiber does
not occur also for the Izod impact test.

The difference in reinforcement ratio in the two types of test is probably due to
the difference in stress application and hence the difference in the response of the

Fig. 4 Micrograph of the fracture surface of the reinforced composite with ramie fabric after the
charpy impact test with a 200� and b 100� magnification

Fig. 5 Specimen after Izod impact test

Table 2 Izod impact
resistance for the epoxy
matrix and for the reinforced
composite with ramie fabric
for both methodologies

Material Izod impact resistance (J/m)

Epoxy matrix 1964 ± 501

Composite under pressure 114.78 ± 22.60

Composite under vacuum 5673 ± 1014
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material to two different stresses. However, it is noteworthy that in both cases the
presence of the fabric significantly increased the epoxy matrix impact resistance and
again in both cases the composites produced under pressure have presented higher
values for this property than those produced under vacuum.

Conclusions

• The introduction of the ramie fabric showed to be effective in increasing the
epoxy matrix impact resistance (both Charpy and Izod), demonstrating a higher
gain in the Charpy impact resistance.

• The composites produced under pressure showed to be even more effective as a
reinforcement material, presenting higher values of impact resistance when
compared to those produced under vacuum.

• The adhesion between the fabric and the matrix is considerable and the pull-out
effect does not occur. The fabric fibers serve as barriers, deflecting the crack
during its propagation.
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Charpy Impact Test in Polyester Matrix
Composites Reinforced with Hybrid
Blanket of the Jute and Malva Fibers

Jean Igor Margem, Ygor Macabu de Moraes,
Frederico Muylaert Margem, Sergio Neves Monteiro
and Marina Rangel Margem

Abstract Natural fibers presents interfacial characteristics with polymeric matrices
that favor a high impact energy absorption by the composite structure. The
objective of this work was then to assess the charpy impact resistance of polymeric
composites reinforced with one or two layers of batt jute and malva fibers. The
results showed a remarkable increase in the notch toughness with increasing layers
of jute blankets and malva. This can be attributed to a preferential debonding of the
fiber/matrix interface, which contributes to an elevated absorbed energy.

Keywords Charpy testing � Hybrid blanket of the jute and malva
Composite � Polyester matrix � Notch toughness

Introduction

Natural fibers with high cellulose content, known as lignocellulosic fibers, become
firmly established as a potential replacement for the search field of synthetic fibers,
particularly glass fiber [1].
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The use of natural fibers to replace the existing, present especially in aircraft and
cars, is motivated by several advantages such as good toughness and less abrasion
equipment used in processing composite [2–6].

Among these features is the low cost and lightweight. In addition, unlike the
glass fibers [7] lignocellulosic fibers are relatively flat and the processing proce-
dures produce less wear on equipment. The environmental issue is another point in
favor of natural fibers, which are renewable, recyclable, biodegradable and neutral
with regard to CO2 emissions [8, 9].

The incorporation of banana fibers in polymeric matrices of composite was 30
investigated [10, 11, 12] and found to have significant properties. These properties
31 are directly related to the microstructure of the fiber as well as the physical and
32 chemical characteristics present in any lignocellulosic fiber [13–17].

The objective of this study was a preliminary assessment through different
measures Charpy impact energy, together with the micro structural characteristics
associated with the fracture of polyester matrix composites with blanket of the jute
and malva fibers.

Experimental Procedure

The materials used in this work were blanket of the jute and malva fibers which was
Acquired by a producer, Pematec Triangel, from the Southeast region of Brazil
(Fig. 1).

The blanket comprises 40% jute fiber and 60% of Malva fiber. The fiber of jute
(Corchorus capsularis) is a vegetable textile fibers, this woody herb reaches 3–4 m
in height and its stalk is approximately 20 mm. It is used mainly in sacks industry,
due to resistance and strength of its fiber is also used in the furniture industry.

Fig. 1 Blanket of the jute
and malva fibers
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Already Malva fiber belongs to a botanical genus of several species of herbaceous
Malvaceae family, is distributed geographically by tropical, subtropical and tem-
perate regions, the leaves are alternate, lobed and usually slaps and measure half to
5 cm. Its raw material is mainly used in the wireless industry and natural fibers
packaging [16, 17].

The polyester resin still liquid, together with 0.5% catalyst based on methyl ethyl
ketone, was poured into the one and two layers of the blanket inside the mold. The
composite thus formed was allowed to cure for 24 h at room temperature. The
plates of each composite were then cut according to the direction of fiber alignment
in bars measuring 10 � 125 � 12.7 mm were used as basis for preparation of test
samples Charpy impact test according to ASTM D256 [18–20].

The samples were assayed in a pendulum of the Charpy brand Pantec in con-
figuration belonging to the LAMAV UENF. The impact energy was obtained in
power hammer with 11 J for composites. For each condition, relative to a certain
fraction of fibers, 10 specimens were used and the results were statistically inter-
preted (Fig. 2).

The impact fracture surface of the specimens was gold sputtered and analyzed by
scanning electron microscopy, SEM, in a model SSX-500 Shimadzu microscope
with secondary electrons imaging at an accelerating voltage of 15 kV.

Results and Discussion

Table 1 shows the results of the values of Charpy impact energy with their
respective standard deviations for pure polyester and composites with up to two batt
layers.

Based on the results of Table 1, the change in Charpy impact energy with layers
of the blanket this shown in Figs. 3 and 4.

Fig. 2 Charpy equipment and standard specimen schematic
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Table 1 Energy impact charpy for polyester matrix reinforced with blanket of the jute and malva
fibers

Layers of the blanket of jute and malva fibers Charpy impact energy (J/m)

0 22.9 ± 6.19

1 38.7 ± 28.96

2 58.9 ± 41.87

Fig. 4 Macrostructural aspects of charpy impact rupture polyester matrix composites with net
polyester a one layers b and two layers c of the jute and malva blanket incorporated

Fig. 3 Charpy impact energy as a function of the amount of blanket of the jute and malva fibers
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Conclusions

• Polyester matrix composites reinforced with jute and malva blanket, show a
linear increase in toughness as measured by Charpy impact test.

• Increase in toughness is apparently due to the low shear stress at the interface
between the blanket of jute and malva and polyester matrix.

• The increase energy absorbed due to propagation of longitudinal cracks through
the interface generates a larger fracture area when compared to the simple
transverse fracture.

• The incorporation of one or two layers of the blanket of jute and malva is
associated with incomplete specimens fracture due to the jute and malva fibers
that curves but no rupture during impact.
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Part VII
Analysis of Surfaces and Interfaces



Applications of Aberration-Corrected
Low-Energy Electron Microscopy
for Metal Surfaces

Zheng Wei, Tao Li, Meng Li, Xueli Cao, Hanying Wen, Guodong Shi,
Lei Yu, Lin Zhu, Wen-xin Tang and Chenguang Bai

Abstract Low energy electron microscopy and photoemission electron micro-
scopy (LEEM/PEEM), as powerful in-situ surface-sensitive electron microscopy,
find wide applications in surface physics, chemistry and catalysis. The high
reflectivity of incident low-energy electrons (0–100 eV), allows it to image the
surface structures in the topmost few atomic layers within less than one second,
while the sample can be heated up to 1200 °C in real time which is potentially very
useful in metallurgy and materials fields. A unique three-prism aberration correction
(ac-) LEEM was commissioned successfully in Chongqing University, with a lat-
eral resolution below 2 nm. A multiple gas source in the ac-LEEM system was
installed as well, which allowed us to observe chemical reactions of nanoscale
mineral powders on metallic substrates. In this paper, the latest results on the
applications of this three-prism ac-LEEM on oxidation and reduction processes on
copper and iron polycrystalline surfaces are demonstrated.

Keywords Metal � Mineral � Low-energy electron microscopy (LEEM)
Photoelectron microscopy (PEEM) � Mirror electron microscopy(MEM)
Micro-Low-energy electron diffraction (µ-LEED)

Introduction

Low energy electron microscopy (LEEM) and photoemission electron microscopy
(PEEM) are powerful tools in surface and interface science to investigate surface
dynamics in real time and real space [1]. In contrast to the well-known scanning
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electron microscopy (SEM) and transmission electron microscopy (TEM), the
impact of electron energy on the surfaces in LEEM/PEEM is in an extremely low
range of 0–100 eV. The low electron energy not only ensures their
surface-sensitivity, but also allows the LEEM/PEEM setups to collect all the
electrons emitted from surfaces with cathode lens consisting of both the sample and
objective lens. Furthermore, the LEEM can resolve single atomic steps on the
surfaces, and different surface structures and domain orientations within the same
terraces, thanks to the quantum interference effects of the elastically back-scattered
electrons. Thus, LEEM and PEEM are the most effective and powerful tools to
study various dynamical processes on the surfaces, such as the epitaxial growth of
new materials, the phase transitions, the chemical reactions, the self-assembly of
atoms or molecules, the melting-crystallization processes, etc.

Besides the intensive applications in basic surface physics, PEEM finds a wide
range of more technology-oriented applications ranging from minerals to electronic
devices. Although the compositions, morphologies, and crystal orientations are very
complicated in general materials, the PEEM has been applied to investigate the
synthetic lamellar clay mineral flakes [2], the oxidization processes in pyrite (FeS2)
[3], the grain growth of a TiAlZr alloy [4], the martensitic phase transition in
CuZnAl and NiTiCu shape memory alloys [5], etc. However, there is few LEEM
experiment reported on applied materials. It is due to the difficulty of aligning the
incident electron beam on the rough surfaces, which has been avoided in the PEEM
experiments mentioned above.

In this paper, the preliminary LEEM/PEEM research results in metallurgical
process would be presented. Two important substrates, polycrystalline copper films
and polycrystalline Fe plates, could be chosen. The oxidation of polycrystalline
copper in air and its reduction in atomic hydrogen atmosphere at the topmost few
atomic layers will be demonstrated in LEEM. Furthermore, the segregation of
impurity atoms from the bulk of a polycrystalline iron plates also will be shown.

Experimental Setup

Recently, tremendous progress has been achieved in aberration corrected (ac-)
LEEM, with a lateral spatial resolution of 1.4 nm [6]. However, all LEEM
instruments available today are working with continuous electron sources. A new
ac-LEEM instrument capable of integrating multiple electron sources has been built
up successfully in Chongqing University, China [7].

Figure 1a shows a side-view photograph of the actual three magnetic prism array
(MPAs) ac-LEEM setup. Besides the installed standard cold field emission gun
(FEG), an ultrafast spin-polarized electron gun (SP-Gun), and a scanning electron
column (Gun-II) can be introduced to the MPA3 in the near future. The setup can be
operated in two modes: LEEM and PEEM. In the LEEM mode, the highly coherent
electrons field emitted from the cold FEG will be deflected by 90° twice sequentially
by MPA3 and MPA1, shown in Fig. 1b, and impact on the biased sample with a
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small landing energy of 0–100 eV. The aberrations of the back-scattered electrons
can be greatly reduced, via the electron mirror, as indicated in Fig. 1, before they
enter the projective lens and hit the MCP detector eventually. In the PEEM mode,
either a UV-lamp (indicated in Fig. 1a) or a focused HeI/HeII SPECS UVS-300 light
source (installed in the back of MPAs and could not be shown) is used as the
excitation source to eject photoelectrons from surface via photoelectric effects.

The LEEM sample manipulator has six degrees of freedom (X, Y, Z, two tilts
and azimuth) operated under full computer control, and can operate in a wide
temperature range of −90–1200 °C. Sample preparation and characterization are
further enhanced in a separated preparation (Pre-) chamber by including of new
components such as plasma sources, an atomic hydrogen source for III–V and II–VI
surface cleaning. A high HT-STM is also integrated into the same
ultra-high-vacuum (UHV) system. The samples can be transferred under UHV to
either the ac-LEEM or the HT-STM chamber via the transfer and preparation
chamber. HT-STM can provide atomic resolution at high temperature around
1000 K. Thus in-situ surface dynamics over a lateral scale of 20 µm–2 nm
(ac-LEEM) and 1 µm–0.02 nm (HT-STM) can be investigated.

The sub-monolayer Ag deposited in-situ on clean Si(111)-(7 � 7) surfaces with
a substrate temperature of 500 °C was taken as an example to show the ability of

Cold FEG

Sample

Electron

Detector

SP-Gun

Gun-II

UV-lamp : PEEM

(b)

(a)

Fig. 1 a is the photograph of the actual three-MPA ac-LEEM and b is the corresponding
electron-optics in side-view
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the ac-LEEM/HT-STM platform. The single atomic steps, two dislocations, and
several large islands are clearly resolved in the ac-LEEM image,shown in Fig. 2a,
with an electron landing energy of 45 eV and a field of view (FoV) as large as
10 µm. The corresponding surface reconstructed phases of the uncovered Si(111)-
(7 � 7) and single-atomic-layer of Ag on Si(111), Si(111)-(√3 � √3)-Ag, can be
identified in the corresponding LEED pattern, shown in Fig. 2b. Although the �7
spots dominated the LEED pattern, the �√3 spots due to the monolayer Ag were
clearly resolved and labelled as red circles. The morphology and atomic structures
of the monolayer Ag islands on Si(111) can be clearly resolved in the STM images,
shown in Fig. 2c, d).

Si(111)-(7 7) Si(111)-( )-Ag

Ag

(a) (b)

(d)(c)

Fig. 2 Sub-monolayer Ag deposited on the heated Si(111)-(7 � 7) surface at 500 °C. a ac-LEEM
image resolved the atomic steps, dislocations, and large islands. Electron energy was 45 eV,
FoV=10 µm; b The corresponding LEED image was dominated by the diffraction spots of the Si
(111)-(7 � 7) substrate. The diffraction spots of the reconstructed Ag single-atomic-layer, Si(111)-
(√3�√3)-Ag, were indicated by red circles; c and d were STM images reflect the atomic structures
of both reconstructed surfaces. It = 0.1nA, Vt = 1.8 V
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Results of Polycrystalline Copper Foils

Polycrystalline Cu foils are the most popular substrates to grow high-quality gra-
phene layers. It is well known that the oxidation and reduction of Cu surfaces play
important roles in the growth mechanisms. However, the morphology, work
function variations and atomic structures of the topmost three to four layers are out
of the capability of the scanning electron microscopy and transmission electron
microscopy, since both techniques are bulk-sensitive.

Two polycrystalline Cu foils was investigated systematically, that have been
electro-chemically etched in NaOH solutions with different times of 30 s and
3 min, as shown in Figs. 3 and 4, respectively. Longer etching time in the solution
resulted in much higher quality of clean Cu surfaces, as shown in the LEEM images
of Fig. 4b. Only one grain boundary (GB) was observed in Fig. 4b. In contrast,
hundreds of GBs were observed in Fig. 3a with much shorter etching time. These
GBs are much clearly resolved in the LEEM images of Fig. 4b, rather than the
PEEM images of Fig. 4a, due to the much stronger elastically scattered electron
signals in comparing with the corresponding photoelectron intensities in PEEM
image. Much fine features can be observed in LEEM images, thus, only the LEEM
images are concentrated on in the following discussions.

The oxidized layer of copper foils was clearly resolved in the low-energy
electron diffraction pattern at micrometer scale (µ-LEED), as acquired in region-c
of Fig. 4b and shown in Fig. 4c. In contrast, the clean Cu parts of region-d show
typical µ-LEED pattern of clean Cu(100) surface. The oxidized layer can be par-
tially removed even with a very small amount of atomic hydrogen introduced into
the pre-chamber with a base pressure of 1 � 10−8 Pa, as revealed in the central part
of Fig. 3b. The atomic hydrogen not only removed the oxygen atoms from oxi-
dation layer, but also induced the formation of large terraces of Cu islands.

(a) fresh oxided Cu (b) a er atomic H treatments

FoV=10um 

Fig. 3 The LEEM images of polycrystalline Cu foils. a before and b after atomic hydrogen
treatments. The polycrystalline Cu was etched in NaOH solutions for 30 s before introduced into
the UHV system
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Results of Polycrystalline Iron Plates

Iron is notoriously difficult to be cleaned, due to the high concentrations of non-
metallic impurities, particularly carbon and sulfur. A polycrystalline iron surfaces
was successfully cleaned via repeated cycles of argon ion sputtering and annealing
in UHV.

Figure 5a shows a typical LEEM image of the polycrystalline iron surfaces after
just two cycles of sputtering/annealing. Small terraces were observed in a field of
view (FoV) of 10 µm, with an average terrace width around 1 µm. A blurred LEED
spots was observed with incident electron energy of 16 eV, as shown in Fig. 5b.
Once the incident electron energy varied from tens of eV to 0 eV, all the incident
electrons will be reflected from the surfaces. In this case, the surface acts as a mirror
to the incident electrons [8]. This special LEEM mode with zero incident energy is
named as mirror electron mode (MEM). It is worth noting that much fine features
can be observed in MEM image of Fig. 5c, in comparing with the LEEM image of
Fig. 5a. The extra features in MEM image were mostly due to the roughening of the
polycrystalline iron surface, since the impurity atoms precipitated from the bulk
into the terraces effectively.

(a) PEEM, FoV=100um (b) LEEM, FoV=10um, 11eV

d 

c 

(c) u-LEED,  30eV (d) u-LEED,  30eV

Fig. 4 a PEEM and b LEEM image of polycrystalline Cu foil, that was etched in NaOH solutions
for 3 min. The PEEM image much large patches of clean Cu surface, in comparing with Cu foils in
Fig. 3. The atomic structures of oxidized copper and clean copper were indicated in the µ-LEED
patterns of c and d
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The morphology and quality of the iron surfaces was monitored in the high
sensitivity of MEM mode, after intervals of sputtering/annealing cycles. Figures 6
show different regions of the iron surfaces after tens of cleaning cycles. In com-
paring with the MEM image in Fig. 5c, the average terrace width had been
increased from less than 1 µm to 5 µm, while the populations of the impurity atoms
pinned in the GBs have been greatly reduced. In Fig. 6d, no single precipitation
region is observed. The polycrystalline iron crystal has been cleaned to a large
extent.

(a) LEEM, FoV=10um, 11eV (b) LEED,  16eV (c) MEM, FoV=10um 

Fig. 5 a The LEEM images of ‘dirty’ polycrystalline Fe surfaces with few sputtering/annealing
cycles; b The corresponding LEED pattern; c The MEM image of the same region, which reflects
more much morphology features of the surfaces

FoV=10um 
(a) (b) 

(c) (d)

Fig. 6 The typical MEM images of ‘clean’ polycrystalline Fe surfaces after many sputtering/
cleaning cycles
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Conclusions and Outlooks

In summary, it is clear that the LEEM is a powerful tool to characterize the oxidized
and reduced polycrystalline copper foil, the segregation and morphology of poly-
crystalline iron surface at intervals of cleaning cycles. In the present stage, the
oxidation and reduction processes were performed in a separated pre-chamber. Now
a multiple gas source are being tested, which is installed directly in the ac-LEEM
chamber. It allows the introduction of four different gases/mixed gases simultane-
ously onto surfaces. Once the multiple gas source is fully commissioned, the
dynamic processes on metallic and mineral surfaces would be monitored in-situ.
The dynamic processes of iron oxidation and reduction would be monitored vividly,
from which the key parameters related to the diffusion processes, such as the
activation energies, the initial reaction sites, would be drawn quantitatively.
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ZnO Thin Films of Flowered-Fibrous
Micro/Nanowebs on Glass Substrates
Using the Spray Pyrolysis Method

Shadia J. Ikhmayies

Abstract Zinc oxide (ZnO) flowered-fibrous micro/nanowebs were produced as
thin films on glass substrates at 350 °C using the low cost spray pyrolysis
(SP) method. The films were characterized using the XRD diffraction, scanning
electron microscopy (SEM), and X-ray energy dispersive spectroscopy (EDS).
Hexagonal structure was confirmed from X-ray diffractogram, which showed
preferential orientation along the (002) line. SEM images showed two dimensional
flowered-fibrous micro/nanowebs, and EDS elemental analysis revealed the pres-
ence of chlorine in the films in addition to zinc and oxygen. The obtained mor-
phology is important for optoelectronic device industry and solar cells, where it
provides large surface area that helps light harvesting.

Keywords ZnO � Micro/nano webs � Solar cells � Spray pyrolysis
XRD � SEM

Introduction

Zinc oxide (ZnO) is an inexpensive II–IV compound semiconductor with a direct
bandgap of 3.37 eV and high exciton binding energy of 60 meV at room tem-
perature [1, 2]. Because of its unique optical and electronic properties, ZnO
attracted considerable attention in recent decades. ZnO micro/nanostructures have
been used in different applications, such as sensors [3], photocatalysis [4–8], and
solar cells [9, 10] such as dye-sensitized solar cells DSSCs [11] and thin film solar
cells. Characteristics and practical performance of ZnO in all applications are
strongly dependent on the size and shape of the produced particles or structures.
Hence, much effort had been devoted to controllably synthesize the material with
specific functionality [8]. Accordingly, it is highly desirable to seek a novel and
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facile route to synthesize ZnO micro/nanostructures with tunable size and mor-
phology [11].

ZnO micro/nano structures can be prepared by several growth methods such as
the vapor–liquid–solid method (VLS) [12], chemical vapor deposition (CVD) [13],
pulsed laser deposition (PLD) [14], magnetron sputtering [15], sol–gel [16],
hydrothermal method [17], and spray pyrolysis (SP) [18–27] method. However, for
simplicity, low cost, and large-scale production, the SP method was preferred in this
research. In this work ZnO flowered-fibrous micro/nanowebs were produced on
glass substrates as thin films using ZnCl2 as the starting material and the spray
pyrolysis method without using any catalyst or surfactant.

Experimental Procedure

Flowered-fibrous zinc oxide (ZnO) thin films were deposited on glass substrates of
dimensions 60 � 26 � 1 mm3 at a substrate temperature of 350 ± 5 °C using the
spray pyrolysis (SP) method. Zinc chloride (ZnCl2) of purity 99% is used as the
precursor, where 2.5 g of ZnCl2 is dissolved in 60 ml of distilled water to get a
solution of concentration 0.03 M. Before use, glass substrates were pre cleaned by
soap, rinsed in distilled water, and then they were dried by lens paper. Spraying of
the solution has been done vertically, and intermittently. At the end of the depo-
sition process, the heater is turned off, and the films were left on the heater to cool
gradually to room temperature.

Structure and phase of the films were studied using X-ray diffraction (XRD),
which was carried out using SHIMADZU XRD-7000 diffractometer utilizing
X-Ray Cu Ka radiation (k = 1.54 A°). The step size and scan speed were 0.02° and
2°/min respectively. The measurements are taken in the continuous 2h mode in the
range 20–65° using a current of 30 mA and voltage of 40 kV. Morphology and
elemental composition were explored using scanning electron microscopy (SEM)
by an FEI scanning electron microscope (SEM) (Inspect F 50) operating at 20 kV,
and equipped with EDS apparatus. The thickness of the films is around 1 µm and it
was estimated using the SEM microscope.

Results and Discussion

The structure and phase of the as-deposited, flowered-fibrous ZnO thin films was
analyzed by X-ray diffraction, where Fig. 1 displays the diffractogram of one of the
films. The film is polycrystalline with hexagonal (wurtzite) structure. All of the
diffraction peaks were indexed by the corresponding Miller indices and shown in
the figure. These represent reflections from the planes (100), (002), (101) and (102),
(110) and (103). The preferential orientation along the c-axis is indicated by the
plane (002), where this plane has the highest energy of formations. As the figure
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shows, there are no impurity peaks in the diffractogram, which indicates the for-
mation of pure products.

Figure 2 displays the SEM images of two films, where the films show a
flowered-fibrous web structure. Such morphology provides high surface area, and
suggests the possibility of the light harvesting mechanism, which is a prerequisite
for solar cells and optoelectronic device applications. These webs are composed of
fibers of different lengths and diameters that are linked in a complex but beautiful
way to form two dimensional flowers of different shapes which are also interlinked
to other flowers. The flowers in Fig. 2a are different from those in Fig. 2b despite
the fact that they are prepared at the same time with the same deposition parameters.
The fibers in Fig. 2a are thinner, softer, and more crowded, and they form the
interior parts of the flower surrounding the center of the flower which appears as a
cluster. The web in Fig. 2a appears as a decorative piece of cloth. In Fig. 2b the
web consists of flowers that have larger clusters at the center, and the diameters of
the fibers are larger and they are longer, and they can be named petals. These
flowers are not surrounded by a decoration, they are less beautiful, and they are
linked together in a complicated way. Self assembling appears in different places in
Fig. 2b.

Figure 3 displays the X-ray energy dispersive spectrum (EDS) of one of the
as-deposited films, and the inset SEM image shows the position A at which the
measurement was recorded. EDS analysis confirmed the presence of elemental zinc,
oxygen, and chlorine signals. The vertical axis displays the number of x-ray counts
although the horizontal axis displays energy in KeV. The atomic percentages of
zinc, oxygen, and chlorine were found to be 39.65 ± 2.3, 58.83 ± 4.9, and
1.52 ± 0.1 at.% respectively. The ratio of Zn:O is 0.67, while that in ZnO com-
pound is 1. The explanation of this discrepancy is that: First, part of detected
oxygen is incorporated in the glass substrates as SiO2, where the EDS system
includes it in the measurements. Second, the EDS system can’t give accurate values
for concentrations of light elements like oxygen, and the tolerance in the oxygen
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Fig. 1 XRD diffractogram of
an as-deposited ZnO film
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Fig. 2 SEM images of two ZnO films on glass substrates where the flowered-fibrous web in
a differs from that in b despite the fact that deposition parameters are the same
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concentration is the largest one as seen in the EDS report. Hence, it may be
expected that the films are deficient in oxygen, and not rich in oxygen. The ratio of
Cl:O is 0.026, and this small ratio means that chlorine works as a dopant in the
films, where it replaces oxygen in ZnO crystal lattice. When this happens the n-type
conductivity of the films increases, which is required for the use of the films as a
transparent conducting oxide and/or a window layer in thin film solar cells.

Conclusions

ZnO flowered-fibrous webs were synthesized as thin films on glass substrates using
ZnCl2 as the precursor, and the spray pyrolysis (SP) method without using any
catalyst or surfactant. XRD diffraction revealed the hexagonal structure of the films,
and SEM images showed flowered-fibrous micro/nanowebs. This important mor-
phology provides large surface area, which helps in light harvesting, which is a
prerequisite for solar cells and optoelectronic device applications. EDS elemental
analysis showed that the films contain chlorine in addition to Zn and O.

Fig. 3 EDS spectrum of an as-deposited ZnO film. The inset SEM image shows point A at which
the measurement was recorded
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Intergranular Cracking of High Strength
Extruded Brass Alloys

A. Vazdirvanidis and G. Pantazopoulos

Abstract In this paper, a failure analysis investigation is presented concerning the
intergranular cracking of three different diameter (Ø26.6, Ø10.8, Ø8.5 mm) high
strength brass rods which failed after extrusion. Optical, Scanning Electron
Microscopy and Electron Backscatter Diffraction are employed in order to reveal
the mechanisms and the root causes of the failures. The microstructural charac-
teristics, exhibited by the brass rods, pertaining mainly to phase, grain structure,
size and distribution of intermetallic particles, are considered to exert a detrimental
effect, impairing the mechanical properties, facilitating the environmentally-induced
degradation and assisting the occurrence of brittle fractures. Revision of preheating
and extrusion conditions could be further implemented in order to minimize the risk
of such failure in the future.

Keywords Brass alloy � Brittle fracture � Extrusion � EBSD

Introduction

Copper alloys exhibit the well-known “intermediate temperature embrittlement”
which is related with intergranular segregation of alloying additions or impurities
and the presence of Pb in leaded alloys [1, 2]. Ductility trough may occur in a large
range of temperatures and it is aggravated in case of high Pb concentration alloys
may be brittle even at room temperatures [2]. Grain boundary decohesion provoked
by liquid/solid metal embrittlement (LME/SMIE) phenomena occurred due to
manufacturing and/or service conditions were also reported [3, 4]. For SMIE by
internal phases in the microstructure, voids are initiated at the matrix-particles
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interface, and grow by an adsorption-induced decohesion or dislocation emission
mechanism [4]. Cavities appeared, at areas of prior particles’ positions, while the
embrittling constituent diffuses to crack tips and forms thin films on the fracture
surface. Deformation during the process, especially during void coalescence, occurs
to some extent behind the crack tip and produces slip steps on the fracture surface
[4]. LME by internal phases can produce a similar appearance of surfaces. Lead
surface-self-diffusion can occur at high rates even at room temperature, and would
be relatively fast at higher temperatures assisting to crack propagation and
embrittlement. Crack growth becomes practically unstable when crack has travelled
over the quarter of the wall thickness. Moreover, the effect of high angle grain
boundaries in triple junctions is also considered factor contributing to local high
dislocation density pile-ups and stress accumulation resulting in lowering of the
critical intergranular fracture stress and cracking evolution [5].

In the present article three different case studies of fractured extruded brass
high-alloy bars are examined in order to shed more light on the conditions and
root-causes that adversely affect ductility, creating production delays and quality
problems to the respective industrial plants. The samples of the study are the
following:

• CW713R alloy, Ø26.6 mm bar,
• C6782 alloy, Ø10.8 mm bar, and
• CW721R, Ø8.5 mm bar.

Experimental Procedure

Microstructure evaluation was conducted in mounted sections parallel to the ex-
trusion direction. Metallographic examination was performed employing a Nikon
Epiphot 300 inverted optical microscope while SEM evaluation was conducted
using a FEI XL40 SFEG scanning electron microscope using Secondary (SE) and
Backscattered Electron (BSE) detectors coupled with an EDAX Energy Dispersive
X-ray Spectroscopy (EDS) Apollo XF Silicon Drift Detector (SDD) of 60 mm2

area. The microstructure was assessed after immersion etching using FeCl3
solution.

EBSD scans were collected employing a high speed Hikari EDAX camera at
70° tilt position, using hexagonal grid with 1.0 lm step, resulting in >500 k
individual orientation measurements. The SEM conditions for the scans were
accelerating voltage of 20 kV at working distance 10 mm. The data obtained for the
scans were of high quality with indexing success >95%. Post processing was
applied to clean up the data (grain dilation). The data analysis was realized using
Orientation Imaging Microscopy analysis software.
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Results and Discussion

Microstructure

The microstructure consisted of a single b-brass (CuZn) phase as the results of
EBSD scans showed for all the studied alloys.

CW713R alloy, Ø26.6 mm bar

In Ø26.6 mm bar, a hairline crack aligned parallel to extrusion direction was
observed. It propagated to the centre of the bar following an intergranular path
which coincided with the locations of brittle, CuFeMnSi second phase particles and
also locally segregated Pb regions (Figs. 1 and 2). The grain structure was fully
recrystallized with a mean grain size of 35 lm. Second phase particles exhibited an

Fig. 1 a, b Optical micrographs, longitudinal section showing the crack propagation through
brittle intermetallic particles network on the CW713R, Ø26.6 bar

Fig. 2 a Electron micrograph showing grain boundary separation due to Pb segregation. b EDS
mapping of Si, Mn, Fe and Cu of an intermetallic particle indicating formation through peritectic
reaction
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intensively cored structure consisting of a Cu core and successive “shells” of Fe, Si
and Mn formed around it. This type of structure is met in peritectic reactions when
the liquid and solid phases are no longer in close contact since atomic diffusion is
impeded through the developed shell of the produced solid-phase. The respective
phenomenon is known as surrounding or enveloping.

C6782 alloy, Ø10.8 mm bar

The detected crack on Ø10.8 mm bar differed from the previous case study in that it
was oriented transverse to extrusion direction according to the details of Fig. 3. It
extended to the centre of the round bar following an intergranular crack path mode.

Brittle, second phase particles, assisting in crack propagation, were identified as
Fe–Mn–Si, (low concentrations of C, Cu, Zn, Ni were found as well) exhibiting an
elongated morphology contrary to the respective second phase particles of
Ø26.6 mm bar which were almost equiaxed (Fig. 4). Smaller needle-shaped par-
ticles corresponding to Mn–Si–Zn were also found dispersed in the matrix. The
contribution of Pb to crack propagation was lower due to the lower degree of
segregation and average “island” size of Pb particles on the grain boundaries.

CW721R, Ø8.5 mm bar

The detected crack in Ø8.5 mm bar was also transverse to extrusion direction as
shown in Fig. 5. The crack had a depth of *3.3 mm, intergranular mode and the
development of secondary cracking (also intergranular) was observed as well. The
fracture surface exhibited a high concentration of Pb particles which significantly
contributed to the formation of low energy crack propagation paths (Fig. 6).
Longitudinal cross-section revealed initiation of multiple surface secondary cracks
adjacent to the main crack (Fig. 7). It seems that one of the parallel cracks was
allowed to develop due to locally existing favouring stress concentration conditions
after extrusion process.

Fig. 3 a Stereoscopic micrograph of the surface crack on the C6782, Ø10.8 bar. b Optical
micrographs, longitudinal section showing the intergranular crack propagation through the b-phase
grain boundaries
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FeMnSi par cles
(black arrows)

Element Weight %

C 18.55

Si 18.30

Mn 26.69

Fe 30.55

Ni 0.21

Cu 3.66

Zn 2.05

MnSiZn par cles
(orange arrows)

Element Weight %

C 18.70

Al 0.07

Si 11.92

Mn 32.69

Fe 2.18

Ni 0.71

Cu 20.50

Zn 13.23

(a) (b)

(c)

Fig. 4 a, b Optical micrographs, longitudinal section showing the crack propagation through the
brittle intermetallic particles’ network. c Electron micrograph showing two types of intermetallic
particles dispersed in the matrix (see approximate compositions in the respective tables)
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EDS analyses revealed that the second phase particles found in the crack path
consisted of Fe, Mn, P, Cr, Mg, Cu and Zn.

Texture

EBSD analysis for all samples was performed transverse to extrusion direction.
Representative results presented in Fig. 8 for C6782, Ø10.8 bar showed preferably
[101] directions of the equiaxed recrystallized grains aligned parallel to extrusion
direction as this is indicated by IPF map and plots. The presence of high angle grain

Fig. 5 Stereoscopic micrograph of the surface crack on the CW721R, Ø8.5 bar

Fig. 6 a, b SE and BSE electron micrographs of the fracture surface. Note the Pb islands
dispersed on the fracture facets and prior grain boundaries. Local voids are also present signifying
prior Pb particle positions
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Fig. 7 a, b Optical and c tilted electron micrographs, longitudinal section showing the crack
propagation mode. d Electron micrograph revealing grain boundary Pb segregation and
decohesion

Fig. 8 a EBSD IPF map showing crystals orientation, transverse section, high angle (>30°) grain
boundaries are highlighted, b respective [001] IPF plot showing high relative intensity of [101]
directions
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boundaries (larger than 30°) is obvious and could be an additional factor con-
tributing to the sensitization of the grain boundaries, especially at the locations of
triple joints. Mean grain size was calculated 40 lm by EBSD.

Conclusions

In the present workunexpected low ductility failures during brass alloy extrusion
were documented through optical and scanning electron microscopy. The fractures
exhibited a typical intergranular mode which is consistent to the following syner-
gistic embrittling factors: LME/SMIE, intense intermetallic phase particle (Mn–Fe–
Si based phases) density and high angle boundaries. It is considered that in a
medium temperature region (*300–500 °C) secondary microstructural constituents
are associated with grain boundary sensitization and unexpected brittle fracture
occurrence. Moreover, the presence of high angle grain boundaries on the
dynamically recrystallized grains, as it was aquired by EBSD analysis, is also an
additional factor which plays a contributing role to the development of intergranular
cracking without noticeableprior plastic deformation in all the examined alloy bars.
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Determination of Microstructure-Based
Constitutive Models Using Temperature
Rise Distribution in Plane Strain
Machining

Juan Camilo Osorio, Sepideh Abolghasem
and Juan Pablo Casas Rodriguez

Abstract Predicting flow stress at high strain-rates is a desirable practice for
material behavior characterization. Sub-grain size has shown a huge influence in
cutting forces and the workpiece surface finish determination during orthogonal
cutting process. Hence, a prediction of flow stress as a function of thermome-
chanical conditions and sub-grain size is of great important which is studied in this
work for OFHC copper. The principal thermomechanical conditions being strain,
strain-rate and the accompanying temperature rise are characterized in Plane Strain
Machining (PSM) and the resulting microstructure, sub-grain size, is quantified.
Material maximum flow stress (a constitutive model) as a function of thermome-
chanical conditions and sub-grain size is predicted considering a saturated state in
microstructure using optimization algorithms for reaching the validated temperature
rise based on modified Hahn’s model. Evaluated models suggest a major influence
of strain-rate and dislocation in temperature rise estimation and flow stress pre-
diction leading to consideration of mechanical failure phenomenon involved in
machining-based manufacturing processes.

Keywords Metal cutting process � Severe plastic deformation � Ultrafine grained
microstructure
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Introduction

High Rate Severe Plastic Deformation (HRSPD) imposes severe strain and severe
strain-rate resulting in Ultra-fine grained microstructure which has been found to
entail enhanced properties such as the strength, wear, fretting and fatigue which are
shown to be substantially improved relative to their coarse-grained counterparts
[1, 2]. Hence, these discoveries have motivated the exploration of material behavior
uncertainties in HRSPD of bulk metals, which involves complex thermomechanical
conditions with the advantage of not changing the chemical composition of the
obtained chips and machined surfaces. It is vital to optimize these enhanced
microstructure properties, which requires understanding of the microstructure
transformations as well as the behavior of the material as a function of strain,
strain-rate and temperature. It has been found that the microstructure of the chip
formed during HRSPD is a consequence of interaction of large strain and high
strain-rate scaling with the temperature rise in the deformation zone [3]. The main
objective of this work is to establish a microstructure-base constitutive model to
estimate the flow stress through calculating the temperature rise during chip
formation. This effort will offer an estimate of stress as a function of strain,
strain-rate and temperature r e; _e; Tð Þ. We use plane strain machining (PSM) as our
experimental framework due to the conveniences it offers by providing an open
deformation zone in utilizing digital image correlation (DIC) of high-speed images
of the deformation zone to measure the strain-rate in addition to the temperature rise
measurement using infrared thermography [4]. Furthermore, using PSM we apply
HRSPD in chip, which can transmit large range of strain and strain-rate in a single
deformation pass in a range of material system. Most of the study till date has been
accomplished in a very low strain-rate range (*0.1/s to 10/s), except for few recent
works where strain-rates of the order of 103/s were utilized resulting in fascinating
property combinations [4–7]. Comparing HRSPD processing conditions with these
constitutive models, we lack a suitable relationship to bridge the gap among the
thermomechanical conditions, resulting microstructure and the flow stress in
machining-based manufacturing processes.

Experimental Methods

We utilized Plane Strain Machining (PSM), as shown in Fig. 1a where a condition
of orthogonal cutting was performed. This configuration was used to measure
thermomechanical properties using imaging and analytical methods. Different
cutting conditions including chip thickness ratio a0=acð Þ, velocity (V) and rake
angle (a) from 0º to 40º were modified to achieve different strain and strain-rate
values. These conditions are listed in Table 1 corresponding to four rake angles
(a = 0°, 20°, 30° and 40°) and four different machining speeds (viz. Low
(L) = 50 mm/s; Med (M) = 550 mm/s; Medium-High (MH) = 750 mm/s and High
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(H) = 1250 mm/s). Samples were denoted 0 L, 0 M, 0 MH, etc. where the numbers
represent the rake angle and the letters L, M, MH and H refer to the machining
speeds.

Results and Discussion

In machining, the imposed strains vary with the rake angle a as [4]:

Fig. 1 a Schematic of the plane strain machining (PSM) process. b Infrared thermograph for
30 M sample

Table 1 Machining parameters for different deformation conditions

Sample condition V [mm/s] a [°] u [°] Ɛ ė [1/s] Tm Tc dc
0 L 50 0 3.8 8.7 60 322 363 0.28

0 M 550 0 5.6 5.9 940 – 454 0.38

0 MH 750 0 5.95 5.6 1240 – 464 0.39

20 L 50 20 3.22 5.9 80 342 346 0.35

20 M 550 20 4.34 3.9 1290 378 412 0.42

20 MH 750 20 4.5 3.6 1740 – 416 0.43

20 H 1250 20 5 3.4 3130 – 439 0.44

30 L 50 30 7.7 4 100 319 332 0.40

30 M 550 30 11.4 2.6 1740 – 379 0.45

30 MH 750 30 11.8 2.5 2290 – 385 0.45

30 H 1250 30 12.3 2.3 4030 – 402 0.46

40 L 50 40 11.2 2.6 140 324 321 0.44

40 M 550 40 13.6 2.1 1930 336 367 0.46

40 MH 750 40 14 2 2520 339 372 0.46

40 H 1250 40 15.8 1.8 4680 – 381 0.47
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e ¼ cffiffiffi
3

p ¼ cos affiffiffi
3

p
sin/ cos /� að Þ ð1Þ

where / is the inclination of the shear plane (Fig. 1a) and a is the rake angle of the
tool. The strain-rates were obtained using the Oxley and Hastings relation as [4]:

_e ¼ C
V cos a sin/
cos /� að Þa0 ð2Þ

The constant “C” is directly measured as 2.77 (V in mm/s and a0 in mm) using
high-speed images of the deformation zone captured by means of a CCD camera
combined with Digital Imaging Correlation (DIC) on the sequence of images (see
Ref. [4] for more details). The values for the effective strain and the strain-rates are
listed in Table 1. The temperature rise was measured using infrared
(IR) thermography and IR camera (FLIR A325). To obtain the thermograph anal-
ogous to the Fig. 1b, a plate of commercially pure copper was machined at various
rake angles and at various cutting velocities. The calibration process is explained in
detail in [4]. Measured temperatures are listed as Tm in Table 1 and are compared
with Tc that is calculated using the expression found in [4].

ZTc
T0

qCp Tð Þ
1� T�Tr

Tm�Tr

� �m ¼ 1� bð Þ Aeþ B
nþ 1

enþ 1
� �

1þC ln _e=_e0

� �
ð3Þ

To build the model it is necessary to predict the temperature rise in the defor-
mation zone. The temperature in the deformation zone is not an independent
variable, but a function of machining geometry, strain and the constitutive behavior
of the material. The imposed shear strain in HRSPD controls the amount of tem-
perature generated in the deformation zone. This heat is partitioned between the
bulk workpiece and the chip. We can intuitively foresee that the higher the shear
strain and the strain-rate, the higher the temperature in the deformation zone. The
fraction of heat taken away by the bulk is strongly dependent on the deformation
configuration. In this paper, the configuration of machining geometry as shown in
Fig. 1b can be approximated by a moving heat source problem, which is charac-
terized by an inclined heat source across which mass transport occurs. Therefore,
the temperature in the deformation zone and its distribution around the deformation
zone can be solved using modified Hahn’s model as given in [8, 9]. However, the
temperature in the deformation zone also modifies the constitutive behavior, thus
interacting with the accommodation of the shear strain and the strain-rates, which
manifests in the wide variety of deformed microstructures obtained here.

During machining, the heat generated in the deformation zone occurs in response
to volumetric heat generation, that is produce by elastic, plastic and material failure
energy release as [10].
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us ¼ Ze

0

r e; _e; Tð Þde ð4Þ

where r e; _e; Tð Þ is the flow stress of the material that can be back calculated
knowing the temperature, the strain and strain rate conditions during any defor-
mation process.

The derivation for r e; _e; Tð Þ as a function of the central deformation variables is
explained in [11], where effective strain-rate is directly proportional to dislocation
velocity varying with as:

_e ¼ _e0e
�G

kT ð5Þ

in which the optimality conditions require _e0 to be a constant equal to one. In this
equation, the activation energy G is expressed in the following from [11].

G ¼ Go �
Zsth
0

A�bds0th ð6Þ

where G0 is the reference Gibbs energy at T = 0, A� is the activation area and sth is
the thermal component of shear stress. Assuming all samples are at a saturated
stress (A� is stress independent), G can be simplified to:

G ¼ G0 � Absth ð7Þ

Combining Eqs. 4 and 6 and noting that rth ¼ msth, stress can be written as:

rth ¼ mG0

Ab
1þ kT

G0
ln

_e
q

� �� �
ð8Þ

where m is the orientation factor having the value of
ffiffiffi
3

p
based on Von Mises model

[11]. As it is shown in [12], when a saturated state is being analyzed, dislocation
density (q) and sub-grain size (d) can be related using the principle of scaling, that
results in d

ffiffiffi
q

p ¼ qc [11] and hence a proportional relation between A� and d can be
concluded (A� a d) [12]. Considering this proportionality, the flow stress that
depends on the sub-grain size, can be rewritten as:

r ¼ E
1
d

� �
1þC1T ln

_e
q

� �� �
þD ð9Þ

Using d
ffiffiffi
q

p ¼ qc and rewriting it in the form 1
q ¼ C3d

2 we can present the flow

stress as:
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r ¼ E
1
d

� �
1þC1T ln C3 _ed

2	 
� �þD ð10Þ

where E;C1;C3;D are all constants.
As this work focus on sub-grain size based constitutive models and flow stress

calculation, it is necessary to stablish a relationship between cutting conditions and
saturated sub-grain size. To do this a Taylor series expansion function is developed
for which the detail procedure can be found in [4], written as a function of two
variables R and e [4]:

dc ¼ d0 þ @dr
@ 2 2 þ @dr

@R
Rþ d2dr

@ 2 @R
2 R ð11Þ

This expression ignores all high order terms in e and R second-order effects are
negligible. We can write the sub-grain size across all area of thermomechanical
conditions as [4]:

dc ¼ 0:25� 0:03 2 þ 0:058Rþ 0:0003 2 R ð12Þ

The variable R is defined as a temporally dependent rate function [4]:

R ¼ Gb3

jT
þ g

� �
1

ln C1ð Þþ ln Zð Þ
� �

ð13Þ

where Z is the Zener-Hollomon parameter describing strain-rate and temperature as

Z ¼ _ee
Q=RT where _e is the effective strain-rate, Q the activation energy

(Q ¼ 197 kJ mol�1 for self-diffusivity of Cu [13]), R the gas constant and T the
absolute deformation temperature.

Developing the relationship between grain size and the central variables of
deformation, we can proceed in constructing the model using the equation for flow
stress. In this model, workpiece is the semi-infinite medium while the deformation
zone is the oblique plane heat source moving with cutting velocity U. Taking the
origin at the intersection of the band heat source and the surface of the un-machined
work-piece (see Infrared image in Fig. 1b), the temperature rise at any point P x; zð Þ
on the work piece is given by [8, 9]:

DTP ¼ qpl
2pk

ZL

li

e� x�li sin hð ÞV=2a Ko
V
2a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� li sin hð Þ2 þ z� li cos hð Þ2

q� �

þKo
V
2a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� li sin hð Þ2 þ zþ li cos hð Þ2

q� �
dli

�
ð14Þ
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where x-axis is in the direction of the moving tool and z-axis points away from the
chip. The angle h is defined as the angle between the heat source and z-axis (see the
Fig. 1b for orientation of coordinates and explanation of various terms). In above

equation
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� li sin hð Þ2 þ z� li sin hð Þ2

q
and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� li sin hð Þ2 þ zþ li sin hð Þ2

q
are

the distances of the point P x; zð Þ from the primary heat source and the image source
(chip and tool intersection) respectively, k the thermal conductivity, a thermal
diffusivity, K0 the modified Bessel function of the second kind zeroth order,
qpl J

mm2s

� �
the intensity of heat liberation of the band heat source calculated from

qpl ¼ usU sin/.
The two models described above (microstructure base model for stress calcu-

lation and modified Hahn’s model for temperature calculation) [8, 9] setup a
thermomechanical and microstructurally coupled problem where we need to know
the temperature rise to calculate the shear strength values, which in turn is required
to calculate the temperature rise. To solve this problem, we consider an iterative
procedure where error between the calculated and measured temperature is mini-
mized to achieve appropriate constants (Fig. 2). First, it is necessary to determine
the sub-grain size using the calculated temperature allowing us to calculate the
homologous stress. Then we use the modified Hahn’s model to calculate the
temperature rise for the conditions for which the temperature has been measured
through IR thermography. After the temperature rise is calculated, the error between
experimental and calculated temperature rise is minimized to find the flow stress
equation constants. As this procedure does not depend on the flow stress equation
or the constitutive model, it could essentially be utilized to calculate any consti-
tutive model constants. This error is minimized using a genetic algorithm found in
Matlab. The flow chart is shown in Fig. 2 and the calculated stress is compared with

Fig. 2 Methodology for material characterization using temperature rise
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other constitutive models in Figs. 3 and 4. For the maximum flow stress equation,
the parameters are obtained as E = 64.12 MPa mm, C1 = 7:17� 10�4K�1,
C3 = 89.97 s mm−2 and D = 293.05 MPa.

All constants where predicted using the higher strain and strain-rate cutting
conditions. This consideration gives more accuracy for strain-rate depended models
as materials are subjected to HRSPD. Furthermore, to verify our model we have
evaluated the flow stress for the maximum deformation data points using Johnson
Cook [14] (Eq. 15), Cowper Symonds [15] (Eq. 16), and Zerilli Armstrong [12]
(Eq. 17) as follows:

r ¼ AþBenð Þ 1þC ln _e=_e0

� �� �
1� T � Tr

Tm � Tr

� �m� �
ð15Þ
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Fig. 3 Stress strain curve for Johnson-Cook [14] model, Cowper–Symonds [15] compared with
calculated flow stress. a Comparison for 0 L cutting condition. b Comparison for 20 M cutting
condition
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Fig. 4 Comparison between Zerilli–Amstrong model found in [12] and Zerilli–Amstrong model
calculated in this work
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r ¼ AþBenð Þ 1þ _e
C

� �1=P0
@

1
A ð16Þ

The iterative method was verified calculating Zerilli–Amstrong model constants
using temperature rise and compering them to Z–A constants found in [12] (Fig. 4).
For this model five constants where predicted Drg;C2;C3;C4;K as:

r ¼ DrG þC2e
1=2e �c3T þ c4T ln _eð Þ þ kd�1=2 ð17Þ

Figure 3 shows the maximum stress achieved for 0 and 20 L cutting conditions.
In this cutting condition the predicted maximum flow stress is similar to the
maximum stress calculated using the Z–A Model [12] and the C–S model found in
[15]. As the proposed model is not stress dependent, it only represents the maxi-
mum stress achieved during cutting process for a specific strain. Hence, an accurate
comparison between the proposed maximum flow stress model and the constitutive
CS and JC models should be in a determined strain condition. Here 8% of error is
achieve with respect to CS material model and 11% with respect to JC material
model.

Error between models can be explained considering that the proposed model is
not strain dependent, which leads to a poor estimation of the energy release us and
material model constants. On the other hand, the error with respect to CS model
should be smaller as the constants predicted for this model were determined using
an inverse Taylor impact model achieving strain-rates of 105 s−1 (see more detail in
[15]).

Material model constants for Z–A were calculated using the same process
described above. Model constants are estimated as Dr0G ¼ 41:45 MPa,
C2 ¼ 883 MPa, C3 ¼ 0:0036 MPa, C4 ¼ 0:000346 MPa, K ¼ 4:44 MPa mm2

which are material parameters in Eq. 17. The obtained model in this work is
compared with Z–A model in Fig. 4 for 0 and 20 L conditions.

Prediction of a couple elastic–plastic model requires many variables and phe-
nomenon to be considered. During orthogonal cutting process, ductile materials
experience elastic, plastic deformation and failure due to extreme deformation.
During ductile failure elastic modulus is degenerated as elastic energy is lost to
generate dislocation movements leading to micro voids and micro fractures. In Z–A
model there is no failure model coupled and hence in temperature rise calculation,
there is extra energy (in the energy term (us)) that turns into heat due to extra plastic
energy since it is assumed to be completely plastic. To understand this phe-
nomenon, we must consider the second law of thermodynamics for a continuum
material [16] as:

rij _e
p
ij � _ws þ Yij _Dij � qiT;i

T
� 0 ð18Þ
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This means the sum of the dissipation due to plastic power (rij _e
p
ij) minus the

stored energy density as Plastic Energy ( _ws) plus the dissipation due to damage

(Yij _Dij), is transformed into heat qiT;i
T

� �
[16]. This explains the error between the

calculated Z–A model and the model constants found in [12], as the cutting process
couples damage and plasticity and in this case the dissipation due to damage is not
considered. Therefore there is more plastic energy included in the model. Moreover,
dislocations are proportional to strain-rate, and damage is directly related with
dislocations. Hence, as the strain-rate increases it increases the error between the
models as the damage term is not added to heat generation, and temperature rise is
sub predicted. Consequently, the material generates more energy duo to plastic
deformation. However, if a damage model is coupled, the term _ws will be con-
siderably reduced and the damage term in heat equation (Yij _Dij) will take a key role
in the analysis of heat generation and temperature rise.

Conclusion

We established a microstructure-based method to predict an fcc material behavior
simulating the workpiece as a semi-infinite medium while the deformation zone is
the oblique plane heat source moving with cutting velocity. This allows us to couple
the constitutive or flow stress equation with geometry and thermal properties of the
material, considering the energy released during an elastic–plastic deformation
process. A maximum stress model was calculated considering a saturated condition
for sub-grain size. We obtained the result for flow stress in good agreement with
other constitutive models found in [13–15]. It was proved that constants for dif-
ferent constitutive models can be predicted using the modified Hahn’s model [8, 9]
allowing to predict material behavior with almost no error. However, as the metal
cutting process involves elastic–plastic deformation and material failure, it is nec-
essary to take the effect of mechanical failure of material into consideration for
establishing the constitutive models at high strain-rates.
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Precipitating Behaviour of Second Phase
Particles in Lightweight Fe–Mn–Al–C–N
Stainless Steel

Wei Hou, Xiaoyu Han, Jingtao Wang and Jun Bao

Abstract Lightweight stainless steel has widely potential applications in many
fields, such as automobile, ship, submarine manufacturing and aerospace. The
properties of lightweight stainless steel are significantly affected by the precipitating
behaviour of second phase particles. In this paper, the precipitating behaviour was
investigated by XRD, DSC in the process of heating and thermodynamic calcula-
tion combining the Miedema’s and Chou’s model. The XRD results indicate that
there are five types of phases in lightweight Fe–Mn–Al–C–N stainless steel: ferrite,
FeAl, AlMn, AlN and Mn4N. The DSC results show that the precipitating tem-
perature of FeAl, Mn4N is 1260, 1031 °C, respectively, corresponding to the
thermodynamic calculation. Besides, The DSC measurement reflects the precipi-
tating temperature of AlMn and austenite is 934 and 600 °C.

Keywords Lightweight stainless steel � Second phase particles
Precipitating temperature � Thermodynamic calculation

Introduction

Lightweight stainless steel based on the high aluminum concentration has very
attractive properties [1–5], such as low density, high melting temperature, high
thermal conductivity, very good oxidation resistance ability and hot corrosion
resistance, which have been playing an active role for the application in high tem-
perature and corrosive environments due to the ability to form protective Al2O3

scales [6–8]. This type of steel has attracted considerable attentions as a potential
candidate for structural and coatings applications at elevated temperatures, and can
become a promising substitute for traditional stainless steels in the foreseeable
future. The researches of the addition of aluminum to the stainless steels have
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been widely reported, Ham et al. obtained that lightweight Fe-10.2%Al-34.4%
Mn-0.76%C stainless steel has lower densities over S30210, and also showed good
processability and excellent oxidation resistance performance even at 815 °C [9].
Zhu et al. [10] have researched the corrosion resistance and corrosion film on the
interface of Fe-31%Mn-8%Al alloys, results showed that the addition of aluminum
is the key factor to the corrosion resistance of this Fe–Mn based alloy. Russia and
Japan have developed lightweight Fe–Mn–Al stainless steel in succession and this
steel has been applied to submarine manufacturing benefitting from their corrosion
and flushing resistance in seawater. In addition, compared with the chromium nickel
stainless steel and copper alloy, this steel has lower cost and density [11]. However,
the properties of lightweight stainless steel could be significantly influenced by the
formation and distribution behaviors of the second phase particles. Chang et al. [12]
have reported that smaller nanocrystalline AlN phase can led to higher surface
hardness and better corrosion resistance. Nevertheless, if AlN phase has severely
precipitated at the crystal boundary, it could wreck the continuity of the base and
accelerate the forming and expanding of the cracks thus decreasing the strength of
the steels. So, it is necessary and crucial to study the precipitating behaviors of the
second phase particles in lightweight stainless steel.

In the present study, the theoretical calculation, which is based on the
Miedema’s and Chou’s model [13–15], combines with experiments by means of
precise method of XRD and DSC technique in the process of heating were used to
explore the precipitating behavior of second phase particles in lightweight Fe–Mn–
Al–C–N stainless steel Please note that the equations have been renumbered to
maintain sequential order..

Experimental Procedure

Sample Preparation

In the experiments of smelting, 45# steel ingot, silicon iron, Mn–Fe alloy con-
taining N, graphite and aluminum were employed. The smelting process was per-
formed with the use of a 25 kg vacuum induction melting furnace. The experiment
began with introducing 45# steel sample (of pre-specified mass) to the melting pot
placed in the induction coil of the furnace. Given that these alloy materials and
addition agents will be added to the pot during the melting process step by step, the
furnace is always kept open and nitrogen gas is top-blown to protect melts from
oxidation. When the test was completed, liquid metal was poured into the cooled
mold. When it solidified and the furnace cooled down, the furnace chamber was
opened and the steel sample was analyzed for the chemical composition. The
chemical compositions of the steel were analyzed by XRF-1800 X-ray fluorescence
spectrometer and the results were presented in Table 1.

Phase of the melted samples were characterized by a Rigaku D/max 2500/PC
X-ray diffractometer (XRD) using Cu Ka. Scanning was carried out at an angular
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range from 10° to 90° and scan rate of 4°/min. MDI Jade 5.0 was utilized to analyze
the intensity data obtained by XRD analysis. Figure 1 shows the XRD patterns of
the lightweight Fe–Mn–Al–C–N stainless steel. Careful examination of the
diffraction pattern revealed the presence of the Mn4N, FeAl, AlN, AlMn phases in
addition to aFe.

The Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) tests were carried by NETZSCH STA
449F3 differential thermal analyzer. The test samples in an alumina crucible were
heated from room temperature to 1500 °C at a rate of 20 K/min in Ar (20 ml/min)
protective atmosphere. Meanwhile Ar as reactant gases were blown into the furnace
at 50 ml/min to enable complete reaction with the samples at the temperature rise
period. To exclude the influence of the system error from the thermal analyzer and
the buoyance force from the gas, a blank test was conducted under the same
elimination conditions with no samples in alumina crucibles. It is noticeable that
activation energy for the main exothermic reaction was obtained by using DSC
measurement. Figure 2 expressed the DSC curve of the Fe–Mn–Al–C–N light-
weight stainless steel in the continuous heating process, in which there exists
around 6 endothermic peaks (peaks F, E, D, C, B, A in order). The peak E, C, and B
correspond to the phase transition of austenite, Mn4N, and FeAl, respectively and
the peak F, and A coincide with the heat absorption of water evaporation and the

Table 1 The chemical composition of lightweight Fe–Mn–Al–C–N stainless steel

Element Al Si Mn C N Fe

wt (%) 14.969 1.01 8.366 0.650 0.200 74.805

Fig. 1 XRD patterns of the
Fe–Mn–Al–C–N lightweight
stainless steel
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melting process of the experimental of steel. Previous investigations have shown
the phase transition temperature of AlMn ranges from 900 to 1005 °C, and com-
bining the Aluminum-Manganese(Al–Mn) binary phase diagram [16] with the
experimental results from XRD analysis, the existence of the AlMn phases could be
identified. Analogically, peak D corresponds to the phase transition temperature of
AlMn phase.

Thermodynamic Calculation

The Precipitating Behaviour of AlN and Fe3C
in the Solidification Process

The melting point of lightweight Fe–Mn–Al–C–N stainless steel was estimated by:

T ¼ Tiron �
X

DTi � xi % ð1Þ

where T is the temperature of the liquid phase in the solidification process, Tiron is
the melting point of pure iron, DTi is the decreased solidifying point temperature of
the addition of i elements (1 wt%) to the steel (presented in Table 2) and xi % is the
content of i elements in the steel, as presented in Table 2.

Substituting these parameters into Eq. (1), the melting point of the experiment
use of steel is 1420 °C, in accordance with the result of experimental measurement
from DSC.

the Gibbs energy of AlN can be written as:

Fig. 2 Thermal analysis
results of Fe–Mn–Al–C–N
lightweight stainless steel
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Al½ � þ N½ � ¼ AlNðSÞDGAlN ¼ �393880þ 119:547T ð2Þ

According to Eq. (2), when T = 1420 °C, the result can be obtained:
DGAlN ¼ �204895\0

Analogically,

3Fel þ C½ � ¼ Fe3C Sð ÞDGFe3C ¼ �159302þ 70:82T ¼ �39403\0 ð3Þ

From the results of thermodynamic calculations, the precipitation phases of AlN
and Fe3C can meet the thermodynamic requirements, so AlN and Fe3C could be
precipitated in thermodynamic respect. However, according to the thermodynamic
principle, a phase is more prone to form as it has a lower Gibbs energy of formation.
It can be observed that the Gibbs energy of formation of Fe3C is considerably
higher than AlN, so the precipitates of AlN were nucleated preferentially.
Meanwhile, the AlN phase was identified rather than Fe3C in the XRD experi-
mental results, which correspond to the results of the thermodynamic calculations.

The Precipitating Behaviour of FeAl and Mn4N
in the Solidification Process

The Miedema’s model is widely used for estimating the formation enthalpy of
binary compounds [17–20]. The Miedema model is expressed as

DHij ¼ fij
xi 1þ lixj ui � uj

� �� �
xj 1þ ljxi uj � ui

� �� �
xiV

2=3
i 1þ lixj ui � uj

� �� �þ xiV
2=3
i 1þ ljxi uj � ui

� �� � ð4Þ

With fij defined as

fij ¼ 2pV2=3
i V2=3

j

q

�
p n1=3ws

� �
j� n1=3ws

� �
i

h i2
� ui � uj

� �2�a c=pð Þ
� �

n1=3ws

	 

i
þ n1=3ws

	 

j

ð5Þ

where DHij is the formation enthalpy of binary alloy, niws and n j
ws are electron

density parameter of i and j elements,ui and uj are electronegativity for i and j
elements, a, l, c, p and q are empirical parameters associated with the elec-
tronegativity, electronic properties and so on of solute atoms. In liquid metal,

Table 2 The information of
xi% and DTi in the
lightweight Fe–Mn–Al–C–N
stainless steel

Elements Fe C Mn Al N

DTi – 65 5 3 90

xi% 75.81 0.65 8.37 14.97 0.2
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a = 0.73, in solid solution, a = 1. The values of p and q depend on the type of
metals forming the alloy/intermetallic compound. In general, the value of p is taken
as 14.2 for metals with valency higher than 2, and 10.7 for metals with valency of 1
or 2. The p/q ratio is maintained at 9.4. The factor c takes the values 8 and 0 for
intermetallics and solid solutions, respectively. The values of n1=3ws , u, V , l are as
shown in Table 3.

In a binary system, the relation between GE
ij and DHij, and SEij is given by

GE
ij ¼ DHij � TSEij , where T is the absolute temperature of the system, since the

melting point of individual component is at least above 1000 K, according to the
data of DSC. So SEij is much smaller than the absolute value of DHij. Analogically,

GE
ij ¼ DHij. Considering the results of experimental measurement from DSC, only

Fe–Al, Mn–N and Al–Mn are calculated by substituting these parameters into
Eqs. (2) and (3). The formation enthalpies and excess partial molar free energies of
Fe–Al, Mn–N and Al–Mn binary alloy system are as shown in Table 4.

From the results of thermodynamic calculations, the formation enthalpies of Fe–
Al, Mn–N and Al–Mn binary alloy system can meet the thermodynamic require-
ments, so the phases formed by Fe–Al, Mn–N and Al–Mn binary alloy system
could be precipitated in thermodynamic respect. The formation enthalpies of Mn–N
phase are the lowest, as the chemical bonding in MnN is a combination of ionic
Mn–N.

The Gibbs free energy of the solution system could be changed if other atoms
there exist, which will interact with the original system. The Gibbs free energy of
quinary systems can be estimated if formation enthalpies of binary systems and the
activities of the quinary Fe–Mn–Al–C–N system as known, but only a part of the
activities can be measured by experiment. In this work, based on binary Miedma’s
model and Chou’s model for multicomponent systems, the theoretical formula was
derived by coupling with excess entropy introduced by free volume theory for a
series of thermodynamic properties. In particular, in combinations with several
basic thermodynamic relations, the activity coefficient of a solute at infinite dilution
solution, lnc1 in liquid iron-based system.

Based on the Miedema model, an extrapolation model which is available to
quinary Fe–Mn–Al–C–N system is proposed by the Chou’s model. The model can
be described as

Table 3 The value of u,
n1=3ws , V

2=3 and l in Miedema
model

Element u n1=3ws V2=3 l

Cr 4.65 1.73 3.74 0.10

Mn 4.45 1.61 3.78 0.04

Fe 3.103 1.77 3.69 0.10

Al 4.2 1.39 4.64 0.07

C 6.24 1.77 2.20 0.04

N 6.86 1.65 2.56 0.04
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Xj ijð Þ ¼ xj þ
X
k 6¼i;j

xk ð6Þ

With

GE
i ¼ GE þ @GE

@xi

� �
x½j;k�

�
Xk�1

j¼1

xj
@GE

@xj

� �
x½j;k�

ð7Þ

Analogically, with ln c1 defined as

ln c1 ¼
x2

1� x1
ln c1ð12Þ þ

x3
1� x1

ln c1ð13Þ þ
x4

1� x1
ln c1ð14Þ þ

x5
1� x1

ln c1ð15Þ

� x2x3
ð1� x2Þ2

ln c2ð23Þ �
x2x4

ð1� x2Þ2
ln c2ð24Þ �

x2x5
ð1� x2Þ2

ln c2ð25Þ �
x3x4

ð1� x3Þ2

ln c3ð34Þ �
x3x5

ð1� x3Þ2
ln c3ð35Þ �

x4x5
ð1� x4Þ2

ln c4ð45Þ

ð8Þ

where xi, xj, xk are mole fractions of quinary constituents is the quinary alloy.
The Gibbs energy of AlN can be written in the Gess’s Law format:

Feþ Al½ � ¼ FeAl DGFeAl ¼ �27:72þ 0:0187T ð9Þ

When DGFeAl = 0, according to Eq. (9) the precipitation temperature of FeAl
was calculated as 1210 °C.

Analogically,

4Mnþ 0:5N2 ¼ Mn4NðSÞ DGMn4N ¼ �87:661þ 0:06516T ð10Þ

When DGMn4N = 0, according to Eq. (10) the precipitation temperature of Mn4N
was calculated as 1072 °C.

From the results of thermodynamic calculations, the precipitating temperature of
FeAl, Mn4N is 1210, 1072 °C, respectively, corresponding to the results of
experimental measurement from DSC, indicating that the thermodynamic calcula-
tions can well describe the precipitating behaviour of second phase particles in the
experimental use of steel.

Conclusions

In the present study, the thermodynamic characteristics and formation mechanism
of second phases in the Fe–Mn–Al–C–N system are investigated, and following
conclusion are summarized:
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(1) From the results of the experiments, the phase composition of the Fe–Mn–Al–
C–N system steel are ferrite, FeAl, AlMn, AlN and Mn4N phases.

(2) The precipitating temperature of FeAl, Mn4N, AlMn and austenite is 1260,
1031, 934, and 600 °C, respectively, corresponding to the theoretical calcula-
tion results.
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Local Texture Evolution and Mechanical
Performance of Ultra-High-Speed Friction
Stir Weld of AA 6111-T4 Sheets

Jingyi Zhang, Yuri Hovanski, Piyush Upadhyay and David P. Field

Abstract Friction stir welding has gained wide interest in industry and drawn large
research attention due to its high level of automation and superior joint perfor-
mance. In this study we further expand the welding parameters to be of magnitudes
higher than those previously reported to lower the cost and enable high volume
joint production. Sound butt-joints were produced with aluminum alloy 6111-T4
blanks with welding speeds up to 6000 mm/min. Tensile tests of the joint pieces
show >97% joint efficiency in terms of ultimate tensile strength. The T4 natural
aging and grain refinement is found to contribute to the superior joint properties.
Electron backscatter diffraction (EBSD) analysis is used to qualitatively study the
local shear texture inside the nugget zones of the welds. The shear texture result is a
good indicator of the material flow directions in the nugget zones. The flow
directions behind the rotation tool are found to be flattened towards the top surface
of the workpiece when the welding speed is increased, suggesting intense material
mixing and transportation along the longitudinal welding direction (WD).

Keywords High-Speed � FSW � AA6111 � Texture � EBSD � Tensile
Mechanical � Butt-joint

J. Zhang (&) � D. P. Field
School of Mechanical and Materials Engineering,
Washington State University, Pullman, WA 99163, USA
e-mail: jingyi.zhang2@wsu.edu

Y. Hovanski
Manufacturing Engineering Technology, Brigham Young University,
Provo, UT 84602, USA

P. Upadhyay
Pacific Northwest National Lab, Richland, WA 99352, USA

© The Minerals, Metals & Materials Society 2018
B. Li et al. (eds.), Characterization of Minerals, Metals,
and Materials 2018, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-319-72484-3_27

249



Introduction

There are a large number of published studies about the friction stir welding (FSW)
process, its forming mechanisms, and evaluation of the products [1–9]. The tech-
nology was first developed as a next generation joining method for aluminum
alloys. Many intrinsic features of FSW directly lead to advantages of FSW in
joining aluminum alloys, especially heat-treatable aluminum alloys. The process is
a solid state joining process which means no material melting is involved; only the
immediate neighboring materials in the workpiece along the weld seam are softened
by friction heat and adiabatic heat and then mechanically mixed. This reduction of
heat input is beneficial in preserving the high level of strength in heat-treatable
aluminum alloys because the major strengthening mechanism in these types of
alloys is precipitate strengthening [5, 10–15]. Holding heat-treatable aluminum
alloys at higher temperatures for extended periods of time as required by traditional
fusion welding will lead to growth or dissolution of the strengthening precipitates
intentionally introduced by previous heat-treatment steps.

However, there are still some limiting factors in the application and under-
standing of FSW in aluminum alloys. The complex material flow field and asym-
metric microstructures have been examined in many papers and some empirical
descriptions are commonly accepted. No general rule of thumb is established to
predict the behavior of joint product given the welding parameters. The complicated
material flow field is still a black box even with some attempts to experimentally
trace or numerically simulate the process. Another shortcoming of FSW is the
relatively slow welding speed, usually on the level of tens to hundreds of mil-
limeters per minute. The slower joining speed limits the use of FSW in industry as it
increases the cost of manufacturing and the production period. To investigate the
possibility of further increasing the welding speed and the effect on mechanical
performance of the products we increased our welding speed to 6000 mm/min,
comparable to the commercially available speeds of laser welding.

A statistical study was performed with the body of literature available on web of
science to better understand the current landscape of research on FSW, specifically
butt joining of heat-treatable aluminum alloys. The papers that are peer-reviewed
publications, with experimental studies of butt joint FSW on heat-treatable
(sometimes referred to as high-strength) aluminum alloys were searched and
selected on April 17th, 2017 and yields 544 items. The abstracts and keywords of
these studies were exported as a text body and the frequency of each unique word
were counted. The most frequent words that are related to material properties are:
“ductility”, “formability”, “residual stress”, “corrosion”, “microstructure”, “tex-
ture”, “mechanical”, “toughness”, “fatigue”, and “hardness”. The count of papers
that included these words in their abstract is perceived as an indicator of how
extensive the subject has been studied and is summarized in Fig. 1(left). To
investigate the range of welding parameters in FSW, 50 random papers in the
selected body were read and the highest welding speed and rotation speed
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combination used are summarized in Fig. 1(right) as small open circles [5, 16–33].
The vast majority of these parameters fell in the red triangle marked on the image
with welding speeds lower than 2000 mm/min and rotation rates lower than
2000 rpm. In this study we used parameters marked by the solid orange squares,
with ultra-high welding speeds up to 6000 mm/min at rotation rates of 4500 rpm.

Materials and Methods

The base material (BM) used in this study is 2.7 mm thick commercial aluminum
alloy AA6111-T4 sheet. The sheet form of AA6111 is commonly used for outer
autobody panels in automobile applications. The designation T4 indicates that the
material is naturally aged, reaching a lower strength but preserving most of the
ductility. Three sets of FSW butt joints were made with the welding speed and
rotation rate combination of: weld #1 (3000 mm/min, 4000 rpm), weld #2
(4500 mm/min, 4250 rpm), weld #3 (6000 mm/min, 4500 rpm). The welding
direction is perpendicular to the rolling direction of the sheet. Sub-sized rectangular
tensile specimens designed following ASTM B557 were machined perpendicular to
the welding direction with the weld located in the center of the gauge. The gauge
section is 25.4 mm in length and 6.35 mm in width. Metallographic samples of the
cross sections of the welds were prepared and etched with 10% NaOH for optical
examination. The same samples were then mechanically polished for EBSD
acquisition. A FE-SEM with 20 kV accelerating voltage was used to collect EBSD
patterns from the cross sections of all welds. The EBSD scans were then analyzed
with OIM software, no data cleanup was applied for the scans used in texture
analysis.

Fig. 1 Summary of the current landscape of study on FSW heat-treatable aluminum alloys. Left:
the most studied properties and the counts of papers for each property. Right: the distribution of
welding speeds and rotation rates in the literature and in this study
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Results and Discussion

Tensile Test

The results from tensile tests are presented in Figs. 2 and 3. The locations of
fracture can be observed in Fig. 2 on the left. The samples in this image from top to
bottom are the base material (BM) sample, weld #1 sample, weld #2 sample and
weld #3 sample. There is no fracture observed in the nugget zone. Typical engi-
neering stress-strain curves obtained from the tensile tests are presented in Fig. 2 on
the right. The three samples with a weld have very similar stress-strain curves, and
are almost the same as the BM curve before yielding. All samples with a weld have
a clear reduction in elongation at break compared to BM. The important data
exported from the stress-strain curves in Fig. 2 are plotted in Fig. 3. The weld
samples have a higher yield strength, lower UTS, and similar Young’s modulus to
the BM samples (all within 5%). The UTS joint efficiencies are all above 97%. The
elongation at break drops significantly from 29.9% without weld to 21% with a
friction stir weld, which yields about 70% efficiency in elongation.

Microstructure and Microtexture

The microstructure on the cross sections near the welds were examined with both
light microscopy and EBSD method (Fig. 4). The two techniques both show severe
microstructure gradient between the base material and the nugget zones. In the
optical images the weld nuggets reveal much smaller grain sizes than in the BM.
Alternating layers of grains with different contrast can be seen in the nugget zones
close to the advancing side. The orientation maps in Fig. 4 provide a rough
impression of the local texture in and around the welds, with the colors corre-
sponding to the inverse pole figure orientation relative to the welding direction. The

Fig. 2 Raw tensile results. Left: broken tensile samples after tests. Right: the representative
engineering stress and strain curves of the welded tensile samples compared with the BM sample
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alternating layers inside the nugget zones in the optical images are also observed in
the EBSD orientation maps and appear to have a layered texture structure.

All the nugget zones have very fine recrystallized grains. The nugget center of
the welds have average grain diameters of 5–7 lm while the average grain diameter
in the BM is 50 lm. The distribution of grain sizes in the nugget zones of the three
welds are mapped out in Fig. 5. The x-axis in Fig. 5 is the distance from the weld
center, with the advancing side (AS) to the left and the retreating side (RS) to the
right. The y-axis is the relative depth through the thickness of the sheet, where 0
represents the middle layer and positive values are closer to the top surface of the
sheet. The units for both axes are in mm.

The faster welds have smaller grains in the nugget zones compared to the slower
welds. This is because with higher welding speeds and larger traverse distance per
revolution, heat generation per unit length of weld is reduced and cooling rate after
joint formation is increased. The overall cooler conditions and faster cooling rates
lead to less grain growth after recrystallization.

The texture in the nugget zones of FSW aluminum alloys is commonly observed
to be of simple shear type. Typically observed components are partial B fibers and
C components. The local shear directions across the nugget zone were found to
trace the outer shape of the rotating tool pin, usually bowl-shaped hovering over the
cylindrical tool pin. The shear direction at the weld center behind the center of tool
pin was found to be 70° away from the top surface. The upper part of the weld is
closer to the tool shoulder and has shear directions angled more towards the top
surface. To check if the high speed welds follow the general observations made in
the much slower welds, continuous local fine scans of the center layer of the weld

Fig. 3 Summary of key results derived from the tensile tests. Top left: yield strength; top right:
ultimate tensile strength; bottom left: elongation at break; bottom right: Young’s modulus

Local Texture Evolution and Mechanical Performance of Ultra … 253



Fig. 4 Microstructure of the welds. Images a–c are the optical images of the cross section of weld
#1, weld #2 and weld #3 respectively. The images d–f are the corresponding orientation maps with
grain orientation colored with respect to the welding direction. The bottom two orientaion maps
are BM: base material cross section microstructure, and DXZ: nugget zone center microstructure in
weld #2

Fig. 5 Grain size mapping in the nugget zones. From top to bottom are nugget zone maps of weld
#1, weld #2 and weld #3 respectively
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#1 and weld #3 nuggets were collected. Pole figures every 300 lm were calculated,
and are listed in Fig. 6. The pole figures on the top row are from the center layer of
weld #1 and the pole figures on the bottom row are from the center layer of weld #3
nugget zone. The pole figures are arranged by their physical location from the
advancing side (AS) to the retreating side (RS) of the weld from left to right. All
pole figures show some extent of fcc shear texture and have gradually rotated pole
directions in neighboring locations.

The local shear direction in aluminum can be tracked by recording the rotation
matrix when rotating the local crystal orientations so that the shear textures are
matched with the ideal fcc shear texture. A backwards spatial rotation using the
same rotation matrix can give the shear direction as indicated by the texture
information with respect to the spatial coordinates in the workpiece. The derived
shear directions on each location in the nugget zones are summarized in the plot in
the bottom box of Fig. 6a shows the shear directions across the nugget for weld #1
and Fig. 6b shows the local shear directions across the nugget for weld #3. The
black dotted line marks the circular shape of the backside of the tool pin surface.
Previous studies generally observed that material shear directions follow this
semicircular shape. The blue line segments are local shear directions obtained by
the rotation of each pole figures as mentioned above. The line thickness is scaled
with the maximum texture intensity (or shear texture strength) at each location.
Note that these lines only provide information about local material flow directions
and do not provide knowledge about the material flow velocity. Both welds have a
majority of shear directions tracing the semicircle with a considerable vertical

Fig. 6 The local texture analysis in weld nugget zones of weld #1 and weld #3. The top box list
the local pole figures in the nugget zones of weld #1 and weld #3 from AS to RS, in the
cross-section view plane. The bottom box is the illustration of the shear directions derived from the
pole figures. a Summary of the local shear directions around the back circular surface of weld #1.
b Summary of the shear directions around the back circular surface of tool in weld #3

Local Texture Evolution and Mechanical Performance of Ultra … 255



component indicating upward lifting/mixing of material. The shear directions in the
faster weld (weld #3) are more flattened toward the top surface as we suspected. To
quantify the direction difference in the two welds, shear direction at the center of the
weld (i.e. directly behind the tool) are selected and their tilt angles from the top
surfaces are found to be 66° and 43° for weld #1 and weld #3 respectively.
Illustrations of material flow directions behind the tool are sketched in the bottom of
Fig. 6. The smaller tilt angle from top surface in faster weld #3 suggest the faster
moving tool has more of a “dragging” effect on the mixing of material along the
welding direction. This change in flow (shear) direction suggests that with higher
welding speed, more longitudinal material mixing can be expected. There may also
be larger longitudinal residual stress after welding.

Conclusions

High-speed (up to 6000 mm/min) FSW butt joints of AA6111-T4 were made with
good mechanical performance. The weld efficiency is 97% in terms of UTS. The
high level of tensile strength is due to the starting naturally aged T4 temper and
grain refinement during the FSW process. The yield strength and Young’s modulus
are both kept on the same level regardless of the presence of a weld. The elongation
at break was reduced from 29.9% in the base material to about 21% when a FSW
weld is present. The complex microstructures in and near the welds are recorded
with both light microscopy and EBSD. The texture in nugget zones are found to be
mainly of fcc simple shear texture, as observed in the literature. The local texture
variation in the nugget zones was analyzed to reveal the local material flow
directions. Using spatial rotation to match shear texture frame with real sample
space we found out the local shear direction and used this direction as a repre-
sentation of the last step material flow inside nugget zone. The higher welding
speed resulted in the “flattening” of material flow directions toward the top surface.
This change in flow direction indicates that higher welding speed leads to more
material transportation and mixing along the welding direction.
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Characterization of HPGR Pre-treated
Sinter Feed

Mingming Zhang, Udaya Bhaskar Kodukula and Marcelo Andrade

Abstract The physical and chemical properties of sinter feed are important factors
that determine the productivity and quality of sinter product. In this study the
feasibility of treating sinter feed by high pressure grinding rolls (HPGR) is inves-
tigated for selective cracks generation exploiting weak zones along grain bound-
aries of poor quality iron ores without generating much fines. The pre-treated sinter
feed was characterized for size distribution, surface area, contact angle, and SEM
analyses. The characterization results indicated that surface area of the pre-treated
sinter feed sample increased about 20%. Pot-grate sintering tests results also indi-
cated improvement on cold permeability, sintering yield and productivity, sinter
Tumbler index, and low temperature degradation index (LTD) after HPGR
pre-treatment.

Keywords High pressure grinding rolls � Iron ores � Sintering

Introduction

Sinter plants for integrated steel mills have been facing challenges to increase sinter
productivity with declining quality of raw materials and demanding environmental
regulations [1]. In addition, major iron ore suppliers have been not only gradually
decreasing amount of iron ores that has high ferrous grade, and good sintering
properties, but also pushing new iron ores with poor sintering performance. There is
an increasing trend for silica in typical sintering feeds as shown in Fig. 1 and it has
been considered as an unavoidable trend in the future. With the recovery of iron ore
price, this demands innovative use of cheaper iron sources, while still maintaining
the quality and productivity standards.
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There have been some reported studies of using high pressure grinding rolls
(HPGR) to treat poor quality iron ores for pelletizing and sintering. The influence of
HPRG pre-treatment of iron ore concentrate on sintering and pelletizing perfor-
mance has been reported recently [2–4]. Results of mini-sintering tests showed that
assimilation temperature of iron concentrate fines decreased from 1230 to 1220 °C
and assimilation time was shortened from 10 to 5 min when the iron concentrate
fines was pretreated by HPGR. Sinter pot tests showed that the yield of sinter
increased from 60 to 73%, tumble index increased from 44 to 47%. However, the
HPGR treated iron ore concentrates need to be fully characterized to understand the
mechanism of the improvement of granulation property and reactivity in solid state
reaction.

Experimental

Feed Materials

Iron ore samples from a Brazilian mining production plant was used as feed
material for the HPGR experiments. The iron ore consisted about 32% of the
−0.1 mm fraction, with F80 = 1.5 mm and F50 = 0.6 mm. The iron ore is a very
hard and mechanically competent material with a Bond’s work index of 19.6 kW h/
ton. Approximately 12 kg of charge was used for each batch experiment. The
moisture level of the as-received iron ore sample was found to be close to 7.0%.

Grinding Tests

HPGR tests were performed at University of Utah using a laboratory HPGR unit
with studded surface rolls measuring 200 mm in diameter and 100 mm in width. To
isolate the center product from the less representative edge product the unit was

Fig. 1 Historical evolution
of silica content of a typical
sintering feed used at sinter
plant
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equipped with a discharge splitter arrangement. The products were collected
manually, disregarding the part of product stream originating from the very
beginning and very end of the batch. The edge product was collected to determine
the throughput of the press, but only the center product was used in further testing
and analysis. Experiments with different feed moisture, roller speed, operating gap
and pressure were conducted. Following the HPGR batch tests, representative
samples of the center product from each batch were subjected to further charac-
terization. Simplified flowsheet of the HPGR circuit is given in Fig. 2.

Characterization of Iron Ore Samples

The specific surface area of the iron ore samples was measured using a BET
SA-9600 surface area analyzer (Horiba, New Jersey, USA). All the iron ore samples
were measured using nitrogen at the temperature of 77 K. For the measurement of
particle size, the sieve sizing method and the laser diffraction method were used.
The laser diffractometer used in this study was a Cilas 1190 laser particle size
analyzer (Madison, WI, USA). Contact angle measurement were made using a
CAM-PLUS contact angle meter (ChemInstruments, Fairfield, OH, USA).

Results and Discussion

The results of this study are organized in three separate but interrelated sections.
The first section discusses the size distribution of feed materials and HPGR product,
whereas the second part addresses the characterization of HPGR product in terms of
surface area, particle morphologies, permeability and contact angle. The third
section presents the results of pot-grate sintering test results using the HPGR treated
iron ores.

Feed 

HPGR 

  Edge product  Center Product    Edge Product 

            Product Optimized  Characterization 

Pot-grate Sintering Test 

Laboratory HPGR test:
Process parameter optimization 
Generation of test samples for 
granulation and pot-grate tests

Fig. 2 Simplified flowsheet of the laboratory HPGR test
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Operating Pressure and HPGR Product Size Distribution

The main HPGR operating parameters, such as specific operating pressure, roller
speed, operating gap, throughput and specific energy consumption, were registered
in each batch test. Figure 3 presents the size distribution of feed and products at
three levels of specific operating pressure. The operating pressure, obviously, it
affects product size distribution. The test results indicated that higher pressure
resulted in higher size reduction ratio. However, there is a marginal difference in the
size distribution between the products run at 2 Mpascal and 3 Mpascal, though
larger flakes were observed at higher pressure. To achieve desired size reduction
ratio while avoiding too much flakes in products, 2 Mpascal pressure was selected
for continuous HPGR production for sinter pot tests.

Characterization of HPGR Product

Figure 4 and 5 show the morphology of the iron ore samples before (A. Feed) and
after HPGR treatment (B. HPGR product). It is observed that the particle surface
turns to be more irregular, with more internal microcracks, sharp corners and edges
appearing after HPGR grinding. The rougher shape brings more inter-particles
contact areas and consequently brings higher mechanical strength. Rough shaped
particles with lots of crystal defects also exhibit advantages in granulation and
sintering owing to enhancement in surface activity during mechano-chemical
activation by HPGR. Mechanic energy during high pressure compression is stored
in the concentrate grains in the form of chemical energy and surface energy [5, 6].

Granulation and pot-grade sintering tests were conducted to evaluate the impacts
of HPGR treatment on sintering performance. The comparison of moisture, surface
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Fig. 3 Sieving analysis of iron ore before and after HPGR treatment
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area, cold permeability and contact angle before and after HPGR treatment are
shown in Table 1. As shown in the table, the physical properties of iron ore samples
changed significantly. After HPGR treatment, the iron ore sample showed about
20% increase in surface area and the cold permeability was improved about 18%.
The contact angle measurement also indicates that the HPGR treated iron ore
samples turned out to be more hydrophilic than iron ore samples without HPGR
treatment, which is a condition for enhanced wettability and in turn better
granulation.

deeF.A

+3.35 mm -3.35 + 1 mm -1 + 0.3 mm

 B. HPGR Product  

-1 + 0.3 mm - 0.3 + 0.1 mm -0.1 mm 

Fig. 4 Optical micrographs of iron ore before and after HPGR treatment

RGPHAs-received treated 

Interior micro-cracking

Fig. 5 SEM micrographs of iron ore grains before and after HPGR treatment
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Pot-Grate Sintering Test Results

Figure 6 shows the comparison of pot-grate sintering test results using iron ore
samples with and without HPGR treatment. Comparing with baseline (without
HPGR treatment), sintering test using HPGR treated iron ore resulted in significant
improvement on cold permeability and sinter low temperature degradation
(LTD) index with an average of about 20% improvement. In addiiton to the
improved sinter LTD, sinter yield, Tumbler and productivity improvement are also
observed with an average of 3% increase.

HPGR activation of iron ores can be attributed to increase in the surface area
without generating much ultrafines (< 45 lm). Selective breakage along the grain
boundaries due to inter-particle compressive forces left micro-cracks and
hydrophilic surfaces on particles and resulted enhanced granulability during the
granulation process. This resulted in high bed porosity and permeability and in turn
the quality and productivity.

Table 1 HPGR pre-treatment of iron ore samples

Parameters Unit As received HPGR treated ±, %

Moisture wt% 7.8 5.6 −28.2

BET surface area m2/gram 8.69 10.54 21.3

Cold permeabilitya JPU 38.65 45.79 18.5

Contact angle degree 90 82 −8.9
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Fig. 6 Pot-grate sintering test results using HPGR treated iron ore
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Conclusions

The characterization of iron ore samples before and after HPGR treatment by
various methods and its indication on the particle size/morphology, surface area,
contact angle and sintering performance were discussed in this study. The con-
clusions can be summarized as follows,

(1) The homogeneity of the particle size was studied by comparing the results of
laser diffraction, optical micrograph and that of SEM observation, the con-
clusions of the two measurements agree well. The shapes of the particles
influence the specific surface area apparently, the samples with like-slice and
like layer particles have high specific surface area.

(2) The specific surface areas of the iron ore sample increased about 21% after
HPGR treatment.

(3) The cold permeability and pot-grate sintering test results show that cold per-
meability and sinter low temperature degradation (LTD) index increased about
20% with HPGR treatment. Further, the treatment improved sinter yield,
Tumbler and productivity with an average of 3%.

(4) Application of HPGR increased granulation through improved surface area and
activation sites and in turn improved sinter bed permeability and overall sinter
productivity.

Acknowledgements The authors would like to thank ArcelorMittal Global R&D management for
their permission to publish this work.
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Thermogravimetric Analysis on Reduction
Behavior of Powdery Dicalcium Ferrite

Chengyi Ding, Xuewei Lv, Gang Li, Chenguang Bai, Senwei Xuan,
Kai Tang and Yang Xu

Abstract Dicalcium ferrite (2CaO�Fe2O3, C2F) is one of the most significant
bonding phase of fluxed sinters. Reduction of C2F was investigated via thermal
kinetics analysis. The isothermal reduction behavior of C2F by 30% H2 and 70% N2

at 1123 K (850 °C), 1173 K (900 °C), and 1223 K (950 °C) were discussed by
thermogravimetric analysis in this paper. The results revealed that the C2F reduction
was typical one-step reaction. The apparent activation energy of the C2F reduction
was 27.40 kJ/mol. The rate-determining steps of the C2F reduction were the first
inner gas diffusion, then the inner gas diffusion and interface chemical reaction
mixed controlling. The ln-ln analysis implied that the C2F reduction was described
by the Avrami–Erofeev (A-E) equation, thus appeared as a 2D A-E equation
kinetics reaction.

Keywords Dicalcium ferrite � Hydrogen � Isothermal reduction kinetics
Apparent activation energy � Model function

Introduction

The ironmaking and steelmaking industries have become the largest source of CO2

emission, especially because of the blast furnace (BF) process. Injection of natural
gas into the tuyere raceway of a BF can effectively decrease the use of coke, as well
as reduce CO2 emission. Therefore, the reduction behavior of sinters, which
account for 60% of the raw materials charged into the BF process under H2, is
important for natural gas utilization. The CaO–Fe2O3 systems principally com-
prising dicalcium ferrite (2CaO�Fe2O3, C2F), calcium ferrite (CaO�Fe2O3, CF), and
calcium diferrite (CaO�2Fe2O3, CF2), are the main bonding phases in fluxed sinters.
To characterize the ternary or even quaternary calcium ferrite, study on binary
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CaO–Fe2O3 systems, which contain simplified phase compositions appears so vital.
The phase structure and morphology of C2F were extensively discussed, and some
consensus was reached in previous work [1–3]. The reducibility of C2F was
essentially caused by the chemical composition and micro-structure of the con-
tained multi-phases. The analysis of the reduction behavior of C2F under the
atmosphere condition in the upper area of the blast furnace requires further research.
The reduction of the C2F bonding phase in iron ore sinters in the blast furnace was a
typical gas–solid reaction. Ganguly [4] revealed that CF is reduced with a number
of reaction steps and concluded that the CaO–FeO–Fe2O3 ternary system stably
exists in the formation of calcium ferrites in the H2–CO atmosphere. Geassy [5]
reported that Fe2O3 reduction doped with CaO by CO at 1173–1473 K is controlled
by the combined effect of gaseous diffusion and interfacial chemical reaction during
the initial stage. Du [6] found that the reduction of C2F in H2 is more dependent on
temperature compared with CF; the reduction rate of C2F and CF increases with
temperature up to a transition point (>1373 K), above which a decrease occurs
because of softening and densification of samples. The reduction kinetics of C2F
including reduction degree, rates, apparent activation energy, and model function
were fully investigated in this study.

Experimental Procedure

Materials

C2F samples were prepared from CaCO3 (� 99.99%, <100 lm) and Fe2O3

(a-Fe2O3, � 99.99%, <100 lm) with 2:1 molar ratios, respectively. The powdery
raw materials were uniformly mixed and then pressed into cylindrical samples. The
samples were roasted in a furnace with the heating element MoSi2 at 1173 K for 1 h
to completely decompose CaCO3 to CaO and then increased to 1473 K for 20 h to
allow complete formation of C2F. The entire process was performed in air atmo-
sphere. The samples were ground into powder (<100 lm) for further investigations.

TG Analysis

TG measurement of C2F reduction was conducted by using a Setaram analyzer
(Model Setsys Evo TG-DTA 1750, Setaram Instrumentation). Samples (20 mg)
were heated from room temperature to 1123 K (850 °C), 1173 K (900 °C), and
1223 K (950 °C) in N2 (� 99.999%) atmosphere at a heating rate of 15 K/min,
then switching to gas mixtures of 30% H2 (� 99.999%) and 70% N2 at a flow rate
of 20 ml/min for 70 min to enable complete reaction with the samples at the
isothermal stage. To exclude the influence of the system error from the thermal
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analyzer and the buoyance force from the gas mixtures, a blank test was conducted
under the same elimination conditions with only empty alumina crucibles. Weight
loss was obtained during the isothermal reduction stage, from which the TG data of
the blank test were deduced. Each experiment was conducted for two times to have
the average data for final calculations.

Results and Discussion

Reduction Degree and Reduction Rate

Reduction degree is defined as the ratio of removed oxygen mass at a fixed time t to
the theoretically removed oxygen mass from the iron oxide. It can be expressed as
follows:

a ¼ Dmt

Dm0
; ð1Þ

where a is the reduction degree; and Δmt and Δm0 refer to the removed oxygen
mass at fixed time t and the theoretically removed oxygen mass from the iron oxide,
respectively.

The reduction degrees of the C2F samples at 1123 K (850 °C), 1173 K (900 °C),
and 1223 K (950 °C) are shown in Fig. 1. The results indicated that the reduction
degree obviously increased in the middle of the reduction stages for samples.

Fig. 1 Reduction degree of C2F at 1123 K (850 °C), 1173 K (900 °C), and 1223 K (950 °C)

Thermogravimetric Analysis on Reduction Behavior … 271



The reduction rates da/dt for C2F at 1123 K (850 °C), 1173 K (900 °C), and
1223 K (950 °C) are illustrated in Fig. 2. Reduced samples of C2F at 1173 K at
some fixed time were examined through XRD measurement. Samples at two
reduction time points that correspond to a = 0.1 and 0.5 for C2F were selected to
investigate their phase compositions. The reduction rates at three temperatures and
XRD patterns of the reduced samples at a fixed reduction degree at 1173 K for C2F
are shown in Fig. 2. The figure shows that CaO and Fe (F) mainly exist in the
products of C2F reduction, and the content of the two produced phases is higher
when a = 0.5 than that when a = 0.1. Therefore, the reduction routes of C2F can be
described as follows:

C2F ! Fe: ð2Þ

Fig. 2 Reduction rate of C2F at 1123 K (850 °C), 1173 K (900 °C), and 1223 K (950 °C), and
XRD patterns of the reduced samples at fixed time for C2F and reduction at 1173 K
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Apparent Activation Energy and Rate–determining Step
for C2F Reduction

The basic kinetic equation [7] that describes the relationship between the reduction
rate and time can be expressed as follows:

da
dt

¼ k Tð Þf að Þ; ð3Þ

where da/dt is the reduction rate and k(T) and f(a) are the rate constant and model
function of the reduction reaction, respectively. f(a) is influenced by the reaction
mechanism, and k(T) is determined by the following Arrhenius equation:

k Tð Þ ¼ A exp
�E
RT

� �
; ð4Þ

where A is the pre-exponential factor, E is the apparent activation energy, and R is
the gas constant [8.314 J/(mol�K)]. Equation (3) can be further expressed as
follows:

da
dt

¼ A exp
�E
RT

� �
f að Þ: ð5Þ

Given that the reduction degree a is a constant, ln f(a) remains unchanged.
Therefore, the activation energy can be calculated as follows:

E ¼ �R
d ln da

dt

� �
d 1

T

� � : ð6Þ

The method to calculate activation energy can eliminate the limit from the model
function and is called the model–free method [8]. f(a) is usually not easily obtained.
G(a), which is the integral function of f(a), can be described as follows:

G að Þ ¼
Z a

0

da
f að Þ ¼

Z t

0
A exp

�E
RT

� �
dt ¼ kðTÞt: ð7Þ

The apparent activation energy was calculated by the slope of the plots of
ln(da/dt) against 1/T, and the results are expressed in Table 1. The H2 content

Table 1 Apparent activation energy of C2F

E/(kJ/mol)

a 0.3 0.4 0.5 0.6 0.7 0.8 Avg

C2F 17.62 24.84 34.08 39.70 31.81 16.35 27.40

Thermogravimetric Analysis on Reduction Behavior … 273



cannot reach the target value at the initial stage of hematite and CF reduction
because of the gas switching from N2 to H2 and N2 mixed atmosphere. In addition,
the activation energy may not reflect the real energy change. Thus, reduction
degrees from 0.3 to 0.8 were selected for the calculation. The average values of
activation energy for the C2F reductions were 27.40 kJ/mol. As the reaction pro-
gresses, the reaction becomes more difficult as the activation energy increases with
the increasing reduction degree (<0.6).

The connection of the rate-determining step to the activation energy was
investigated by Nasr [9], as shown in Table 2. The apparent activation energy of the
C2F reductions lay between 17.62 to 39.70 kJ/mol. The rate-determining steps of
the C2F reductions were the first inner gas diffusion, then the inner gas diffusion and
interface chemical reaction mixed controlling.

Model Function Results

According to the Avrami-Erofeev [10–12] equation, the reduction degree a can be
expressed by the following relationship of time t and rate constant k:

1� a ¼ exp�ktn ; ð8Þ

where n refers to the Avrami exponent. By obtaining the double natural logarithm
on either side of the equal sign of Eq. (8), we can formulate the following equation:

ln � lnð1� aÞ½ � ¼ n ln tþ ln k: ð9Þ

The Avrami exponent n can be obtained by the slope of the fitted line of ln[−ln
(1 − a)] against lnt. For example,

n ¼ d ln � lnð1� aÞ½ �f g
d ln t

: ð10Þ

The value of n is directly related to G(a), which means that G(a) can be
determined by first obtaining the value of n. Table 3 shows the corresponding
relationship between G(a) and n and its reaction mechanism. The Avrami exponent
n is related to the functions corresponding to nine solid-state reactions, which can

Table 2 Relationship of rate-determining step and activation energy of iron oxide

E/(kJ/mol) Rate-determining step

8–16 Inner gas diffusion

29–42 Inner gas diffusion and interface chemical reaction mixed

60–67 Interface chemical reaction

>90 Solid diffusion

274 C. Ding et al.



be expressed as diffusion controlled, reaction-rate controlled, and first-order kinetics
controlled in mechanisms or follow the equations of Avrami and Erofeev.

Figure 3 shows the relationship between ln[−ln(1 − a)] and lnt for the C2F
samples, and the Avrami exponent n was calculated. The results revealed that the
n corresponding to the C2F samples reduction at 1123 K (850 °C), 1173 K
(900 °C), and 1223 K (950 °C) lay at 2.05, 2.06, and 2.08, respectively, thereby
indicating the reduction of the C2F samples as described by function A2.
Functions A2 and A3 were obtained from the nucleation process (crystallization)
and can also be applied to the reduction reaction. Function A2 can express the 2D
reduction reaction and function A3 can express a 3D reaction. Moreover, the
reaction determined by A2 appears in a plane, whereas that of A3 is a cylinder.

Table 3 Relationship between G(a) and n for normal solid reactions and its reaction mechanism

Function G(a) n Mechanism

D1(a) a2 0.62 One-dimensional diffusion

D2(a) (1 − a)ln
(1 − a)+a

0.57 Two-dimensional diffusion (bidimensional particle
shape)

D3(a) [1−(1 − a)1/3]2 0.54 Three-dimensional diffusion (tridimensional particle
shape) Jander equation [13]

D4(a) (1 − 2/3a)
−(1 − a)2/3

0.57 Three-dimensional diffusion (tridimensional particle
shape) Ginstling-Brounshtein equation [14]

F1(a) −ln(1 − a) 1 Bimolecular decay law (instantaneous nucleation and
unidimensional growth)

R2(a) 1−(1 − a)1/2 1.11 Phase boundary controlled reaction (contracting area,
i.e., bidimensional shape)

R3(a) 1−(1 − a)1/3 1.07 Phase boundary controlled reaction (contracting
volume, i.e., tridimensional shape)

A2(a) [−ln(1 − a)]1/2 2 Random instant nucleation and two-dimensional
growth of nuclei (Avrami-Erofeev equation [10, 11])

A3(a) [−ln(1 − a)]1/3 3 Random instant nucleation and three-dimensional
growth of nuclei (Avrami-Erofeev equation)
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Conclusions

The isothermal reduction kinetics of C2F was investigated via TG measurement
with 30% H2 and 70% N2 gas mixtures. The reduction degree and rate of C2F were
further discussed. The reduction mechanisms of C2F were examined through ln-ln
analysis. The following conclusions were summarized.

1. The reduction rate analysis indicated that the reduction of the C2F was typical
one-step.

2. The apparent activation energy values of the reduction process of the C2F was
27.40 kJ/mol. The rate-determining steps of the C2F reductions were the first
inner gas diffusion, then the inner gas diffusion and interface chemical reaction
mixed controlling.

3. The ln-ln method implied that the reduction of C2F was described by the of
Avrami–Erofeev function and appeared as a 2D reaction.

Acknowledgements The authors are grateful for the financial support provided by the Natural
Science Foundation of China (51234010 and 51522403).

Fig. 3 ln[−ln(1 −a)] versus lnt at 1123 K (850 °C), 1173 K (900 °C), and 1223 K (950 °C)
based on ln-ln analysis for C2F
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Study on Application of Iron Ore Fine
in Pelletizing

Gele Qing, Yunqing Tian, Weidong Zhang, Xiaopeng Wang,
Wenbin Huang, Xiangjuan Dong and Ming Li

Abstract Pellet production requires iron ore concentrates have fine particle size,
high specific surface area and good balling performance, so iron ore concentrates
appropriate for pelletizing is limited compared to sintering. In order to extend the
iron ore resources for pelletizing, the iron ore fines for sinter are studied in this
paper. The effect of grinded iron ores on pelletizing, roasting and pellet quality were
studied in this paper. The bond grinding index of iron ore fine is between 12.5 and
16.98 kwh/t. The grinded iron ore fine has good balling performance, the drop
number and compressive strength of green pellet were improved with increase of
grinded iron ore fine ratio. The compressive strength of roasted pellets were
decreased with increase of grinded iron ore fine ratio, however it can be reached
2500 N.P−1 while proportioned with more than 80% of magnetite iron ore
concentrate.

Keywords Iron ore fine � Pellet � Bond grinding index � Compressive strength

Introduction

Pellet has the advantages of high iron grade, high compressive strength, uniform
particle size and good metallurgical properties compared to sinter, which is
benifical for blast furnace to improve technical and economical indexes [1, 2]. The
pellet production needs iron ore concentrates with fine grain size, good balling and
roasting performance. However the iron ore resources appropriate for pelletizing is
limited, which is restricting the further development of domestic pellet process. The
energy consumption of pellet process is lower 50% than that of sinter process, and
pellet process is more environmental friendly than sinter. So the development of
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pellet is becoming more important. There is abundant resource in iron ore fine and
price is lower than iron ore concentrates for pelletizing [3, 4]. So in order to extend
the resource appropriate for pelletizing, the grindability, as well as balling and
roasting performances of six typical iron ore fines usually used for sintering were
studied in this paper.

Materials and Experimental Methods

Table 1 shows the main chemical composition of the iron ore fines used in
experiment. The iron grade of iron ore fine A is 66%, SiO2 content is 2.01%, the
iron grade of iron ore fine B is 61.5%, SiO2 content is 3.6%. The bond grinding
index of each iron ore fine was tested first. Then the iron ore fines grinded by ball
mill. The balling and roasting performance of each grinded iron ore fine were
studied, and the effect of it on magnetite iron ore concentrate pelletizing were
studied together. Table 2 shows the chemical composition and grain size of mag-
netite. The balling of green pellets were carried out in the pelletizing disc with
U800 mm. The pelletizing time is 10 min. After balling the green pellets with size
of 10–12.5 mm were screened out and tested the indexes of drop number, com-
pressive strength and bursting temperature. The green pellets were roasted in
experimental pot. After roasting the compressive strength of pellets were examined.

Grindablity of Iron Ore Fine

Table 3 shows the results of bond grinding index of six iron ore fines. The bond
grinding index of iron ore fine A and iron ore fine E is 16.98 and 16.56 kwh/t
respectively. The bond grinding index of iron ore fine D and iron ore fine F are low,
which is 12.88 and 13.21 kwh/t respectively. The bond grinding index of normal
iron ore is between 11.2 and 19 kwh/t [5].

Table 1 Chemical composition of iron ore (%)

Item TFe FeO SiO2 Al2O3 CaO MgO P S

A 66.0 0.20 2.01 1.91 0.19 0.19 0.055 0.011

B 61.50 0.69 3.60 2.31 0.15 0.29 0.098 0.021

C 59.61 0.33 5.51 2.81 0.27 0.12 0.096 0.012

D 62.75 0.40 3.93 2.09 0.16 0.15 0.10 0.011

E 60.66 1.01 6.96 1.89 0.94 0.13 0.076 0.015

F 57.72 0.44 5.27 1.68 0.61 0.12 0.065 0.010

280 G. Qing et al.



In order to study the feasibility of iron ore fines used in pellet production, the
iron ore fines were grinded by ball mill first and then agglomerated and roasted. The
iron ore fines grinded until the mesh 200 was reached 80%, Table 4 shows the grain
size of the grinded iron ore fine.

Pelletizing Performance of Grinded Iron Ore Fine

The balling tests were carried out using single grinded iron ore and the mixed iron
ore with different ratio of magnetite. The bentonite was used as binder and the
proportion was 1.5%. Figures 1 and 2 show the drop number and compressive
strength of green pellets respectively. The grinded iron ore has good balling per-
formance, the shatter index as drop number and compressive strength of green
pellets made by grinded iron ore are higher than the pellet made by single mag-
netite. The drop number of green pellets agglomerated by iron ore fines A, B, C
were reached 15 times/0.5 m and compressive strength reached 12 N.P−1.
Figures 3 and 4 show the drop number and compressive strength of green pellets
made by magnetite mixed with grinded iron ore fine. With increase of grinded iron

Table 2 Chemical composition of magnetite (%)

Item TFe FeO SiO2 Al2O3 CaO MgO P S LOI

Magnetite 69.32 29.12 1.73 0.39 0.45 0.51 0.009 0.19 −2.45

Table 3 Bond grinding
index of iron ore fines

Name Bond grinding index, kWh/t

A 16.98

B 14.20

C 14.13

D 12.88

E 16.56

F 13.21

Table 4 Grain size of grinded iron ore (%)

Grain size (mesh) >80 80–120 120–140 140–160 160–180 180–200 <200

A 0.73 2.34 2.15 6.34 3.64 4.35 80.45

B 1.23 3.45 2.31 5.23 2.86 5.36 80.12

C 0.97 3.01 3.12 3.68 4.23 2.65 82.34

D 1.78 1.87 3.77 3.56 3.56 5.09 80.37

E 1.02 2.67 4.53 3.55 2.67 4.33 81.23

F 0.67 3.45 1.97 4.79 4.59 3.89 80.64
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ore fine ratio the drop number and compressive strength of green pellets were
increased. When the magnetite proportioned with 30% of grinded iron ore fine A,
the drop number was increased from 4.0 times/0.5 m to 6.8 times/0.5 m. The drop
number was increased to 10.1 times/0.5 m while added 30% of iron ore fine F. The
compressive strength of green pellet was increased from 8.12 to 11.4 N/P when
added by 30% of iron ore fine A, and increased to 10.78 N/P when added by 30%
of iron ore fine E. It is illustrated that the grinded iron ore fine can improve the
quality of green pellet significantly.

The grinded iron ore fine except A will influence the bursting temperature of
green pellets. The results are shown in Table 5. The bursting temperature of green
pellets made by iron ore fine B, C, F were decreased to 450 °C. The bursting
temperatures of green pellets can be improved while added by magnetite, which can
be increased to 600 °C when the ratio of magnetite was reached 80%. The iron ore
fine A has little effect of pellet bursting temperature.

A B C D E F
0
2
4
6
8

10
12
14
16
18
20

D
ro

p 
nu

m
be

r/0
.5

m

 drop number
Fig. 1 Drop number of green
pellet made green pellet by
single grinded iron ore

A B C D E F
0

2

4

6

8

10

12

14

16
 CS

Fig. 2 Compressive strength
of made by single grinded
iron ore

282 G. Qing et al.



0 5 10 15 20 25 30

4

5

6

7

8

9

10

11

D
ro

p 
nu

m
be

r/0
.5

m

Ratio of grinded rich iron ore %

 A
 B
 C
 D
 E
 F

Fig. 3 Drop number of green
pellet made pellet by mixed
iron ore

0 5 10 15 20 25 30
7

8

9

10

11

12

%

 A
 B
 C
 D
 E
 F

Fig. 4 Compressive strength
of green made by mixed iron
ore

Table 5 Bursting
temperature of green
pellets (°C)

Ratio % A B C D E F

0 >650 >650 >650 >650 >650 >650

10 >650 650 650 650 650 640

20 >650 600 600 640 650 630

30 >650 540 580 590 600 540

100 >650 480 450 550 480 450
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Roasting Performance of Grinded Iron Ore Fine

Green pellets made by single grinded iron ore fine and mixed iron ores were roasted
in experimental pot. The temperature and time of roasting experiment are shown in
Fig. 5. The green pellets were roasted under two different firing temperature. The
highest roasting temperature of curve 1 was 1270 °C and curve 2 was 1280 °C. The
roasting process include drying, preheating, firing, soaking and cooling. The total
roasting time was 52 min. After roasting, the compressive strength of each pellet
was tested.

Figure 6 shows the compressive strength of roasted pellet. The compressive
strength of pellet made by iron ore fine is high, which was reached 3000 N/P, it is
show in Fig. 6a. This shows that iron ore fine A has little effect on pellet com-
pressive strength. The other iron ore fines will affect the pellet compressive
strength. The compressive strength of pellet made by single iron ore B, C, D, E, F
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was lower than 2000 N/P. The compressive strength of pellet can be improved
when added by magnetite iron ore concentrate. The compressive strength of pellets
were reached 2500 N/P when the proportion of grinded iron ore fine B, C, D, E, F
was lower than 20%. If the roasting temperature is increased, the compressve
strength of pellet can be increased, which is shown in Fig. 6b.

Conclusions

(1) The bond grinding index of iron ore fine is similar to normal iron ore. The bond
grinding index of iron ore fine A and E is 16.98 and 16.56 kwh/t, and iron ore
fine B and C is 13.21 and 12.88 kwh/t respectively.

(2) The grinded iron ore fine has good balling performance. The shatter index as
drop number and compressive strength of green pellet can be improved by with
increase of grinded iron ore fine ratio.

(3) The iron ore fine A has little effect on green pellet bursting temperature, other
iron ore fines will decrease the bursting temperature of green pellet, however it
can be reached 600 °C while the proportion is lowere than 20%.

(4) The iron ore fine A has little influence on pellet compressive strength, which
can be reached 3000 N/P. The compressive strength of roasted pellet made by
single iron ore fine B, C, D, E, F is lower, however it can be reached 2500 N/P
when proportioned by more than 80% of magnetite iron ore concentrate.
Increase of roasting temperature also will improve the pellet compressive
strength.
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Characterization of Different Clays
for the Optimization of Mixtures
for the Production of Ceramic Artifacts

A. R. G. Azevedo, J. Alexandre, E. B. Zanelato, M. T. Marvila,
L. G. Pedroti, G. C. Xavier, D. P. Santos, S. N. Monteiro
and M. S. Peixoto

Abstract The Baixada Campista is a region located in the municipality of Campos
dos Goytacazes and is known as an important pole producing ceramic artifacts in
Brazil. The clay used in this production is usually extracted from different layers of
the region itself undergoing a pretreatment process. The objective of this work was
to characterize the different soils (A, B and C), from different layers of the reservoir,
in order to characterize the different physical and chemical characteristics (granu-
lometry, determination of Atterberg limits, moisture and chemical analysis). To
optimize, using the simplex methodology, properties such as mechanical strength,
porosity and linear retraction. The results pointed to an optimum proportion of the
clays studied so that the properties meet the Brazilian technical norms, being the
proportion of 30% of soil A, 30% of soil B and 40% of soil C well.
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Introduction

The municipality of Campos dos Goytacazes, located in the northern region of the
state of Rio de Janeiro, especially the region of the Baixada Campista, has one of
the great highlights in its economy the red ceramic industry. Currently, according to
data from the Campos Ceramists’ Union (2015), the red ceramic industry that forms
part of Campos dos Goytacazes industrial park consists of more than 100 unionized
ceramics, which generate approximately four thousand direct jobs, with an esti-
mated production of six million pieces per month, which makes the region the
second largest Brazilian industrial park in red ceramics [1].

Study for characterization of clays in the Campos dos Goytacazes region showed
different clays coming from fields located at the lower camped pole and performing
chemical analysis, X-ray diffraction, differential thermal analysis, thermogravi-
metric analysis, particle size analysis and determination of physical-mechanical
properties in test specimens molded with the studied ceramic masses [1]. The two
authors concluded that clays found in the studied region are predominantly kaoli-
nitic, and that can be used to manufacture massive bricks and ceramic blocks
without problems. However, both authors concluded that for the manufacture of
tiles and coatings, it is necessary to carry out a study in the formulation of the
ceramic masses used, since for these types of materials the required minimum
properties were not obtained or were very close to the limits established by norm
[2].

Other studied showed of the ceramic masses of the Campos dos Goytacazes
municipality, in order to verify the feasibility of the incorporation of residues for the
production of ceramic artifacts clays used in this region [3]. One of the conclusions
obtained by the authors is that it becomes evident the necessity of the planning of
mixtures so that more satisfactory results are obtained in the properties of the
studied ceramics [4].

More modern studies show the importance of experimental planning, since the
outstanding studies did not succeed in their conclusions because of poor choice in
the traits to be studied [5]. Proper planning would eliminate this problem.
Researches shows faced the same problem in choosing the dosages to be studied in
his work, since the author performed a little effective experimental planning, which
caused some traces lost by the author [6]. In this context, the purpose of this work is
to characterize three clay samples used in the Campos ceramics and mainly to use
the simplex network blends planning to create a rational dosing methodology for
the ceramic masses to be used in red ceramic artifacts [7].

The simplex method is a set of statistical planning and analysis techniques used
in mathematical modeling of responses. It consists in varying the proportions of the
components of a mixture, keeping its total quantity constant. Thus, the response
value changes when changes are made to the relative proportions of the components
[2]. The simplex space corresponds to the response surface for experimental data, or
also to the response points of an experiment planning. Briefly, the method relates
the parameters to the responses of the analyzed system.
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In this work, three types of ceramic mass commonly used in the camper descent
will be used, named by A, B and C. Therefore, a simplex network will be used in
the triangular form, where each of the vertices represents one of the components
that will be studied. To obtain the network response surface it is necessary to use
one of the mathematical models available in the planning. For this work will be
used the linear, quadratic and simple cubic models.

Materials and Methods

Samples were collected and named as samples A, B and C. Samples were char-
acterized by the following tests, which were the stages of sun drying, dewatering
and homogenization:

• Granulometric Analysis;
• Specific grain mass, Liquidity and Plasticity limits;
• Identification of clay minerals with X-ray diffraction.

After the characterization phase of the materials, samples were prepared by
varying the proportions of materials A, B and C in order to verify the most
important technological properties for ceramic materials, namely: breaking stress
and water absorption at temperature of 850 °C. Both tests are performed in
accordance with Brazilian standards [8, 9]. The variation of the proportion of
materials is defined according to the methodology proposed by simplex itself,
where material A becomes associated with variable X1, material B to X2 and the
material C to X3. It is noteworthy that other intermediate traits were proposed in
order to statistically refine the model. The fractions studied and their respective
nomenclatures are indicated in Table 1.

With the test specimens and the tests, it was possible to obtain the response
surface through simplex network planning, which indicates the proportions of
materials A, B and C should be used in order to obtain the best technological
characteristics for the ceramic products.

Results

The particle size distribution curve of samples A, B and C is shown in Fig. 1.
Analyzing the distributions, it is easy to see that material A has a higher proportion
of larger particles, whereas material C has the highest proportions of fine particles.
This is of great importance for the planning of experimental mixtures, since,
because they have different granulometry, the materials need to be compensated in
order to obtain the mixture with the greatest possible packaging.
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The specific mass of the grains for the studied samples is presented in Table 2. It
is extremely important to know these parameters, since it varies according to the
mineralogical constituent of the soil particles. It is known that for most soils the
value varies between 2.65 and 2.85 g/cm3, decreasing to soils containing high
organic matter content, harmful to the manufacture of ceramic pieces, and increased

Table 1 Nomenclature of the traits studied

Nomenclature Proportion of material
A (%)

Proportion of material
B (%)

Proportion of material
C (%)

X1 100 0 0

X2 0 100 0

X3 0 0 100

X12 50 50 0

X13 50 0 50

X23 0 50 50

X123 33.33 33.33 33.33

X1123 50 25 25

X1223 25 50 25

X1233 25 25 50

X112 66.67 33.33 0

X113 66.67 0 33.33

X122 33.33 66.67 0

X223 0 66.67 33.33

X133 33.33 0 66.67

X233 0 33.33 66.67

Fig. 1 Granulometric distribution curve of samples A, B and C
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to soils rich in oxides of iron. In the case of the samples studied, the specific mass
value did not show significant variations, being in a range of 2.65 g/cm3.

The limits of Atteberg, which correspond to the limit of liquidity and plasticity
limit, indicate parameters of soil workability. The liquidity limit (LL) can be
defined as the moisture content for which the soil passes from the plastic state to the
liquid state while the plasticity limit (LP) indicates the moisture where the soil
begins to fracture when mold it. It is extremely important to know these values of
moisture so that in the molding of the ceramic pieces, no excess water or scarcity is
used [3]. The limits found for the studied samples are shown in Table 2, where it is
possible to see that soil A presents lower plasticity parameters, while soil C can be
considered the most plastic among the studies. It is important to note that the use of
a tool that performs the planning of the mixtures of the three samples studied is
essential to find the trait that will provide the best technological properties for the
ceramic pieces to be manufactured.

Analyzing Fig. 2, which demonstrates the X-ray diffractograms for the three
samples studied, it is apparent that the predominant clay in the samples studied is
kaolinite. This fact bought what the bibliographical already predicted, according to
works of Alexandre (2001) and Vieira (2000). It is of great interest to prove the
predominance of kaolinite clay, because as widely published by the bibliographical,
since this clay is heat treated around 550 °C, metacaulinite is formed, a compound
of great interest for presenting excellent technological parameters for ceramics [10].

After the mechanical strength and water absorption tests were carried out for the
specimens burned at 850 °C, the data and results obtained were treated in a simplex

Table 2 Parameters found
for samples

Sample Specific mass (g/
cm3)

LL
(%)

LP
(%)

IP
(%)

A 2.68 44 27 17

B 2.65 64 28 36

C 2.62 76 37 39

Fig. 2 X-ray diffraction of samples A, B and C
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methodology. Tables 3 and 4 present the results for mechanical resistance and
water absorption at the burning temperature of 850 °C respectively. Figures 3 and 4
present the response surface that best suited the parameters mechanical strength and
water absorption, respectively. For the mechanical resistance parameter, the model
that best fit was the cubic, as can be observed by the mean of the residues. For the
parameter water absorption and specific mass, the quadratic model provided a very
low average of residues, and therefore the cubic model was not calculated for this
parameter. It is also worth noting that the parameter water absorption was better
adjusted with the linear model, as seen by the average of the residues [11].

The calculations in Table 3 were performed applying the expressions described
below that came from applying the simplex methodology.

ylinear ¼ 17:19 � X1 þ 44:77 � X2 þ 60:27 � X3

yquadratic ¼ 17:19 � X1 þ 44:77 � X2 þ 60:27 � X3 � 44:22 � X1 � X3

ycubic ¼ 17:19 � X1 þ 44:7 � X2 þ 60:27 � X3 � 44:22 � X1 � X3 � 52:17 � X1 � X2 � X3

The calculations in Table 4 were performed applying the expressions described
below that came from applying the simplex methodology. For this parameter, the
cubic model was not calculated, since the linear model presented greater adjustment
than the quadratic model.

Table 3 Mechanical resistance of the models studied at 850 °C

Nomenclature Observed value
(kgf/cm2)

Linear model
(kgf/cm2)

Quadratic model
(kgf/cm2)

Cubic model
(kgf/cm2)

X1 17.19 17.19 17.19 17.19

X2 44.77 44.77 44.77 44.77

X3 60.27 60.27 60.27 60.27

X12 31.30 30.98 31.30 31.15

X13 27.77 27.80 27.77 27.77

X23 52.50 52.50 52.50 52.50

X123 34.10 40.74 35.88 34.10

X1123 23.30 28.96 24.17 23.29

X1223 40.60 42.75 41.56 40.63

X1233 42.20 50.50 45.62 44.66

X112 28.60 26.38 26.50 26.60

X113 23.50 31.54 21.84 21.88

X122 28.60 35.57 35.63 35.69

X223 49.30 49.93 49.93 49.93

X133 36.70 45.91 36.14 36.12

X233 50.40 55.10 55.10 55.10

Average waste 4.84 2.24 1.91
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ylinear ¼ 19:86 � X1 þ 23:13 � X2 þ 25:23 � X3

yquadratic ¼ 19:86 � X1 þ 23:13 � X2 þ 25:23 � X3 þ 3:77 � X1 � X3 þ 2:60 � X2 � X3

Table 4 Water absorption of the models studied at 850 °C

Nomenclature Observed value (%) Linear model (%) Quadratic model (%)

X1 19.86 19.86 19.86

X2 23.10 23.10 23.10

X3 25.20 25.20 25.20

X12 21.90 21.49 21.49

X13 23.40 22.54 23.39

X23 24.90 24.18 24.89

X123 22.96 22.73 23.44

X1123 20.80 21.30 21.76

X1223 23.00 22.93 23.35

X1233 24.70 23.98 24.67

X112 20.80 20.94 20.94

X113 20.90 21.64 22.41

X122 20.60 22.04 22.04

X223 21.80 23.82 24.47

X133 22.60 23.44 24.19

X233 23.40 24.53 25.16

Average waste 0.70 1.09

Fig. 3 Surface of response of
the simple cubic model for the
parameter mechanical
resistance
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Based on the results obtained by the tables and the response surfaces of the
simplex, the effectiveness of the simplex network planning for the analysis and
prediction of the technological parameters of the ceramic pieces is proved. By
analyzing the optimal regions obtained, it is easy to see that material C contributes
most to mechanical strength, while material A helps in reducing water absorption,
while material B exhibits intermediate behavior between the two. A ceramic
material with good technological properties will be obtained if the correct pro-
portion between these materials is realized. Several traces can be used, being
obtained through the equations resulting from the simplex methodology. A possible
trace would be 30% of A, 30% of B and 40% of C, which would result in values of
resistance and water absorption compatible with the recommended values [2, 11].

Conclusion

After the study of the methodology of clay samples in simplex network can be
concluded:

• The characterization of samples A, B and C of clayey soils typically used in
camellary ceramics demonstrates what has been studied by researchers such as
Alexandre (2000) and Vieira (2001), that the clays of the region are typically
kaolinitic and have a great granulometric variation and the Atteberg boundaries.

• Because of this large size range and liquidity and plasticity limits, it is necessary
to use some kind of mix planning in order to obtain better technological
parameters for the ceramic materials produced.

Fig. 4 Response surface of
the linear model for the
parameter water absorption
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• The use of planning in simplex networks allows a better interpretation and
prediction of these parameters using mathematical and statistical models, as
observed when analyzing the mixture of samples A, B and C and to analyze the
mechanical resistance and water absorption properties.

• The effectiveness of using simplex modeling to predict the technological
parameters of ceramics is effectively proven in this way.
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Structural, Spectroscopic, Magnetic,
and Thermal Characterizations
of a Magnetite Ore from the Nagaland
Region, India

Ritayan Chatterjee, Dinabandhu Ghosh, Surajit Biswas,
Sandeep Agarwal, P. K. Mukhopadhyay and Saikat K. Kuila

Abstract An Indian magnetite ore from the Nagaland region was characterized by
powder X-ray diffraction, spectroscopies (ultraviolet-visible and Raman), high
temperature magnetization and thermal analysis. A Rietveld refinement of the
diffraction data revealed that the principal phase present in the sample is magnetite
with partial substitution of Fe with Mg (mainly) and Cr, leading to the chemical
formula of MgCr0.2Fe1.8O4. The UV-visible spectra of the sample in MeCN solu-
tion showed three distinct peaks. The lower region bands are due to metal-oxygen
charge transitions and the other band is for d-d transition of iron. Raman spectral
study at room temperature gave four characteristics bands of magnetite. The sample
underwent a magnetic transition at high temperature and the thermomagnetization
curve shows hysteresis during cooling cycle which indicates the possibility of first
order structural transition at high temperature. The thermal property of the con-
centrate was studied by differential scanning calorimetric technique.
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Introduction

Indian Bureau of Mines has set a target of 180 million tons per year of steel
production as published in the report of ‘Iron and steel vision 2020’ [1]. To reach
this goal, existing practice of iron extraction in India from hematite alone is not
sufficient. India has a big reservoir of magnetite ore, in lumps and fines; however,
this stock is still mostly unused [2]. Utilization of this huge magnetite stock should
be an important step to fulfill the target. Even though the reduction of magnetite to
iron, is more difficult than hematite reduction where magnetite is an intermediate
product, works have been reported on successful hydrogen reduction where high
and low grade magnetite was used as starting material [3–7]. Due to the huge
demand of steel, and since the remaining stock of high grade hematite ore is
dwindling, the low grade ores are going to draw more attention in the upcoming
researches. The coarser hematite ore fines are used mainly in sintering and fines
with less than 0.05 mm particle size are used for pelletization, to be subsequently
fed to the conventional blast furnace (BF) [4] and direct reduction (DR) [3, 5–7]
processes. A detailed characterization is necessary to select the appropriate ore
beneficiation process, for a particular iron ore, on the basis of adjustable basicity
index. Detailed characterization studies of Indian iron ores are still not adequate
[2, 8, 9]. Especially, the role of characterization is more crucial for the low grade
ores. In the present work, an attempt was made to characterize a low-grade mag-
netite ore, collected from Nagaland, India, by powder X-ray diffraction (XRD),
ultraviolet-visible (UV-Vis) and Raman spectroscopies, high temperature magne-
tization and thermal analysis.
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Experimental

The magnetite ore was crushed to powder and subjected to X-ray diffraction (XRD)
using a Bruker D8 Advance X-ray diffraction unit. The powder diffraction data was
taken in the 2h range of 20° to 80° using Bragg-Brentano geometry and Cu-Ka

radiation. A Rietveld refinement was carried out over the XRD data in JANA2006
program [10] using the LeBail algorithm [11]. Ultraviolet (UV)-visible (vis) ab-
sorption spectra of the ore fines were recorded by a JASCO V-630 spectropho-
tometer. Experiments were carried out in 1 cm � 1 cm quartz cuvette containing
2 mL of phosphate buffer. Raman spectra of the ore fine were recorded with the
help of a T64000 J-Y Horiba spectrometer at 514.5 nm laser excitation (green light)
and scan duration of 30 s. A Lake Shore 7400™ vibrating sample magnetometer
with high temperature oven was used for magnetic measurements. The magnetic
property was measured at and above room temperature to determine its magnetic
transition temperature. A large quantity of sample was crushed into powder and
mixed well to ensure that the magnetic property was not an outcome of sample
inhomogeneity. The ore powder was encapsulated in a Teflon tape and magnetic
measurements were performed in a high temperature furnace. A magnetic field of
0.001 T was applied and thermo-magnetization measurement was performed on the
sample from room temperature up to 800 °C. The sample was then cooled back to
room temperature and the same measurements were repeated in the cooling leg. The
thermal phenomena occurring during heating of the ore were examined by a
PerkinElmer Pyris Diamond differential scanning calorimeter (DSC). Alpha alu-
mina powder was taken as the reference material.

Results and Discussion

X-Ray Diffraction of Magnetite Ore

XRD showed cubic magnetite, with cell parameter, a � 0.83 nm and space group
Fd-3m. But the fit was not satisfactory for the Fe3O4 phase after introducing the
atom coordinates. The atom coordinates as found in the database [12] for Fe3O4 are
presented in Table 1.

The refinement with the atom coordinates returned a poor goodness of fitting
(GOF) value of 1.90 with the reliability index parameters Rp = 2.76, Rwp = 3.92

Table 1 Atom coordinates of Fe3O4 (Pearson’s crystal data entry number 1910832)

Site Elements Wyck. Sym. (m) x y z

FeB Fe 16d −3 1/2 1/2 1/2

FeA Fe 8a −43 1/8 1/8 1/8

O O 32e 0.3 0.25470 0.25470 0.25470
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(Rp and Rwp are profile R factor and weighted profile R factor, respectively).
According to the energy-dispersive X-ray spectroscopic (EDS) result of the same
ore, reported elsewhere [3], the major impurities present in the ore are Cr, Mg and
Ni, besides the commonly found impurities of Si and Al. Hence the existence of
Cr3+ impurity in Fe3O4 is likely. Therefore, the Rietveld refinement of the powder
XRD pattern for Cr0.1Fe2.9O4 phase was carried out and the result was even less
satisfactory with the GOF value of 2.20 (Rp = 3.29, Rwp = 4.53). The Cr3+-
containing phase having the same cell parameters and symmetry possesses the atom
coordinates as given in Table 2 [12].

In contrast, the fit for the principal phase is quite satisfactory after introducing
the atomic coordinates of the phase containing both Cr3+ and Mg2+ impurities with
the phase formula of MgCr0.2Fe1.8O4. The GOF value thus obtained was 1.64, with
R factors, Rp = 2.33, Rwp = 3.37. The Rietveld refinement of the powder XRD
pattern of the magnetite ore for MgCr0.2Fe1.8O4 is shown in Fig. 1. Red points
represent the experimental values and black solid line depicts the calculated values.
Vertical bars show the positions of the calculated Bragg reflections, and blue solid
line at the bottom is the difference between the experimental and the calculated
values. The profile at the major peak positions at 2h values of 35.5°, 62.9° are
nicely fitted, although the fitting at less intense peaks at 30.2°, 43.3°, 57.2° are not
as satisfactory. The atom coordinates as found in the database [12, 13] for
MgCr0.2Fe1.8O4 are given in Table 3.

The refined values of the cell parameters and the space group with the R factors
(R factors predict the quality of Rietveld fit to a powder diffraction pattern) are
shown in Table 4.

Peak appearing at 25.3° is unindexed, supposedly due to a silica or
alumina-based impurity phase or due to the presence of an iron-bearing hydroxide
minerals, such as goethite (FeO(OH)).

Spectroscopic Studies of Magnetite Ore

1. UV–visible spectroscopy

The UV-Vis spectra of sample taken after ultra-sonicating the ore powder in MeCN
solvent, is shown in Fig. 2. It shows one sharp peak at 252 nm and two distinct
broad peaks at 318 and 970 nm, respectively. (The last one is not included in the

Table 2 Atom coordinates of Cr0.1Fe2.9O4 (Pearson’s crystal data entry number 382596)

Site Elements Wyck. Sym. (m) x y z

O1 O 32e 0.3 0.2378 0.2378 0.2378

M1 0.950Fe + 0.050Cr 16c −3 0 0 0

Fe1 Fe 8b −43 3/8 3/8 3/8
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figure). The lower region bands at 252 and 318 nm are due to the metal-oxygen
charge transition. The band at 970 nm is for d-d transition of iron.

2. Raman spectroscopy

Raman spectra of the ore containing MgCr0.2Fe1.8O4 as principal phase, is shown in
Fig. 3. It consists of four characteristic peaks of magnetite at 306, 417, 590,
698 cm−1 respectively [14, 15]. The four Raman shifts and their corresponding
symmetry modes are given in Table 5.

Fig. 1 Rietveld refinement
pattern for MgCr0.2Fe1.8O4

based on powder XRD at
room temperature of the
magnetite ore (Yobserved is the
experimental value and
Ycalculated is the calculated
value)

Table 3 Atom coordinates of MgCr0.2Fe1.8O4 (Pearson’s crystal data entry number 553509)

Site Elements Wyck. Sym.(m) x y z

M1 0.8Fe + 0.2Mg 8a −43 0 0 0

M2 0.5Fe + 0.4Mg + 0.1Cr 16d −3 5/8 5/8 5/8

O O 32e 0.3 0.377 0.377 0.377

Table 4 Rietveld refinement for MgCr0.2Fe1.8O4 based on powder XRD pattern

Phase Cell parameters Space
group

R factors

MgCr0.2Fe1.8O4 a = 0.8363283 nm,
b = 0.8363283 nm,
c = 0.8363283 nm; a = 90°,
b = 90°, c = 90°

Fd-3m R(obs) = 5.20 wR
(obs) = 4.08 R
(all) = 7.74 wR
(all) = 4.11

Note R and wR indicate reliability index parameters; “obs” indicates observed reflections; “all”
indicates all reflections, both strong and weak
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Fig. 2 UV-Visible spectra of
the magnetite ore containing
mainly MgCr0.2Fe1.8O4,
dispersed in MeCN

Fig. 3 Raman spectra of the
magnetite ore containing
mainly MgCr0.2Fe1.8O4

Table 5 Raman
wavenumbers and
assignments

Raman shift (cm−1) Symmetry mode

306 Eg (Fe–O sym. bend)

417 T2g (Fe–O asym. bend)

590 T2g (Fe–O asym. bend)

698 A1g (Fe–O sym. str)
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Magnetization and Thermal Analysis of Magnetite Ore

To examine the thermal stability of the ore in a semi inert (mildly oxidizing)
atmosphere, the sample was heated at a rate of 15 °C min−1 from room temperature
to 900 °C in a steady flow of nitrogen gas in a differential scanning calorimeter with
a vertical furnace. The DSC result is shown in Fig. 4. The first thermal event that is
observed occurs at 300 °C where the onset of an exothermic peak appears. It
corresponds to magnetite to maghemite (c-Fe2O3) transition [16]. The next thermal
phenomenon occurs at 450 °C, where the onset of a little sharper exothermic peak
appears. The peak corresponds to maghemite to hematite transition [16]. The effect
of heating of the ore in hydrogen atmosphere at different isotherms between 700
and 1000 °C had been thoroughly studied earlier [3].

Because magnetite is a naturally occurring magnetic material which undergoes
phase transition at higher temperature, the magnetic characterization for the ore
sample is vital. Magnetic measurement performed on the ore from room tempera-
ture till 800 °C in the magnetic field of 0.001 T during heating and cooling is
shown in Fig. 5a. The curve displays complex behavior and a rise in magnetization
is seen above 300 °C, as shown in the magnified view in the inset of Fig. 5a. The
rise in magnetization occurs because of the magnetite to maghemite (c-Fe2O3)
transition as can be seen in the DSC curve, discussed earlier. Beyond this, the
magnetization of the sample keeps increasing till 430 °C and drops to near zero
between 525 and 550 °C. The drop in magnetization occurs due to maghemite to
hematite transition as observed in the DSC curve. Hematite is antiferromagnetic or
weakly ferromagnetic, which results in drop in magnetization [17]. The cooling and
heating curve also displays thermal hysteresis above 300 °C. This occurs because
of the first order transition in the sample. The isothermal magnetization curves as
measured in virgin sample and sample heated to 800 °C and cooled in a magnetic
field of 0.001 T, are shown in the Fig. 5b. The magnetization of the sample
increased after it was heated to 800 °C. The coercive field of the sample also

Fig. 4 DSC plot of
magnetite ore powder heated
from room temperature to
900 °C in nitrogen
atmosphere
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increased. The sample displayed symmetric double shifted loop. Such loop has
previously been reported in the system with competing ferromagnetic/
antiferromagnetic interaction, but mostly at low temperatures [18]. The appear-
ance of such double shifted loop at room temperature indicates a strong competing
interaction in the sample.

Conclusions

The ore was characterized by Rietveld refinement of powder XRD, magnetic
transition at high temperature, thermal property analysis based on DSC data during
heating, UV-vis and Raman spectra. The Rietveld refinement revealed that the
principal phase present in the ore is cubic magnetite with Cr3+ and Mg2+ impurities,
bearing a chemical formula MgCr0.2Fe1.8O4. The cell parameters and the symmetry
of the phase are a = b = c = 0.8363283 nm, a = b = c = 90° and Fd-3m. Three
distinct peaks were observed in the UV-vis spectra of the ore fines dispersed in
MeCN solution. The lower region bands are due to metal-oxygen charge transitions
and the higher band, due to d-d transition of iron. Raman spectral study at room
temperature gave four characteristics bands of magnetite. The sample undergoes
multiple magnetic transitions at high temperature which occur due to magnetite to
maghemite and maghemite to hematite transitions at 300 and 450 °C, respectively.

Fig. 5 aMagnetic measurement performed on the magnetite ore from room temperature till 800 °
C in the magnetic field of 0.001 T during heating and cooling. In the inset, the magnified view of
the heating curve. b Isothermal magnetization measurement performed at room temperature on the
virgin sample (Black) and sample after heating to 800 °C
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Humic Acid-Based Silica Composite
Aerogels—A Preliminary Study

Guihong Han, Chaolei Lv, Yongsheng Zhang and Wei Wang

Abstract Silica aerogels are promising in many applications because of their
excellent properties. However, the real applications of pure silica aerogels are
limited because of their fragile network structure. We have prepared silica aerogel
composites using humic acid as a composite material for improving the perfor-
mance of silica aerogels and valorization of humic acid. The silica hydrogel
composite was prepared using sodium silicate as a precursor and humic acid as a
composite material by acid-base catalysis and sol-gel method. The hydrogel was
followed by freeze-drying to obtain composite aerogel. The microstructures,
specific surface area, and functional groups of silica and composite aerogel were
characterized using scanning electron microscope (SEM), brunauer-emmett-teller
(BET) and fourier transform infrared spectrometer (FTIR). The results demon-
strated that the specific surface area of the silica composite aerogel was 307 m2/g
under the condition of pH at 6, the mass ratio of silicon to humic acid (HA) at 3.82
and the molar ratio of N, N-dimethylformamide (DMF) to silicon at 0.9. X-ray
diffraction (XRD) showed that the silica (composite) aerogels were amorphous.
Thermogravimetric analysis (TGA) revealed that the silica aerogels lost weight
from 150 to 250 °C and humic acid decomposed between 350 and 500 °C, and then
the mass of the sample remained stable.
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Introduction

Aerogel is a kind of low-density solid materials, and most common aerogels are
silica and carbon aerogels. Because the fragility of the porous network structure of
aerogels, the aerogels may collapse under the pressure, losing its unique properties
and limiting its applications. Silica aerogels are necessary to combine with other
materials in the practical applications to prepare the network skeleton that supports
the aerogels structure, obtaining the aerogel composites with practical significance
[1].

There have been many reports on the silica aerogel composites. Fernández et al.
[2] added TiO2 to the silica aerogels to improve its biological activity, while the
anti-fracture of the aerogels remained constant and the Young’s modulus increased
steadily against the strain. Martinez et al. [3] applied the nonwoven polyester fiber
blankets as a composite material and tetraethyl orthosilicate (TEOS) as the pre-
cursor. The prepared composite aerogel exhibited good mechanical properties and
low thermal conductivity (0.015–0.018 W/mK). Humic acid, an organic macro-
molecule, is widely distributed throughout the ecosystem. Humic acid contains
carboxyl, phenollic hydroxyl, and alcoholic hydroxyl groups etc., while its
methoxide content is low [4]. Humic acid molecules have a certain adsorption
capacity. Humic acid can interact with many organic and inorganic matters [5].
However, humic acid has not been reported as a composite component of the silica
aerogel.

Sodium silicate was selected as a cost-effective silicon precursor, and humic acid
was taken as a composite material in this work. Silica and composite aerogels were
prepared using sol-gel and freeze-drying method. The microstructures, specific
surface area, and functional groups of silica and composite aerogel were charac-
terized by SEM, BET, FTIR, XRD and TGA.

Experimental

1. Materials

Na2SiO3 (AR), Sinopharm Chemical Reagent Co. Ltd.; DMF (AR, 99.5%), NaOH
(AR, 96%), Tianjin Kermel Chemical Reagent Co. Ltd.; sulfuric acid (AR,
95 * 98%), Luoyang Haohua Chemical Reagent Co. Ltd.; HA (fulvic acid,
FA � 90%), Shanghai Aladdin Bio-Chem Technology Co., Ltd were all used as
received.

2. Preparation of silica and composite aerogels

2 g of sodium silicate and 30 mL of distilled water were mixed to form a sodium
silicate solution. DMF was used as the dry control chemical additive (DCCA) [6,
7]. Then sulfuric acid (2 mol/L) was added to the sodium silicate solution until the
pH reached 1–2. The mixtures were hydrolyzed for 10 min when a certain amount
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of humic acid was added into the solution. Then sodium hydroxide solution
(1 mol/L) was added dropwise to the solution until the pH reached 5.5, 6.0, 6.5 and
7.0 respectively. The above steps were operated under magnetic stirring, forming
the hydrogel. The hydrogel was washed three times per day using distilled water
before it was freeze-dried to obtain the aerogel powder.

3. Characterization of the samples

The infrared spectra of the samples were measured at 4 cm−1 resolution in the range
of 4000–400 cm−1 on a PerkinElmer Spectrum Two FTIR spectrometer in this
paper. The microstructure and particle distribution of the samples were observed by
Zeiss/Auriga FIB SEM. The thermal stability was measured by a Q50 thermo-
gravimetric analyzer under a constant N2 flow 100 mL/min with a temperature rate
of 10 °C/min. Nitrogen adsorption-desorption isotherms were measured on a
multi-station extended automatic surface and porosity analyzer (ASAP2460, USA)
after the samples were degassed in vacuum at 150 °C for at least 12 h. The X-ray
diffraction patterns of the samples were recorded on a Bruker Diffractometer (D8
Advance), using Cu-Ka radiation (40 kV, 30 mA). The samples were scanned from
5° to 70°, with a step speed of 0.02°/s.

Results and Discussions

Figure 1 shows how the gel time varies along with the pH values. In general, the gel
time decreases while pH value increases. When pH is 5.5, the gel time is almost
29 min, which is too long for the preparation. When pH is 7.0, the solution gelled
without time slot, which does not allow enough time for framework formation. As
such, the gel pH at 6 is taken in the following study.

The curve (a) in Fig. 2 shows the infrared spectrum of the silica aerogel without
humic acid. The peaks near 1043, 794, 475 cm−1 are attributed to Si–O–Si
anti-symmetric stretching vibration, symmetrical stretching vibration and bending
vibration, respectively. The curves (b, c and d) are the infrared spectrum of the silica
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composite aerogel obtained by the combination of humic acid. The peak near
1408 cm−1 corresponds to the vibration peak of the hydroxyl groups from humic
acid and the peak near 1575 cm−1 is the aromatic ring C=C skeleton vibration of
humic acid. Si–O–Si anti-symmetrical stretching vibration, symmetrical stretching
vibration and bending vibration peaks are showed at 1043, 794, and 475 cm−1. The
hydroxyl groups and aromatic ring C=C skeleton vibration of humic acid are
observed from curves (b, c, d) except curve (a), indicating that humic acid has been
combined with silica aerogel. The intensities of the peaks near 1408 and 1575 cm−1

increase with humic acid content from 0.06 to 0.16 g (curves (b), (c), (d)). Since
curves (c) and (d) demonstrate the same intensity at 1408 and 1575 cm−1, 0.12 g of
humic acid is sufficient for the above mentioned preparation, i.e. w(Si)/w
(HA) = 3.82.

Figure 3 demonstrates the gel time of sodium silicate solution and the specific
surface area of silica composite aerogel. Five ratios of n(DMF):n(Si) were inves-
tigated from 0.3, 0.45, 0.9 to 1.2, corresponding to 0.19, 0.28, 0.56 and 0.75 mL
DMF. The dry control chemical additive, DMF, prolonged the gel time from 1 to
13 min. The specific surface area increased along with the DMF content and
reached the maximum of 307 m2/g at n(DMF)/n(Si) of 0.9. The specific surface
area was slightly smaller than the specific surface area of the aerogel prepared by
Cai et al. [8] which was 474 m2/g. Therefore, the n(DMF):n(Si) at 0.9 was taken in
the following study.

Figure 4a shows the SEM images of silica aerogel with n(H2O)/n(Si) at 100. It
can be observed that the aerogel particles are homogeneous and isotropic, because
the cross-linking and irregular growth of Si–O–Si chains formed the crisscrossing
skeleton network and the micro-pores between the skeletal network structures.
Figure 4b shows the SEM graphs of silica composite aerogel at n(H2O)/n
(Si) = 100, w(Si)/w(HA) = 3.82. Because of the combined humic acid, the surface
of composite aerogels Composite aerogels presents finer pore size. The surface
contains a lot of pores and it is expected that composite aerogel has higher specific
surface area than its counterpart silica aerogel, which will be studied in the future
work.
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Figure 5 shows the XRD patterns of silica aerogel and silica composite aerogel.
Neither silica aerogel nor the composite silica aerogel shows obvious crystallization
peak, except the dispersion peak near 22°. This indicates that the prepared aerogels
are amorphous.

A very significant, substantial loss of about 15% was observed between 150 and
250 °C (Fig. 6a). Because the aerogel surface has a large amount of hydroxyl
groups, a large number of hydroxyl groups bonded to each other and lost H2O. The
weight remained stable after 250 °C. Curve (b) shows 7% mass loss between 150
and 250 °C for the same reason as curve (a). There was another substantial loss of
mass, about 23%, between 350 and 500 °C, because of the decomposition of the
humic acid. Therefore, residual weight fraction of curve (b) was lower than that of
(a), because of the decomposition of humic acid at high temperatures.
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Fig. 3 Effect of DMF on gel time and specific surface area of silica composite aerogel (pH = 6, w
(Si)/w(HA) = 3.82)

Fig. 4 SEM images of silica aerogel (a) and silica composite aerogel (b) (w(Si)/w(HA) = 3.82)
(pH = 6, n(DMF):n(Si) = 0.9)
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Conclusions

The silica composite aerogel was designed and prepared for the cost-effectiveness,
enhanced mechanical properties and valorization of humic acid in this paper. With
the sol-gel process and freeze-drying, silica aerogel was directly combined with
humic acid. The reaction conditions, microstructures, specific surface area, crystal
form and functional groups of silica and composite aerogels Composite aerogels
were characterized by SEM, BET, FTIR, XRD and TGA. The main conclusions are
as follows: The pH value was optimized to be 6–6.5 according to the gel time of
sodium silicate solution. The specific surface area of the sample changed along
with the content of DMF and HA and reached the maximum of 307 m2/g at
n(DMF)/n(Si) = 0.9, pH = 6, w(Si):w(HA) = 3.82 in this work. The silica (com-
posite) aerogels were amorphous. The silica aerogels lost weight from 150 to
250 °C and humic acid decomposed between 350 and 500 °C, and then the weight
was unchanged.
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Characterization of Non-Covalently
Functionalized Halloysite

Danae Lopes Francisco, Lucilene Betega de Paiva, Wagner Aldeia,
Ademar B. Lugão and Esperidiana A. B. Moura

Abstract The inorganic nanotube halloysite (HNT) is a promising type of natural
occurring filler for polymers. Its characteristics, such as high aspect ratio (10–50),
small size, and high strength (elastic modulus—140 GPa) suggest that HNTs have a
potential use in high-performance polymer nanocomposites. Compared to other
nanoclays and nanosilica the relatively low content of hydroxyl groups on their
surfaces makes HNTs relatively hydrophobic, although, sometimes, this is not
sufficient for guaranty a good interfacial adhesion in composite systems. Further
hydrophobic treatment is required to improve HNTs compatibility with polymer
matrixes, maximizing interfacial interactions. In the present study, different per-
centages of EPB (2,2-(1,2-ethene diyldi-4,1-phenylene) bisbenzoxazole) was used
to perform a non-covalent functionalization of halloysite, based on electron transfer
interactions. The functionalization is characterized by specific surface area (BET),
thermogravimetric analysis (TG) and water/toluene extraction experiment.

Keywords Halloysite � EPB � BET � TG

Introduction

Extensive research about halloysite (HNT) began in the 1940s and has regained
attention in recent years. HNT is a natural multiple-walled inorganic nanotube (1D),
with a geometry similar to that of carbon nanotubes (CNTs). Its chemical formula is
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similar to that of kaolinite, represented by Al2Si2O5 (OH)4�nH2O, where n can vary
from 0 to 2, representing dehydrated and hydrated halloysite, respectively [1–3].

The halloysite nanotubes (HNTs) vary from size depending on the crystallization
conditions and on their geological origin. Some of their main characteristics, such
as tubular microstructure, reduced size, high aspect ratio (10–50), high mechanical
strength (elastic modulus—140 GPa) have raised interest for its application in
polymers, resulting in high-performance polymer nanocomposites [4–10].

Most of the aluminols (Al-OH) groups are located in the inner part of the
halloysite, while on the outer surface the siloxane group (Si–O–Si) is present with a
few silanols/aluminols on the edges of the sheets. The relatively small amount of
hydroxyl groups (O–H) on halloysite surface makes it relatively hydrophobic when
compared to other nanoclays and nanosilica. Sometimes, the halloysite natural
hydrophobicity is not sufficient for interfacial adhesion in the composites, so it is
necessary to proceed with HNTs hydrophobic treatment, prior to its incorporation
into polymers, maximizing the interfacial interactions [1, 2].

Halloysite functionalization can be divided into two main groups: covalent
functionalization and non-covalent functionalization [1]. In the present study, a
non-covalent functionalization based on electron transfer interactions using EPB
(2,2-(1,2-ethene diyldi-4,1-phenylene) bisbenzoxazole) as functionalizer is
evaluated.

Experimental

Materials

Halloysite nanotubes; CAS number 1332-58-7, chemical formula Al2Si2O5(OH)4�2
H2O, molecular weight of 294.19 g/mol, true specific gravity of 2.53 g/ml, diam-
eter between 30 and 70 nm, and length between 1 and 3 lm, purchased from Sigma
Aldrich.

The non-covalent functionalizer 2,2′-(1,2-ethene diyldi-4,1-phenylene) bisben-
zoxazole (EPB); CAS number 1533-45-5, empirical formula C28H18N2O2, molec-
ular weight of 414.45 g/mol and melting point higher than 300 °C, purchased from
Sigma Aldrich.

Functionalization of HNTs

Different percentages of EPB were used to functionalize halloysite, as shown in
Table 1, by blending both mechanically. The HNTs were previously dehumidified
at a temperature of 80 °C for 24 h.
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Characterization

Water/Toluene Extraction Experiment

The extraction experiment was used to verify the hydrophobicity of pristine hal-
loysite and of functionalized halloysite. In separated glass tubes were added about
0.2 g of each composition of the studied samples. First it was added 10 mL of
toluene followed by bath sonication for 10 min, further 10 mL of deionized water
was added and followed for more 10 min of bath sonication. Observation on
retention of the samples was made after rest.

Thermogravimetric Analysis (TG)

Thermogravimetric analysis was carried out on a Mettler Toledo TGA/DSC1 from
25 to 1000 °C, at a heating rate of 10 °C/min, under N2 flow. Two TG assays were
performed for each sample, with a mass about 15 mg.

BET Method

The specific surface area of the samples was determined by Brunauer, Emmett and
Taller (BET) isotherms with a Micromeritics Gemini V. The samples were previ-
ously dehumidified under vacuum at a temperature of 60 °C.

Results and Discussion

Water/Toluene Extraction Experiment

The hydrophilicity tests using toluene and water (Fig. 1) shows that HNTs do not
undergo swelling in water and have a more hydrophilic character since it stays in
the water phase. The functionalized HNTs increased their affinity with toluene and

Table 1 Composition of
studied samples

Samples Halloysite (wt%) EPB (wt%)

100H 100 0

99,75HE 99.75 0.25

95HE 95 5

90HE 90 10
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presented a shift to the toluene phase, indicating that there is an interaction between
EPB and HNTs.

Thermogravimetric Analysis (TG)

Table 2 shows the results of the thermogravimetric analysis. The mass loss in the
range of temperature between 25 and 100 °C is related to the release of physically
adsorbed water. The pristine HNT (100H) shows the highest mass loss. Samples
functionalized with EPB showed a lower mass loss in this region, indicating that
functionalization is responsible for changing HNT characteristic, lowering its
affinity for free water adsorption. In the second range of temperature (100–250 °C)
occurs HNT interlamellar water loss. Functionalized HNTs also present a lower
mass loss than pristine nanotubes in this region, which may be attributed to the
presence of the functionalizer in its structure. In the range of temperature between
250 and 650 °C, functionalized samples present a greater mass loss than the pristine
halloysite, indicating the degradation of the functionalizer EPB. Similar tendencies
were observed by Pontón et al. [11] for functionalized titanate nanotubes.

Fig. 1 Water/toluene
hydrophilicity test of samples
100H (HNTs), 99,75HE,
95HE and 90HE
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Brunauer-Emmett-Teller (BET) Surface Area Analysis

The results obtained by BET method (Fig. 2; Table 3) shows that the surface area
tends to decrease with the increase of EPB percentage in HNT, other authors also
observed the same effect for functionalized halloysite [12, 13].

Table 3 shows that the C constant tends to decrease for samples with a higher
amount of EPB showing that there is an effective interaction between halloysite
surface and EPB. The higher change is observed for the sample 90HE, prepared

Table 2 Results of thermogravimetric analysis of pristine HNT and of functionalized HNTs with
different percentages of EPB (99,75HE, 95HE, 90HE)

Sample 25–100 (°C) wt (%) 100–250 (°C) wt (%) 250–650 (°C) wt (%)

100H 2.09 ± 0.34 3.62 ± 0.55 16.27 ± 0.50

99,75HE 1.96 ± 0.01 3.08 ± 0.01 16.44 ± 0.36

95HE 1.52 ± 0.49 2.42 ± 0.60 19.61 ± 0.13

90HE 1.76 ± 0.76 2.84 ± 1.21 24.08 ± 0.55

Fig. 2 BET curves of
pristine HNT (100H) and of
functionalized HNTs with
different percentages of EPB
(99,75HE, 95HE, 90HE)

Table 3 BET surface area
and C constant for pristine
HNT (100H) and
functionalized HNT with
different percentages of EPB
(99,75HE, 95HE and 90HE)

Sample BET surface area (m2/g) BET C value

100H 53.72 154.94

99,75 HE 44.03 107.09

95HE 41.04 101.37

90HE 38.18 95.37
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with the higher amount of EBP (10 wt%). The C constant is related to the inter-
action of the adsorbed nitrogen molecules and the halloysite surface. The higher the
C value, the higher the interaction energy between the nitrogen and Al-OH and Si–
OH groups in HNT surface [12].

Conclusion

The electron-deficiency of HNT due to its metal atoms, such as aluminum, and
ferrous, allows HNTs to accept foreign electron on their empty orbital, so when
HNTs are blended with electron-rich species, electron transferring to HNTs can
occur. In the present study the organic EPB, with a conjugated structure, is the
electron-rich species and increasing the amount of this functionalizer in HNT the
interaction between them became more evident and an effective electron transfer-
ring may be occurred. The hydrophilic character of HNT change to a more
hydrophobic one, shifting the functionalized HNTs to toluene phase, as observed in
the water/toluene extraction experiment. The mass loss related to the release of
physically adsorbed water became smaller with the functionalization, indicating a
lowering affinity for water in functionalized HNTs. The BET surface area was
reduced with the functionalization.
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Synchrotron-Based XRD and XANES
Study of Bornite Leached by Mesophilic
Mixed Bacteria

Xingxing Wang, Maoxing Hong, Rui Liao, Chunxiao Zhao,
Shichao Yu, Jun Wang, Hongbo Zhao and Min Gan

Abstract In this study, bioleaching experiments, synchrotron X-ray Diffraction
(SR-XRD), X-ray absorption near edge structure (XANES) and X-ray
Photoelectron Spectroscopy (XPS) were conducted to investigate the intermedi-
ates and surface species of bornite leached by mesophilic mixed bacteria of
Leptospirillum ferriphilum, Acidithiobacillus caldus and Sulfobacillus thermosul-
fidooxidans. CuS, Cu9Fe9S16 and S8 were the main intermediate species during
bornite bioleaching by mesophilic mixed bacteria, and CuFeS2 was also detected.
The surface species of S2− and S2

2− would be polymerized to Sn
2− during

bioleaching. The formation of element sulfur and the increase of its content were
confirmed by the fitted results of XPS spectra. The presence of polysulfide and
element sulfur did not inhibit the bornite bioleaching. The formations of CuS and
CuFeS2 were confirmed by the results of Cu K-edge XANES spectra.
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Keywords Bornite � Bioleaching � Mesophilic mixed bacteria
Chemical speciation � Synchrotron � XRD � XANES � XPS

Introduction

Bornite is an important source of copper [1, 2], following chalcopyrite and chal-
cocite in economic importance [3], so the development of bornite processing can
bring huge economic benefits. Bioleaching is a simple, lower cost and eco-friendly
technology, which has been widely used in leaching low grade copper and complex
ores [4, 5]. The dissolution mechanism during bornite leaching is still ambiguous.
Some researchers have investigated the dissolution process during bornite leaching
with different conditions [6–8]. Dutrizac found that the dissolution of synthetic
bornite in acidified ferric sulfate solution in the temperature range 40–90 °C obeys
a linear rate law. Nature and synthetic bornite dissolve by the same process and at
essentially the same rate. Nonstoichiometric bornite (Cu5−xFeS4), chalcopyrite
(CuFeS2) and covellite (CuS) were formed during the leaching of bornite in either
ferric chloride or ferric sulfate media, and then nonstoichiometric bornite converted
to Cu3FeS4. Pesic also found the formation of covellite and chalcopyrite during the
dissolution of bornite in sulfuric acid using oxygen as oxidant, but without the
X-ray data of Cu3FeS4. Buckley et al. [9] investigated the anodic oxidation of
bornite and found that an iron-free copper sulfide of Cu5S4 was formed.

The report about bornite bioleaching was relatively few, particularly in respect of
intermediates evolutions during bornite bioleaching by bacteria. Zhao et al. [10]
investigated the electrochemical dissolution of bornite in acid culture medium and
found that covellite was the main intermediate specie during the bornite
bioleaching. Covellite was detected as a secondary phase during bornite bioleaching
by A. ferrooxidans with or without ferrous iron. Sulfur and jarosite were also found
in the process [11]. For the ambiguous dissolution process of bornite bioleaching,
this study aims to investigate the intermediates transformation during bornite
bioleaching by mesophilic mixed bacteria of L. ferriphilum, A. caldus and
S. thermosulfidooxidans.

Materials and Methods

Minerals

Bornite samples were obtained from Meizhou, Guangdong Province, China.
Chemical analysis showed that the bornite sample contained (w/w) 61.81% Cu,
9.70% Fe, 21.18% S. Synchrotron-XRD result indicated that bornite used in the
study were of high purity.
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Microorganisms and Bioleaching Experiments

Domesticated cultivation of mixed bacteria of L. ferriphilum, A. caldus and
L. ferriphilum, A. caldus and S. thermosulfidooxidans was conducted in an aeration
beaker include 40 g mineral and 2 L 9 K basic salt medium, which did not include
FeSO4�7H2O and S. Planktonic cells were collected from bacteria solution in
logarithmic phase by centrifugation, then the collected bacteria used for bioleaching
experiments. Bioleaching were conducted in 250 mL flasks containing 100 mL
sterilized basal medium. 2 mL bacteria cultures and 2 g minerals were added in
each flask, then which incubated at 45 °C and 170 rpm on a rotary shaker. The
initial cell concentration was higher than 1.0 � 107 cells/mL. The pH was adjusted
daily to 1.70 ± 0.03 with sulfuric acid. Evaporation losses was compensated
periodically by adding distilled water. During the bioleaching process, the variation
of pH values, redox potentials, and the concentration of ferric, ferrous and copper
were measured.

Analysis Methods

The mineralogical components of bornite samples and leaching residues were
analyzed by synchrotron-XRD at beamline BL14B1 of the Shanghai Synchrotron
Radiation Facility (SSRF) with a wavelength of 0.6887 Å. All XPS spectra were
calibrated by C 1 s peak at 284.8 eV. XPS PEAK 4.1 software was used for fitted
the XPS peaks. Sulfur 2p peaks occur as doublets (S 2p3/2 and S 2p1/2) because of
spin orbit splitting. Only the S 2p3/2 peaks are displayed in the figures for clarity.
The Cu and Fe K-edge XANES data were conducted in transmission mode at
beamline 1W1B of Beijing Synchrotron Radiation Facility (BSRF), Beijing, China.
The near edge part of the Cu or Fe K-edge X-ray absorption spectra was collected
with a step of 1 eV and dwell time of 1 s in appropriate energy range.

Results and Discussion

Figure 1 shows the variations of solution ORP and copper extractions during
bioleaching of bornite. It indicated that the solution ORP increased slowly in the
first two days, and then successively increased from 303.6 to 405.9 mV. The
variation of copper extractions presented a similar pattern. The copper extractions
increased rapidly in the last two days.

SR-XRD analysis (Fig. 2) indicates that before copper extractions reached
11.25%, the bornite was the main species of leached residue. The results showed
that only small amount bornite dissolved in the first two days, and the crystal
structure of bornite has not changed. The results were consistent with the lower
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copper extractions in the first two days as showed in Fig. 1(b). Small amount of
covellite (CuS, PDF#78-0877) and element sulfur (S8, PDF#85-0799) was formed
in earlier bioleaching process. A peak represented geerite (Cu8S5, PDF#33-0491)
was detected. When the copper extractions reached 11.25%, the higher intensity
peak of Cu8S5 appeared with the disappearance of two bornite peak (2h = 12.484
and 20.468). The peaks of bornite and Cu8S5 all disappeared at the copper
extractions of 14.54%, while CuS became the main specie. The change of the peak
indicated that Cu8S5 may convert to CuS. The cooper extractions increased sig-
nificantly from day 6 to day 7, meanwhile, the SR-XRD pattern has changed
significantly. Large amount of element sulfur and mooihoekite (Cu9Fe9S16,
PDF#27-0164) formed and two CuS peak (2h = 12.704 and 20.833) disappeared.
When the copper extractions reached 44.84%, a peak (2h = 13.117) represented
chalcopyrite (CuFeS2, PDF#33-0491) and a peak (2h = 12.948) represented
isocubanite (CuFe2S3, PDF#81-1738) were detected (Fig. 3).

The results of copper extractions and SR-XRD analysis indicated that the dis-
solution of bornite bioleaching in this study occurs in three stages. Firstly, only
small amount bornite dissolved in the first two days and small amount CuS and S8
were formed. Secondary, crystal structure of bornite changed significantly. With the
dissolution of bornite, a large amount of CuS was formed. Thirdly, with the dis-
solution of CuS a large amount of Cu9Fe9S16 was formed (Fig. 4).

The fitted results of XPS spectra suggested that the amount of S2− species of
bornite bulk decreased with time. The amount of S2

2− species also decreased during
bioleaching. The variation of the amount of S2− and S2

2− is consistent with the
dissolution of bornite. The amount of Sn

2−/S0 species increased with time from
28.15 to 49.96%, which were consistent with the results of SR-XRD. These
changes confirm that S2− and S2

2− were polymerized to Sn
2− [12]. In combination

with the results of copper extractions, indicated that the presence of polysulfide did
not inhibit the bornite bioleaching. The amount of sulfate increased from 1.59 to
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5.20% during bioleaching, which may represent an increase of the amount of
jarosite (Tables 1, 2).

The fitting results of Cu K-edge XANES spectra showed the presence of cov-
ellite and chalcopyrite, which indicated that bornite would convert to covellite and
chalcopyrite during bioleaching. In the earlier period of bioleaching, covellite was
the main intermediate species. With the bioleaching of bornite, the amount of
covellite and chalcopyrite increased obviously. The Fe K-edge XANES spectra of
sample with 49.26% copper extractions showed a very great difference with the
other two samples, which indicated that the intermediate species had undergone
massive changes. The appearance of the peak at 7130 eV represented the formation
of jarosite.
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Fig. 3 S 2p3/2 XPS spectra of bioleaching residue: a copper extractions = 8.71%, b copper
extractions = 14.37%, c copper extractions = 42.79%
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Fig. 4 Cu K-edge XANES spectra (a, c) and Fe K-edge XANES spectra (b, d) of reference
samples (a, b) and bioleaching residue (c, d)

Table 1 Proportion of different surface sulfur contents in bioleaching residue (%)

Samples (with different copper extractions) S2− S2
2− Sn

2−/S0 SO4
2−

8.71% 24.87 45.39 28.15 1.59

14.37% 20.18 29.49 46.74 3.59

42.79% 18.63 26.20 49.96 5.20

Table 2 Fitted results of Cu K-edge XANES spectra of bioleaching residue (%)

Samples (with different copper extractions) Bornite Chalcopyrite Covellite

10.50% 53.5 – 46.5

23.87% 29.8 13.0 57.2

49.26% 23.2 25.5 51.4
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Conclusion

The intermediates and surface species of bornite leached by mesophilic mixed
bacteria of L. ferriphilum, A. caldus and S. thermosulfidooxidanswas investigated by
bioleaching experiments, SR-XRD, Cu K-edge and Fe K-edge XANES and XPS.
The SR-XRD results showed that CuS, Cu9Fe9S16 and S8 were the main interme-
diate species during bornite bioleaching by mesophilic mixed bacteria, and CuFeS2
was also detected. The surface species of S2− and S2

2− would be polymerized to Sn
2−

during bioleaching. The formation of element sulfur and the increase of its content
were confirmed by the fitted results of XPS spectra. The presence of polysulfide and
element sulfur did not inhibit the bornite bioleaching. The formations of CuS and
CuFeS2 were confirmed by the results of Cu K-edge XANES spectra.
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Adsorption and Surface Area of Modified
Bentonite Used as Bleaching Clay

C. G. Bastos Andrade, S. M. Toffoli and F. R. Valenzuela Diaz

Abstract The modification of structural clays by chemical processes is a common
method. It usually uses strong inorganic acid attacks, aiming at improving the clay’s
properties and applications. Among the applications are its use in clay-polymer
nanocomposites, cosmetics, medicines, and bleaching clays. Tests using acid attack
to modified Brazilian bentonites were successfully performed and, resulted in
significant improvement in the clay properties. This paper discusses the use of a
Brazilian bentonite modified by acid attack as bleaching clay. The treated bentonite
samples were characterized by XRF, specific surface area (BET) and SEM/EDS.
The treated clay exhibited improved bleaching capacity for Brazilian nut oil and
other Amazonian oils.

Keywords Acid attack � Bentonite � Bleaching clays � Clay � Nanotechnology

Introduction

The terms “bleaching clay”, “bleaching earth”, “clarifying clay”, or “clay adsor-
bent” are defined in the oil industry as clays that, in their natural state, or after
chemical or thermal activation, have the property of adsorbing the dissolved col-
oring material present in mineral, vegetable and animal oils. Bleaching clays are
generally categorized into three types: fuller’s earth, activated clays, and activated
bauxites [1–3]. Clays used as raw materials for obtaining acid activated clays are
the ones which, in natural state, have a low decolorizing power, but develop a high
decolorizing power after acid treatment. Generally, these materials are calcium
bentonites, that is, essentially montmorillonitic clays with calcium as the predom-
inantly saturating cation. The acid activation works to convert montmorillonite into
acid montmorillonite by replacing sodium, potassium, and calcium (sometimes,
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also magnesium) with the cation hydrogen or hydroxonium, and also to reduce the
magnesium, iron, and aluminum content. During the activation process, the
hydroxonium is partially replaced by structural Al3+, with partial destruction of the
mineral clay structure. The acid activation is also used to increase the specific
surface area and the apparent porosity of clays [4–6]. Several research groups have
been studying treatments to apply to modified clays using inorganic acids at high
concentrations and temperatures, aiming at the bleaching and purification of the
clays, for bleaching processes in the food industry [7–12]. Polycationic bentonites
are widely used in modification processes, since they consist of montmorillonitic
clays wherein the predominated interlayer cation is calcium. On the other hand,
there is another type of montmorillonite, industrially called sodic bentonite, with a
negative response to acid attack [13–16]. The Brazilian bentonite from Vitoria da
Conquista, Bahia, is a polycationic bentonite which has high iron content, and
exhibits green color [17–21]. This paper discusses the application of this latter
bentonite, modified by acid attack, as bleaching clay. The samples were charac-
terized by XRF, specific surface area BET, and SEM/EDS, and their bleaching
capacities for some Amazonian oils were studied.

Experimental

Materials

The clay sample was supplied by ARGILAB (Applied Clays Laboratory) clays
collection. It is a bentonite from Brazilian northwestern region, modified by acid
attack using Dr. Bastos Andrade’s and Dr. Valenzuela-Diaz’s, from University of
Sao Paulo, MAT methodology (patent pending). The selected Amazonian oils were
açaí oil, passion fruit oil, and Brazilian nut oil.

Methods

Initially, the modified clay sample was sieved in #200 mesh. Afterwards, it was
dried at 60 °C for 24 h. The purified oils were obtained by using the same amount
of commercial activated clay and modified clay by MAT methodology. The
purification of the Amazonian oils was performed by a simplified bleaching test: the
clay samples were added to 20 mL of filtered oils in a glass vessel, homogenized by
stirring, and then treated at 90 °C for 48 h. After being cooled to 22 °C, the
samples were centrifuged at 3000 rpm for 5 min. The specific surface area was
measured by the N2-BET method, Micromeritics ASAP 2020 analyzer. The
semi-quantitative chemical composition of the modified clay sample was measured
by X-ray fluorescence (XRF), using TBL rock standards as a parameter. The XRF
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spectrometer was a Panalytical Axios Advanced. Images and energy dispersive
X-ray spectra (EDS) were obtained using a scanning electron microscope
(SEM) Philips XL30—EDAX INSPECT 50. The oil absorbance capacity, before
and after purification, was obtained using a spectrophotometer FEMTO 700 Plus, at
440 nm. The bleaching efficiency was calculated as the percentage of the absor-
bance decrease with reference to the unpurified filtered oil. The oils kinematic
viscosities were determined by measuring the time that 10 mL of oil, at 22 °C,
flowed down a plastic funnel with a 1 mm aperture.

Results and Discussion

Microcopy images of bentonite samples treated with purified water, and submitted
to MAT process, are shown in Figs. 1 and 2. It is possible to observe the
agglomerated, lamellar structure, of the clays, presenting agglomerates with irreg-
ular forms. The bentonite sample modified by water and MAT process show
agglomerates of similar sizes, and no apparent destruction of the smectite crystal
structures after modification was observed.

Figure 3 presents the EDS spectrum of the bentonite sample treated with purified
water. It is possible to observe the presence of Si, O, Al, Fe, and Mg, in accordance
to which is expected for a montmorillonite [14]. The presence of gold is explained
by the required thin coating of the sample surface, necessary to perform the analysis
of non-conductive materials.

Figure 4 present the EDS spectrum of the clay sample modified by MAT pro-
cess. It is possible to observe the indication of bentonite purification, since the

Fig. 1 SEM image of
bentonite sample treated with
water
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height of the metals peaks were reduced, although remaining a short peak relative to
aluminum.

Table 1 presents the XRF results, expressed in percentage of oxides. It is
observed an elevated presence of metallic oxides. In the sample treated with water,
83% of all the oxides are comprised of SiO2, Al2O3, and Fe2O3. In sample modified
by MAT it is possible to observe the reduction of all oxide contents, but silica. In
accordance with literature, bentonites without any treatment, present at least 75% of
these metallic oxides and rest is being organic matter and/or other minerals [12, 14,
19].

Fig. 3 EDS spectrum of the bentonite sample treated with H2O

Fig. 2 SEM image of bentonite sample modified by MAT process
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The specific surface area, measured for the bentonite sample treated with water,
was 28 m2/g and for the bentonite modified by MAT, of 213 m2/g, indicating a
dramatic increase of more than 650%. This high value indicates a great potential of
the MAT treated clay to be used as a bleaching clay [8, 12]. The BET pore diameter
increased, from the water treated sample, to the MAT sample, from 6.8 to 7.6 nm.

In Figs. 5, 6 and 7 it is possible to observe the bleaching of Amazonian oils
samples “in-natura”, purified with the commercial activated clay, and also purified
with the MAT modified clay. It is possible to observe a minimum difference in

Fig. 4 EDS spectrum of bentonite sample modified by MAT process

Table 1 XRF results of the bentonite submitted to treatment (semi-quantitative analysis, values in
percentage of oxides)

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI

H2O 54.7 19.8 8.06 <0.10 3.73 0.20 0.10 <0.10 0.36 <0.10 13.5

MAT 64.1 15.9 5.08 <0.10 2.11 0.18 <0.10 <0.10 0.43 <0.10 13.0

oil sample purified 
with modified clay

(0.75 g)

oil sample 
“in natura”

oil sample purified 
with commercial clay 

(0.75 g)

oil sample purified 
with commercial 

clay
(1.50 g)

Fig. 5 Images of “in natura” and purified açaí oil
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color between purified oils samples using commercial bleaching clay and modified
clay by MAT. In all samples was obtained a good bleaching of Amazonian oils “in
natura”.

Tables 2 and 3 present the bleaching efficiency values of bentonite samples,
commercial, and MAT modified. The obtained values for the modified clay were
similar to those obtained with the commercial activated clay. The açaí oil is very
dark, and for the wavelength used (440 nm, yellow color) the efficiency for all
samples was null. However, in Fig. 5 it is possible to observe a light bleaching
obtained with both the commercial and MAT clays.

For Brazilian nut oil purified with 0.75 g of commercial and MAT clays, it is
possible to observe the same bleaching efficiency. Doubling the quantity of

oil sample 
purified with 
modified clay

(0.75 g)

oil sample 
“in natura”

oil sample purified 
with commercial clay 

(0.75 g)

oil sample purified 
with commercial clay

(1.50 g)

Fig. 6 Images of “in natura” and purified Brazilian nut oil

oil sample 
purified with 
modified clay

(0.75 g)

oil sample 
“in natura”

oil sample purified 
with commercial clay 

(0.75 g)

oil sample purified 
with commercial clay

(1.50 g)

Fig. 7 Images of “in natura” and purified passion fruit oil

Table 2 Bleaching
efficiency of Brazilian nut oil
“in natura”, and purified

Brazilian nut oil Efficiency (%)

“in natura” –

Purified with Modified clay (0.75 g) 19.0

Commercial clay (0.75 g) 19.0

Commercial clay (1.50 g) 13.0
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commercial clay resulted in a great decrease in efficiency, most likely because the
centrifugation wasn’t capable to separate all the clay from the oil.

Therefore, the best bleaching efficiencies were achieved for the passion fruit oil,
with 36% for the clay modified by MAT process, against 22% for the commercial
bleaching clay. As for the Brazilian nut oil, increasing the quantity of clay results in
a lower efficiency value.

Tables 4, 5 and 6 present the kinematic viscosity results of the Amazonian oils
“in natura”, purified with commercial activated bentonite, and modified by MAT
process. For açaí oil, all the activated samples presented higher viscosity values
compared to samples “in natura”. The probable reason for that is the presence of
residual clay, even after the centrifugation stage. For the Brazilian nut oil, all of the

Table 3 Bleaching efficiency of passion fruit oil “in natura” and purified

Passion fruit oil Efficiency(%)

“in natura” –

Purified with Modified clay (0.75 g) 36.0

Commercial clay (0.75 g) 22.0

Commercial clay (1.50 g) 1.2

Table 4 Kinematic viscosity of the açaí oil “in natura”, and purified

Açaí oil Kinematic viscosity (in seconds)

“in natura” 115

Purified with Modified clay (0.75 g) 123

Commercial clay (0.75 g) 147

Commercial clay (1.50 g) 132

Table 5 Kinematic viscosity of the Brazilian nut oil “in natura” and purified

Brazilian nut oil Kinematic viscosity (in seconds)

“in natura” 148

Purified with Modified clay (0.75 g) 127

Commercial clay (0.75 g) 140

Commercial clay (1.50 g) 129

Table 6 Kinematic viscosity of the passion fruit oil “in natura” and purified

Passion fruit oil Kinematic viscosity (in seconds)

“in natura” 127

Purified with Modified clay (0.75 g) 118

Commercial clay (0.75 g) 105

Commercial clay (1.50 g) 133
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treated samples presented lower viscosity values after purification, indicating a
good efficiency of the purification process. For the passion fruit, with the exception
of the 1.5 g commercial treated sample, were obtained reduced viscosities values
compared to the sample “in natura”, and also indicates a good efficiency of the
purification process.

Conclusions

Scanning electron microscopy images of the MAT clay sample and the water
treated clay sample, revealed that they presented similar agglomerate sizes and no
indication of significant destruction of the smectite crystal structures after the
modification process. The MAT process also caused the reduction in the level of the
metallic oxides in the clay, according to both FRX and EDS analyses. The BET
specific surface area increased dramatically because of the MAT treatment and
further investigation is demanded for understanding the microstructural changes,
but it is a strong indicative of the great potential of using the MAT clay as a
bleaching clay. The passion fruit and Brazilian nut oils presented excellent
bleaching when the MAT clay was employed as bleaching agent. However, another
wavelength of the testing light is necessary, in order to measure the bleaching
efficiency of dark oils, like the açaí oil, although it was possible to visually observe
oil bleaching caused by the clay samples. In terms of the viscosity of the samples,
the presence of a residual amount of clay even after centrifugation is the possible
cause for the viscosity increase and bleaching efficiency decrease observed in
samples which were purified using higher amounts of clay. In conclusion, the
process efficiency could be observed by the good bleaching of all Amazonian oils
purified with MAT clay (0.75 g), as well as by the kinematic viscosity reduction.
Therefore, it is possible to say that the MAT clay may be considered a revelation as
a green alternative for the production of bleaching clays to be used in industrial
bleaching processes.
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Investigation for Removal of Organic
Carbon from Carbonaceous Copper
Sulphide Ore and Improving the Recovery
of Copper Through Flotation

Refilwe S. Magwaneng, Kazutoshi Haga, Altansukh Batnasan,
Atsushi Shibayama, Masato Kosugi, Ryo Kawarabuki,
Kohei Mitsuhashi and Masanobu Kawata

Abstract An investigation on improving copper and iron recovery by removal of
organic carbon and carbonaceous gangue mineral through flotation was carried out.
The ore contains chalcopyrite and bornite as valuable minerals, and dolomite and
calcite as carbonaceous gangue minerals. The chemical composition of the ore
indicates that grade of 2.08 and 5.37 mass% for copper and iron respectively, while
carbon was 3.70 mass%. The total organic carbon in the feed was recorded as
2.02 mass%. The presence of these gangue minerals is detrimental to copper and
iron recovery during flotation. Therefore a two stage flotation study was carried out
to remove hydrophobic carbon and carbonaceous material from ore and to improve
copper and iron recovery. The objective of the study was to find effective and
selective flotation conditions which can eliminate gangue minerals from valuable
minerals and improve quality (grade) and recovery of copper and iron. The obtained
results could be used to develop a flotation circuit for recovering copper and iron
from carbonaceous sulphide ores.

Keywords Organic carbon � Carbonaceous material � Copper � Iron
Flotation
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Introduction

Over the years, the depletion of high-grade deposits has presented significant
challenges in the processing of low-grade deposits with complex mineralogy.
Particularly, the recovery of copper and iron is quite challenging and unsatisfactory
in carbonaceous sulphide ores. Previous confidential reports and cursory miner-
alogical characteristic of the ore indicate that the chalcopyrite and bornite host the
copper and iron minerals. Their grain size distribution ranges from coarse grains to
fine grains with an assemblage of organic carbon and carbonaceous minerals. The
degree of liberation is therefore necessary during the milling process and is a critical
parameter in determining the flotation efficiency [1].

The presence of organic carbon and carbonaceous material hinders the pro-
duction of quality flotation concentrates, therefore resulting in a decrease in ben-
eficiation efficiency [2]. Numerous studies on the elimination of have been carried
out as pre-flotation stages before continued processing such as pyro metallurgy and
hydrometallurgy [3–5]. Before evaluating organic carbon removal from copper
ores, extensive mineralogical studies indicated that none of the traditional reasons
based on liberation provided an adequate explanation on the poor separation. Other
explanations for these observations were simply the variable composition and
amount of organic component of a single type of ore [6–9].

In this paper, a two-stage flotation processing method consisting of pre-flotation
of carbonaceous feed and main flotation of tailings from pre-flotation stage was
discussed. Consideration was mainly made to the optimization of reagents used on
the removal of organic components and clay minerals from sulphide. Therefore, the
main issues in this paper are: (i) the elimination of organic carbon and carbonaceous
minerals (ii) optimization of reagents (collectors and frother) for recovery of Cu and
Fe.

Experimental

Materials and Methods

Initially, the ore samples received were stored in a freezer to minimize oxidation
effects. To determine the chemical composition of the carbonaceous sulphide ore,
measurements were determined by inductively coupled plasma-optical spectrometry
(ICP-OES, SPS5510 SII Hitachi High-Tech Science Corporation, Japan) and
X-Ray Fluorescence Spectrometry (XRF, ZSX Primus II Rigaku). As indicated in
Table 1, the sample consist of 2.08 mass% of copper, 4.94 mass% of iron and
38.6 mass% of SiO2 including other elements such as aluminum (Al), calcium (Ca),
and magnesium (Mg). The total carbon (CTC) and total organic carbon (TOC) were
determined based on combustive oxidation and infrared analysis method using
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Sumigraph Nitrogen-Carbon-Hydrogen analyzer (NCH-22A) and included in
Table 1 of the chemical analysis by ICP-OES.

Mineralogical studies by X-ray diffraction diffractometer (XRD, RINT-2200 V
Rigaku) indicated the presence of calcite (CaCO3), dolomite (Ca, Mg (CO3)2),
chlorite ((Mg∙Fe)6(Si, Al)4O10(OH)8), mica (Al2, K2O6Si) and quartz (SiO2) as
shown in Fig. 1.

Flotation

The scope of the experiment covered two stages: the first stage involved a
pre-treatment study that focused on the removal of carbonaceous materials from the
feed. A chemical reagent of methyl-isobutyl carbinol (MIBC, C6H14O) was used as
a frother based on its hydrophobic interactions with carbonaceous material. In
addition, an emulsion of MIBC and kerosene was considered to determine an
optimum reagent dosage to minimize consumption of reagent used. The effect of
particle size distribution on the elimination of organic carbon, in the pre-flotation
stage for carbonaceous materials and clay minerals from the ore was investigated.
After each experiment, froth was collect and slurry was filtered using 120 mm filter,
and the solid samples obtained were dried in an oven at 70 °C for 24 h. The
chemical compositions of the samples were determined by ICP-OES after digesting
them in aqua regia.

Table 1 Chemical composition of the carbonaceous sulphide ore

Al Ca Cu Fe Mg CTC SiO2 TOC

Grade (mass%) 1.84 12.16 2.08 5.37 4.03 3.69 38.6 2.02
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Fig. 1 XRD pattern of a
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In the second stage flotation as a main flotation, the pre-flotation tailings were
used. Potassium amyl xanthate (PAX, C5H11OCSSK) and dithiophosphate
(Aero3477) were used for the recovery of Cu and Fe.

The flotation experiments were conducted using a laboratory mechanical flota-
tion machine (US 590-001C) equipped with 0.25 L flotation cell. The flotation time
during the stage 1 and stage 2 was kept at 5 and 10 min, respectively, while other
parameters such as slurry pH, conditioning time and stirring speed were kept
constant at 8, 10% pulp density and 700 r/min, respectively.

Results and Discussion

Pre-treatment of Carbonaceous Sulphide Ore to Eliminate
Organic Carbon and Carbonaceous Material

The effects of particle size on the removal of organic carbon and carbonaceous
material was investigated. Additionally, for the purpose of frother optimization
MIBC and an emulsion of MIBC and kerosene was carried out. Kerosene acts as a
supportive aid for improved delivery of frother admission to carbon hydrophobicity
[4]. In this case, the tailings obtained are fundamentally important in ascertaining
that more sulphide is contained for further processing. The recovery and grade aid
in determining the efficiency of carrying out pre-flotation experiment.

The results shown in Figs. 2 and 3 indicate that particle size has an impact in the
recovery of Cu and Fe. In the particle size range of 75–52 µm, recovery of copper
was achieved at 89.29% with grade of 5.71 mass%, (Fig. 2). Iron recovery was
recorded at 92.43% with a grade of 6.03 mass% (Fig. 3). This observation was
attributed to the distribution of sulphide minerals in a particle size range of 75–
52 µm. According to the results, addition of 200 g/t of MIBC resulted in the
increase in the recovery and grade of Cu and Fe respectively. The addition of
kerosene as a means of improving frother administration and increasing carbon
material flotation indicated a compromised quality grade for tailing. Results shown
in Figs. 2 and 3 indicate that grade of 2.58 and 4.98 mass% for Cu and Fe when
200:600 g/t MIBC and kerosene emulsion was used despite their higher recoveries
of 88 and 89% for Cu and Fe respectively. Therefore, it is expected that copper and
iron could be lost to the pre-concentrate in conjunction to carbon removal, and
confirming the poor selectivity of kerosene in separating carbon from sulphide ores
(Table 2).

The amounts of total organic carbon (TOC) in the tailings under various particle
size ranges and different frother dosages are shown in Fig. 4. For this case, the
presence of TOC in the tailing indicates that some of the carbonaceous materials are
not particularly hydrophobic. At the optimized conditions, which are particle size of
75–52 µm, MIBC dosage of 200 g/t, flotation time of 10 min, stirring speed of
700 r/min, and slurry pH of 8, the amount of total carbon (CTC) was reduced from
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3.69 to 2.61% with minimal Cu and Fe losses (Table 3). The results revealed that
separation of organic matter during pre-flotation is possible and tailings could be
further taken for the main flotation process where selectivity could be improved by
collector.
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Main Flotation Circuit

The flotation experiments were performed using tailings as feed from the
pre-flotation sulphide ore. Under slurry pH of 8, flotation time of 10 and 5 min
conditioning, stirring speed of 700 r/min and 200 g/t of MIBC as frother. The main
flotation circuit test was directed at maximizing recovery and grade of the Cu and
Fe from pre-flotation tailings. Hence the performed tests were intended to inves-
tigate the role of different collector and their dosage on recovery of Cu and Fe in the
pre-flotation tailings. The results for the main flotation are shown in Figs. 5 and 6,
respectively. It is shown that a gradual increase in copper recovery attributed to the
increase of collector dosage (AERO 3477). The maximum flotation recovery was
obtained at 57.6% while the grade of copper was 5.8 mass% with 240 g/t AERO
3477 (Fig. 5).

Table 2 Contents of copper and iron in concentrate after pre-flotation. (Flotation time: 10 min,
pulp density 10%, and slurry pH 8)

MIBC and
kerosene
200:600 g/t,
Cu

MIBC
200 g/t, Cu

MIBC and
kerosene
200:600 g/t, Cu

MIBC 200 g/t,
Cu

Grade assay (mass%) Recovery (%)

Cu Fe Cu Fe Cu Fe Cu Fe

>75 1.39 2.63 2.42 3.82 12.44 11.46 8.58 6.09

75–52 3.71 4.98 2.56 4.08 11.63 11.42 10.71 7.57

52–37 3.26 4.30 2.57 4.51 16.19 15.33 12.64 12.63

<37 2.99 4.32 2.56 4.00 20.84 11.85 16.48 17.28
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Figure 6 shows the influence of collector dosage on the recovery and grade of
Fe, under conditions of 10% pulp density, slurry pH of 8 for 10 min flotation. The
recovery of iron increased gradually with increase in collector dosage from 80 to
240 g/t, whereas PAX had no effect on the recovery of Fe. Generally, low grade
concentrates for Cu and Fe were obtained therefore suggesting that organic carbon
and carbonaceous minerals that have remained in the tailings were a result of
increase of collector consumption. Despite the fact that PAX is commonly used to
render sulphide hydrophobicity, low recoveries for Cu and Fe suggest that
multi-mineral system and liquid phase are an important factor that needs to be
highly accessed. The presence of middling in the system is one of the major
concerns carried from pre-flotation stage to main flotation stage.

Table 3 Chemical composition of concentrate and tailing after pre-flotation. (Flotation time:
10 min, pulp density 10%, and slurry pH 8)

Grade assay (mass%) Distribution (%)

Parameter Product wt% Cu Fe CTC Cu Fe CTC

MIBC 200 g/t Conc. 4.76 4.56 4.08 5.91 10.42 7.19 9.94

Tail 92.43 5.71 6.03 2.61 89.58 92.54 65.39

MIBC and
kerosene
200:600 g/t

Conc. 14.46 4.38 7.24 3.63 30.44 19.48 14.23

Tail 83.39 2.02 4.96 3.81 81.11 76.95 86.12
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Fig. 5 Effects of collector dosage on the recovery of copper. (Flotation time: 10 min, pulp density
10%, slurry pH 8)
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Conclusion

The results obtained show that there is a possibility for separating organic and
carbonaceous material from sulphide minerals. The experimental results are sum-
marized as follows:

Pre-flotation stage

• Total carbon (CTC) was reduced from 3.69 to 2.61% in the optimized condition
which were particle size range of 75–52 µm, MIBC dosage of 200 g/t, slurry pH
of 8 and flotation time of 10 min.

• The pre-flotation concentrates are suggested to further scavenger flotation cell to
maximize copper and iron recovery.

Main Flotation

• Relatively low recoveries of 57.6 and 25.17% for Cu and Fe were obtained from
the flotation of pre-flotation tailings.

• The organic and carbonaceous materials that form in middling with sulphide
minerals warrant difficulty in selective separation by use of collector. It is
suggested that further liberation needs to be considered and addition of cleaner
flotation cells would be added to optimize the recovery and upgrade of Cu and
Fe.
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Microwave Synthesis of Co–Ni
Ferrite/Graphene Nanocomposite
for Microwave Absorption

Zhiwei Peng, Jianhui Peng, Xiaolong Lin, Zhizhong Li,
Zhongping Zhu, Guanghui Li and Tao Jiang

Abstract As the absorbing material composed of sole carbon is difficult to meet
the comprehensive requirements of microwave applications, preparation of car-
bonaceous nanocomposite materials becomes an effective method to increase
microwave absorption properties. In this study, a novel nanocomposite composed
of Co–Ni ferrite and graphene was synthesized via a simple and rapid microwave
hydrothermal method in just a few minutes. It was demonstrated that the minimum
microwave reflection loss of the composite of 3 mm thickness with a low filling
ratio (20 wt%) reached −13.1 dB at 17.2 GHz with an effective absorption band-
width of 3.1 GHz. The good performance of the composite was believed to be a
result of high dielectric loss of graphene associated with a multi-dielectric relax-
ation process and magnetic loss of the ferrite mainly originated from natural fer-
romagnetic resonance.

Keywords Graphene � Microwave-assisted synthesis � Magnetic ferrite
Electromagnetic parameters � Absorbing materials

Introduction

Microwave absorption materials are widely used in the television, broadcast, radar,
microwave anechoic chamber and electronic devices. [1]. Graphene, periodic
honeycomb shaped new carbon material [2], becomes a potential nanoscale
building block for new absorbing materials due to its outstanding properties. The
two dimensional conjugate structure of graphene [3] contributes to its high
dielectric loss, low density, special surface properties, etc. [4]. However, its
remarkable dielectric loss ability and non-magnetic feature lead to poor impedance
matching and thus a low attenuation property in microwave absorption [5–7].
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In order to improve microwave absorption properties, one of the effective
approaches is to load magnetic materials, typically ferrites, on graphene [8–10]. For
example, when reduced graphene oxide (r-GO) was coated with Fe3O4 through a
co-precipitation method, the reflection loss (RL) value of rGO/Fe3O4 composite
(filling ratio = 8 wt%) reached −47.9 dB at 10.1 GHz with the effective absorption
bandwidth (RL < −10 dB) ranging from 6.5 to 10.3 GHz (coating layer thickness
of 2.0 mm) [8]. Other ferrites are also used for improving the magnetic performance
of graphene matrix composite. A recent study showed that rugby-shaped CoFe2O4/
graphene composites via a vapor diffusion method had the minimum RL of
−39.0 dB (filling ratio = 60 wt%) at 10.9 GHz and corresponding effective
absorption bandwidth was 4.7 GHz at 2.0 mm [9]. Another report demonstrated
that NiFe2O4 nanorod/graphene composites of 2.0 mm thickness (filling ratio of
60 wt%), prepared by an ionic liquid assisted one-step hydrothermal approach,
achieved minimum RL of −29.2 dB with the effective absorption bandwidth of
4.4 GHz [10]. The good microwave absorption performance of those composites
was largely attributed to enhanced electron transmission when two or more ions
replacing Fe cations within the spinel structure [11]. For this mechanism, it is
anticipated that Co–Ni ferrites may be another promising candidate to be assembled
onto graphene for further improvement of absorption performance

In this paper, a novel composite constituted by Co0.5Ni0.5Fe2O4 and graphene
was synthesized via microwave hydrothermal method in just several minutes. The
minimum RL of the composite of 3.0 mm thickness reached −13.1 dB at 17.2 GHz
with an effective absorption bandwidth of 3.1 GHz.

Experimental

Materials

All chemical reagents used in this experiment, including natural graphite powder
(<48 µm), sulphuric acid (H2SO4), potassium permanganate (KMnO4), sodium
nitrate (NaNO3), hydrogen peroxide (H2O2), cobalt acetate (Co(OAc)2), nickel
acetate (Ni(OAc)2), ferrous chloride (FeCl2), ammonia (NH3∙H2O), and ethanol
were of analytical grade and used as received without further purification.

Preparation of Co0.5Ni0.5Fe2O4/Graphene Composite

For preparation of Co0.5Ni0.5Fe2O4/graphene composite, 2.0 mmol of FeCl2,
0.5 mmol of Co(OAc)2 and 0.5 mmol of Ni(OAc)2 were mixed and dissolved in
80 mL of distilled water under magnetic stirring. Subsequently, 50 mg of GO,
which was preliminarily prepared by the Hummers method using the natural
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graphite powder as starting material [12], was added into the above solution under
ultrasonic treatment to form a homogeneous solution. The mixture was stirred for
4 h at room temperature. The pH value of the suspension was adjusted to 10 by
adding NH3∙H2O. The mixture was stirred for 1 h at room temperature. Then, the
reaction mixture was heated at 160 °C in a microwave reactor at power of 500 W
for 25 min. The resultant precipitate was filtered, washed with deionized water and
ethanol, and finally dried in a vacuum oven at 70 °C for 12 h.

Characterization of Co0.5Ni0.5Fe2O4/Graphene Composite

The electromagnetic parameters (permittivity and permeability) of the composite
were measured with an AV3629 vector network analyzer using the coaxial line
method. Samples were first prepared by homogeneously mixing the nanocomposite
with paraffin (the weight content of the as-prepared powder was about 20 wt%),
and then the mixture was pressed into a toroid with an inner diameter of 3.0 mm, an
outer diameter of 7.0 mm and a height of 2.0 mm. Subsequently, the samples were
embedded into a copper holder and connected between the waveguide flanges of the
instrument for measurement of the parameters.

To assess the microwave absorption performance of Co0.5Ni0.5Fe2O4/graphene
composite, its reflection loss (RL) was calculated by the following equations
[13, 14]:

RL dBð Þ ¼ 20� log
Zin � Z0

Zin þZ0

����

���� ð1Þ

Zin ¼ Z0 �
ffiffiffiffiffi
lr
er

r
� Tanh j� 2� p� f � d

c
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

lr � er
p� �

ð2Þ

Z0 ¼
ffiffiffiffiffi
l0
e0

r
ð3Þ

where Zin is the input impedance of the absorber, Z0 is the input impedance of the
free space, er (er = er′ − jer″) is the complex relative permittivity of the absorber, lr
(lr = lr′ − jlr″) is the complex relative permeability of the absorber, c is the
velocity of electromagnetic waves in free space, ƒ is the frequency and d is the
absorber layer thickness.
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Results and Discussion

Electromagnetic Absorption Properties

Figure 1a shows the real part (er′) and imaginary part (er″) of the complex relative
permittivity of Co0.5Ni0.5Fe2O4/graphene composite. It is revealed that the er′ value
decreased gradually from 2.89 to 2.59 and the er″ value increased from 0.003 to
0.479, respectively, in the frequency range of 2–18 GHz. Figure 1b shows the real
part (lr′) and imaginary part (lr″) of the complex relative permeability of
Co0.5Ni0.5Fe2O4/graphene composite. It reveals that the values of lr′ were in the
range of 0.95–1.11 over 2–18 GHz and the lr″ values exhibited a major peak at
10.16 GHz and a minor peak at around 4.64 GHz. From Fig. 1c, it is found that
most of the values of the dielectric loss tangent (tan der) were larger than the values
of the magnetic loss tangent (tan dlr) from 2 to 18 GHz, except the frequency
ranges of 4.48–6.40 and 9.60–10.88 GHz. Therefore, we can conclude that the
electromagnetic wave attenuation mechanism of Co0.5Ni0.5Fe2O4/graphene com-
posite was mainly ascribed to electrical loss in the frequency range of 2–18 GHz.
The higher tan dlr values than the tan der values were associated with the two peaks
of the lr″ value in Fig. 1b.

Fig. 1 Complex relative permittivity (a), complex relative permeability (b), loss tangent (c) and
reflection loss (d) of Co0.5Ni0.5Fe2O4/graphene composite
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Figure 1d shows the RL curves of Co0.5Ni0.5Fe2O4/graphene composite with
different thicknesses. Its minimum RL was up to −13.1 dB at 17.2 GHz, and the
bandwidth corresponding to the RL values below −10 dB (90% of electromagnetic
wave absorption) was 3.1 GHz (from 14.9 to 18.0 GHz) with a thickness of
3.0 mm. In addition, the minimum RL values obviously decreased first and then
increased with increasing the layer thickness.

To investigate the possible mechanism of the enhanced microwave absorption
properties of Co0.5Ni0.5Fe2O4/graphene composite, the Cole-Cole semicircle curve
and the values C0 [lr″ (lr′)

−2ƒ−1] versus frequency are presented in Fig. 2. As for
the Debye dipolar relaxation, the complex relative permittivity can be expressed by
the following equation [15]:

er ¼ e1 þ es � e1
1þ j2pf s

¼ e0r � je00r ð4Þ

where ƒ, es, e∞ and s are the frequency, static permittivity, relative dielectric
permittivity at the high-frequency limit, and polarization relaxation time, respec-
tively. Thus, er′ and er″ can be described by the following equations:

e0r ¼ e1 þ es � e1
1þ 2pfð Þ2s2 ð5Þ

e00r ¼
2pf s es � e1ð Þ
1þ 2pfð Þ2s2 ð6Þ

According to Eqs. (5) and (6), the relationship between er′ and er″ can be
deduced as follows:

e0r � e1
� �2 þ e00r

� �2¼ es � e1ð Þ2 ð7Þ

Fig. 2 Cole-Cole curves (a) and C0 versus frequency curve of Co0.5Ni0.5Fe2O4/graphene
composite (b)
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Thus, the curve of er′ versus er″ is a single semicircle, which is generally called
the Cole-Cole semicircle. Each semicircle corresponds to one Debye relaxation
process. Figure 2a shows the er′–er″ curve of Co0.5Ni0.5Fe2O4/graphene in the
frequency range from 2 to 18 GHz. The curve of er′ versus er″ shows that
Co0.5Ni0.5Fe2O4/graphene composite had a distinct segment of three semicircles,
demonstrating that the composites had multi-dielectric relaxation processes. In
other words, the Debye relaxation process played a key role in improving the
dielectric properties of Co0.5Ni0.5Fe2O4/graphene composite. In general, the
microwave magnetic loss of magnetic materials originates mainly from hysteresis,
domain wall resonance, natural ferromagnetic resonance, and the eddy current
effect [16]. The hysteresis loss comes from irreversible magnetization and is neg-
ligible in a weak applied field. The domain wall resonance occurs only in mul-
tidomain materials and usually in the 1–100 MHz range [17]. In this study, the
complex relative permeability was measured in the frequency range of 2–18 GHz.
Therefore, hysteresis and domain wall resonance were not the main factors that led
to magnetic loss of the composite. Instead, only natural ferromagnetic resonance or
the eddy current effect might contribute to the microwave magnetic loss. If the eddy
current effect occurs at the absorber, the C0 (C0 = lr″ (lr′)

−2ƒ−1 = 2pl0rd
2/3) will

be a constant when the frequency varies. It is shown in Fig. 2b that these C0 values
were not constant with the increasing frequency. Therefore, the magnetic loss of the
composite was considered to be originated from natural ferromagnetic resonance.

The mechanism of excellent electromagnetic absorbing performance for
Co0.5Ni0.5Fe2O4/graphene composite was investigated in detail (Fig. 3). The excel-
lent wave absorption properties and wider absorption bandwidth of Co0.5Ni0.5Fe2O4/
graphene composite can be explained as follows. Firstly, the remarkable dielectric
loss ability of graphene was conducive to absorbing electromagnetic waves. Loading
Co0.5Ni0.5Fe2O4 nanoparticles not only effectively reduced the excessive dielectric
loss of graphene but also enhance good magnetic properties of the composite, con-
tributing to impedance matching. More interfaces and defects could be induced after
the introduction of Co0.5Ni0.5Fe2O4 nanoparticles, which caused more interface
polarization [18]. Secondly, the multiple reflection could occur at defect of the gra-
phene and Co0.5Ni0.5Fe2O4 nanoparticles, extending the propagative routes of elec-
tromagnetic wave. In addition, the natural resonances produced by Co0.5Ni0.5Fe2O4

could greatly increase magnetic losses and convert electromagnetic energy into
thermal energy, thus absorbing electromagnetic waves.

Compared with other absorbers, the Co0.5Ni0.5Fe2O4/graphene composite
exhibited significantly enhanced electromagnetic absorbing ability, as shown in
Table 1. Furthermore, it was only 20 wt% of the filling ratio for the
Co0.5Ni0.5Fe2O4/graphene composite. The above results demonstrated that the
Co0.5Ni0.5Fe2O4/graphene composite had strong absorption, wide absorption
bandwidth and light weight.
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Conclusions

A Co0.5Ni0.5Fe2O4/graphene composite was synthesized via a simple and rapid
microwave method. It was shown that the Co0.5Ni0.5Fe2O4/graphene composite had
good dielectric and magnetic properties. The minimum RL of Co0.5Ni0.5Fe2O4/

Fig. 3 Possible electromagnetic absorbing mechanism of the Co0.5Ni0.5Fe2O4/graphene
composite

Table 1 Electromagnetic absorption performance of similar absorbers

Sample (name) RLmin (dB) Bandwidth
(�−10.0 dB)
(GHZ)

Filling
ratio (wt%)

Thickness
(mm)

Adhesive
matrix

References

Co0.2Ni0.4Zn0.4Fe2O4 −17.4 3.8 30 5.0 Paraffin [19]

Ni0.12Mn0.38Zn0.5Fe2O4 −32 3.0 90 6.0 Polymeric
epoxy
resin

[20]

Ni0.5Zn0.5Fe2O4 −11 2.0 80 3.5 Wax [21]

Porous graphene/Fe3O4 −48.5 3.4 30 3.2 Paraffin [22]

CoFe2O4 hollow
sphere/graphene

−22.5 3.1 60 3.0 Paraffin [23]

NiFe2O4 nanorod/
graphene

−23.9 3.9 60 3.0 Paraffin [10]

Co0.5Ni0.5Fe2O4/
graphene

−13.1 3.1 20 3.0 Paraffin This work
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graphene composite was −13.1 dB at 17.2 GHz and the absorption bandwidth with
the reflection loss below −10 dB was 3.1 GHz with a thickness of 3.0 mm. The
good performance of the composite was attributed to the high dielectric loss of
graphene in association with multi-dielectric relaxation processes and magnetic loss
of the ferrite mainly originated from natural ferromagnetic resonance.
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Evaluation of Urea Encapsulation
by Microcapsules of PHB/MMT
and PHB/OMMT Nanocomposites

J. C. Arjona, F. R. Valenzuela-Diaz, H. Wiebeck, S. H. Wang
and M. G. Silva-Valenzuela

Abstract Urea is the most used nitrogen fertilizer around the world being respon-
sible for many environmental problems. Preparation of microcapsules from
biodegradable polymer has been reported as a main system to sustain active sub-
stances, finding application in different areas. The objective of this work was to
sustain urea in nanocomposite microcapsules of poly(3-hidroxybutyrate) (PHB)
reinforced with a smectite Brazilian clay in its natural (MMT) and modified (OMMT)
form. PHB/MMT and PHB/OMMT microcapsules were obtained by w/o/w emul-
sion. Characterization were performed by XRD and optical microscopy. Structural
and morphological differences observed by XRD and optical microscopy shown that
PHB/OMMT microcapsules are smaller than PHB/MMT microcapsules, with
average size diameter ranging * 49 µm. Results indicate that PHB/OMMT
microcapsules present more defects and fractures than PHB/MMT microcapsules.

Keywords Microencapsulation � Brazilian clay � Urea � PHB

Introduction

Microcapsules can become a solution to a lot of environmental problems, one of
them is caused by exceed of fertilizers in the agriculture, which is responsible for
river, air and soil contamination beside some species of animals. Because of that
urea encapsulation is so important: it is the most used fertilizer with nitrogen in
Brazil [1]. Studies showed the benefits of encapsulate urea through polymer
microcapsules: the low density of polymer and the study of urea release that can be
better controlled and studied when compared with other materials [2].
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PHB is a great option to make these microcapsules: it is a biopolymer and
biodegradable, consequently it will be not responsible for more contaminations or
solid waste in the environment [3]. Besides that, less urea would be necessary to the
same quantity of plantation, consequently this arrangement would be really
important to all the world, since there are predictions that in less of 50 years the
consume of food will double and the number of productive land will decrease [4].

To improve mechanical and thermal properties of PHB, a clay can be incor-
porated to this polymer [5]. Frequently, montmorillonite is a kind of clay utilized
as nanometric load. To enhance the interaction between inorganic particles and
polymer matrix, it is usual modify the clay surface with ammonium quaternary salt,
creating a organoclay (OMMT) [6].

In this paper, we used a physical-chemical method of emulsion-diffusion of
solvent to obtain microcapsules. It is a method widely applied for encapsulation of
drugs, mainly water-soluble drugs. The efficiency of this process depends on
material core of microcapsules, the drug that will be encapsulated and other
parameters like rate of mixing and solvents [7].

Materials and Methods

Materials

It was used a Brazilian Northeast smectite, from Vitoria da Conquista, Bahia-Brazil.
Poly(3-hydroxybutyric acid) (PHB) of molecular weight approximative 600,000 g/
mol was supplied by PHB Industrial S/A—Brazil. Urea (99.5%), hexadecyl tri-
methyl ammonium chloride (C19H44NCl) in aqueous solution (50%), and sodium
carbonate (99.5%) were commercially available.

Methods

Clay purification

The smectite utilized in the present work was purified before used. Firstly, an
aqueous dispersion of the clay (15% w/w) was made by mixing at 14,000 rpm for
20 min. After resting, the solution showed three phases with different colors, which
were carefully separated. One of these phases, the intermediate phase, here
denominated MMT, was used in the composition of the PHB/clay nanocomposite
systems used to obtain microcapsules.
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Clay organophilization

A clay dispersion (4% w/w) was prepared and mixed at 14,000 rpm for 20 min.
Then, it was made a cation exchange using Na2CO3 at 1500 rpm for 20 min. After
that, the ammonium quaternary salt solution (50% w/w) was dropped in the clay
dispersion and it was mixed at 1500 rpm for 30 min, and then left to rest overnight.
Thereafter, the supernatant was removed from the dispersion and the clay was
washed with 3 L of distilled water, under vacuum. The resulting organoclay was
dried at 60 °C for 24 h and sieved through a 200-mesh sieve.

Obtaining PHB/MMT and PHB/OMMT nanocomposites

Nanocomposites were obtained by solution method. Chloroform was used as the
solvent to prepare both the 0.4% (w/w) clay (MMT and OMMT) dispersions and
3.6% (w/w) PHB solution, which were mixed using a magnetic stirrer, the clay
dispersions for 3 h at room temperature, and PHB solution for 30 min at 40 °C.
After, PHB solution was dropped in the clay dispersion under magnetic stirring.

Obtaining encapsulated microcapsules

Microcapsules were obtained by emulsion-diffusion method. First, an emulsion w/o
was prepared mixing urea (10%) aqueous solution in nanocomposite solution and
PVA (0.5% w/w) aqueous solution by magnetic stirrer at 150 rpm, for 2 min. This
emulsion was slowly dropped in a PVA (0.5% w/w) solution that was mixing by
mechanical stirring at 1500 rpm during the dropping and for more 25 min.
Microcapsules were obtained in the bottom of beaker.

XRD

A Rigaku MiniFlex600 X-ray diffractometer system with KCua radiation was used
to perform XRD analyses. Scans were recorded in the range of 2Ɵ = 2°–60° at
2°/min with an X-ray tube operated at 30 kV and 10 mA.

Optical microscopy

A Zeiss Stereo microscope model Stemi2000 was used to verify morphology and
size distribution of microcapsules. Images were made utilizing 100 � zoom.

Results and Discussion

XRD

The purified clay (MMT), organoclay (OMMT) and microcapsules (PHB, PHB/
MMT and PHB/OMMT) with and without urea encapsulated were analyzed by
X-ray diffraction and the spectra of these materials are illustrated in Fig. 1. The
basal spacing d(001) = 1.4 nm for MMT shifted to 1.8 nm for OMMT indicating
higher gallery space and more affinity with polymer matrix [6]. All the

Evaluation of Urea Encapsulation by Microcapsules … 367



nanocomposites do not present the d(001) clay peak indicating the obtaining of
nanocomposite [8].

Besides that, the crystallinity of PHB increased with MMT addition and it occurs
due the rise of heterophase nucleation points in the moment that microcapsules are
precipitating on bottom of Becker [5]. However, OMMT addition reduces peaks
intensity, indicating crystallinity decreased, which may be related with the rise of
exfoliation of OMMT in PHB, what hinder polymer chain to organize in the
spherullites due the interaction between polymer and organoclay [8].

Furthermore, urea encapsulation has reduced crystallinity of PHB in PHB/MMT
while has raised of PHB/OMMT. Besides of that, the peaks form of PHB and its
nanocomposites is quite similar, what indicates the crystallization occurs on the
same way whether montmorillonite be present or not [9].

Optical Microscopy

Figure 2 shows morphology and size of microcapsules with and without urea
encapsulated: they are spherical and uniform, further urea encapsulation has risen
their size. Medium diameters of PHB, PHB/MMT and PHB/OMMT are, respec-
tively, 40.6 ± 13, 52.8 ± 16 and 49.4 ± 12 µm. When urea is added to obtaining
microcapsules, they growth to 47.4 ± 14, 54.7 ± 22 and 70.5 ± 26 µm,

Fig. 1 XRD of microcapsules, clay and organoclay
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respectively, what may be an indication of urea encapsulation. PHB microcapsules
showed smaller medium size distribution, but PHB/OMMT showed bigger average
size when urea was encapsulated suggesting better encapsulation efficiency [7].

Graphs were made to analyze the average size distribution of microcapsules,
which are showed in Fig. 3. The quantity of microcapsules was normalized, in the
range of 0–1, for better comparison among them. They all present a short range of
size, from *20 µm to *100 µm, and the most of them is around 50 µm. It is a
distribution similar to what was expected [10, 11]: comparable to normal curve with
a region with more quantity of size and less microcapsules bigger or smaller [12].

Fig. 2 Images by optical microscopy of microcapsules of a PHB, b PHB sustaining urea, c PHB/
MMT, d PHB/MMTsustaining urea, e PHB/OMMT and f PHB/OMMT sustaining urea
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PHB ones showed more strait distribution and the urea encapsulation made all the
distribution of size wider.

As XRD showed, PHB/OMMT microcapsules presented less crystallinity than
the PHB/MMT, which might have an effect on their mechanical properties, as
illustrate in the Fig. 4. PHB/OMMT with and without urea encapsulated have
presented more fracture and defects in their surfaces, what were not seen in the
other kinds of microcapsules. And it can be explaining because as organoclays have
more interaction with polymer, probably more OMMT was incorporated than

Fig. 3 Ratio of diameter size distribution of microcapsules

370 J. C. Arjona et al.



MMT, then it can be beyond the percolated limit and consequently reduce the
mechanical properties [13].

Conclusion

XRD showed the obtaining of nanocomposites for PHB/MMT and PHB/OMMT,
however PHB has its crystallinity declined when OMMT had been exfoliated in the
polymeric matrix, which can be related to the reducing of mechanical properties of
PHB/OMMT microcapsules, which presented fractures and defects surface.
Nevertheless, microcapsules of PHB and nanocomposites showed spherical form
and a good diameter size distribution.

Fig. 4 Optical microscopy of
a PHB/OMMT microcapsules
and b PHB/OMMT
microcapsules encapsulated
with urea
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Buildup Formation Mechanism of Carbon
Sleeve in Continuous Annealing Furnace
for Silicon Steel

Mingsheng He, Guohua Xie, Xuecheng Gong, Wangzhi Zhou,
Jing Zhang and Jian Xu

Abstract Graphite, which has a unique stack structure that enables a small friction
coefficient, is used as one kind of the best hearth rolls to support and convey silicon
steel strip in continuous annealing furnace. However, the buildup formation in/on
the surface of carbon sleeve has always been a worldwide difficulty in the silicon
steel industry. Based on the analysis of the microstructure, topography and com-
position of the buildups, combined with simulation experiments, the mechanism of
forming buildups is discussed. The results show that buildups experience the
process from nucleating to growing-up, and buildups are formed by nano liquid
phase sintering (NLPS). Meanwhile, some countermeasures to reduce or prevent the
formation of the buildups are proposed.

Keywords Silicon steel � Buildup � Mechanism � Continuous annealing
Carbon sleeve

Introduction

Silicon steel strips are used in the core of a generator, a motor, a small size
transformer and the like. Generally, silicon steel strip by hot or/and cold rolling
process is decarburized, re-crystallized and annealed in continuous roller-hearth
annealing furnace. Carbon sleeve is the most important kind of hearth rolls in the
annealing furnace to support and convey silicon steel strips [1, 2]. Under the
condition of the high temperature and H2–N2–H2O weak oxidation or H2–N2 strong
reducing atmosphere in the annealing furnace, buildups adhered (AD-buildup) to
the surface of the carbon sleeve or buildups embedded (ED-buildup) in the surface
of the carbon sleeve can form after using for a period of time, especially during the
production of high-grade non-oriented silicon steel and some low- and
medium-grade non-oriented silicon steel containing low melting point metal,
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ED-buildups are much easier to form. Once buildups come into being in/on the
surface of carbon sleeve, they will easily indent, bruise and scratch the surface of
steel strip, which seriously affects the quality of steel strip surface and even causes
degraded or waste products [3]. The quality and life time of carbon sleeve have
been troubling the production of continuous annealing line for silicon steel for
worldwide iron and steel enterprises [1].

In recent years, it has greatly attracted research attentions to buildup formation
cause and mechanism of carbon sleeve. Many researchers and specialists think that
the following three points are the main causes of buildup formation for silicon steel
strip during continuous annealing [4–7]: (1) Each kind of damage and defect
(oxidization, grain boundary etching, score, pit or the like) is formed on the roll
surface; (2) A formation of metal particles due to reduction of an oxide under a
reducible atmosphere and an activation of metals; (3) Some oxides for example,
Fe2O3, Fe3O4, FeO, SiO2, Al2O3 and MnO are subjected to a solid phase reaction
with each other. In general, iron and its oxides particles can not react with other
oxides without external force at 800–950 °C, even below 800 °C to form very hard
buildups. This study was to discuss the real reason and mechanism of buildup
formation of carbon sleeve.

Materials and Methods

In order to determine the microstructure and compositions of buildups, the buildups
are sectioned along radial or axial direction, inlaid, ground, and polished. And then
the as-prepared samples were observed and analyzed by a scanning electron
microscope (SEM, Quanta 400, FEI Co., Netherland) equipped with energy-
dispersive X-ray spectroscopy (EDS).

Online sintering experiments: (1) Nano-Fe2O3 powder with an average particle
size of 30 nm was put into the alumina crucible; (2) The crucible was placed in the
zone easy to form buildups in continuous annealing furnace; (3) The sintering
samples were taken out from the furnace after about three months, and the
microstructures of sinter body of nano-Fe2O3 powder were examined.

Results and Discussions

Topography and Composition of Buildups

Figure 1 shows the ED-buildups forming in the surface of carbon sleeve during the
decarburizing and annealing for non-oriented silicon steel strips. Figure 1a–c are
the photos of ED-buildups in the surface of carbon sleeve in low- and
medium-temperature zone of the annealing furnace. Figure 1d is the photo of

376 M. He et al.



ED-buildup in the surface of carbon sleeve in high temperature zone of the
annealing furnace. ED-buildups may be in different shapes, such as cylinder-like,
cone-like, barrel-like, and truncated cone-like. Most of the ED-buildups are in
cylinder shape, and the axial direction of buildups parallels to that of carbon sleeve.
Generally speaking, ED-buildups in low- and medium-temperature zone are bigger
than high-temperature zone. Meanwhile, the size and shape of ED-buildups have
relations to the pore size and shape in the surface of carbon sleeve [1, 2].

Figure 2 shows the AD-buildups forming on the surface of carbon sleeve during
the decarburizing and annealing for non-oriented silicon steel strips. Some
AD-buildups are in flaky or willow leaf shapes (Fig. 2a), others are completely
irregular in shape (Fig. 2b), and the formation of the buildups has no regularity.

Figure 3a is the cross section SEM micrograph of the ED-buildup along radial
direction (Perpendicular to the axis of the carbon sleeve) in the low-temperature
zone (LTZ) of annealing furnace; Fig. 3b is the longitudinal section SEM micro-
graph of the ED-buildup along axial direction (Parallel to the axis of the carbon
sleeve) in the high-temperature zone (HTZ). As shown in Fig. 3a, it can be seen that
the buildup is composed of light and deep color belts in alternately dark and bright
annular concentric circles [1]. As shown in Fig. 3b, it can be seen that the HTZ
buildup also has dark and bright annular structure same to the LTZ buildup.

Fig. 1 Photos of ED-buildups in the surface of carbon sleeve
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Therefore, the ED-buildup is formed gradually in the surface pore of carbon sleeve
from layer to layer by accumulation. With the continuous growth of the buildup to a
certain size, the buildup may have friction and wear with silicon steel strip. And
then the buildup will further accelerate growth. Finally, the buildups can indent,
bruise and scratch the surface of steel strip.

Figure 3c shows a ball-like ED-buildup forming in the surface pore of carbon
sleeve, which is just bringing into contact with steel strip, but almost having no
friction and wear with the strip. It was proved that the nucleation of buildup was
formed in the surface pore of carbon sleeve and grown up gradually.

Figure 3d shows AD-buildups on the surface of carbon sleeve, which is irregular
in shape. Although the AD-buildups were formed occasionally, it may result in the
surface defects of steel strip. Once an AD-buildup was formed, it was very difficult
to eliminate it by grinding rollers.

Figure 4a, b are the cross section partially enlarged SEM micrographs of the
LTZ ED-buildup along radial direction of carbon sleeve. Figure 4c, d are the
longitudinal section SEM micrographs of the HTZ ED-buildup along axial direction
of carbon sleeve. Figure 4e, f are the partially enlarged SEM micrographs of the
ED-buildup without abrasion in the surface of carbon sleeve and the AD-buildup on
the surface of carbon sleeve, respectively. As shown in Fig. 4a, it can be seen that
the grain sizes mostly fall in a range of 20–30 lm. However, the grain sizes
(Fig. 4e, f) are only a few microns, even below 1 lm (Fig. 4b).

Figure 5a, b are respective EDS spectrums of the light belt and deep color belt of
the LTZ ED-buildup. The EDS spectrum (Fig. 5a) of light color belt shows strong
peaks of Fe and weak peaks of Al, Si, C and O. However, the EDS spectrum
(Fig. 5b) of deep color belt shows strong peaks of Al, O, Fe, Si and weak peaks of
Na, Mg and P. Figure 5c, d are respective EDS spectrums of the light color and
deep color position of the HTZ ED-buildup. The EDS spectrum (Fig. 5c) of light
color position shows strong peaks of Fe and weak peaks of Si. The EDS spectrum
(Fig. 5d) of deep color position shows strong peaks of Si and weak peaks of Fe, Al,

Fig. 2 Photos of AD-buildups on the surface of carbon sleeve: a flaky or willow leaf shapes;
b irregular shapes
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O, and Mn. Figure 5e, f are respective EDS spectrums of the light belt and deep
color belt of the LTZ AD-buildup. The EDS spectrum (Fig. 5e) of light color
position shows strong peaks of Fe, P and weak peaks of C and O in the
AD-buildup. Nevertheless, the EDS spectrum (Fig. 5f) of deep color position
shows strong peaks of Fe and weak peaks of Mn, P and O.

The results show that the main components of buildups are iron, a small amount
of iron oxide, and oxides of Mn, Al, Si, or some compound oxides. Phosphorus
content of some AD-buildups and ED-buildups of low- and medium-temperature
carbon sleeve is relatively high [8]. Phosphate is widely used as an antioxidant in
the production of low- and medium-temperature carbon sleeve. Meanwhile, phos-
phate is a high-temperature binder commonly used in various industries. Phosphate
antioxidants can promote or accelerate the formation of buildups for low- and
medium-temperature carbon sleeve during the continuous annealing of non-oriented
silicon steel strips.

Fig. 3 SEM micrographs of the buildups: general view. a Cross section along radial direction;
b longitudinal section along axial direction; c no friction and wear with steel strip; d AD-buildup
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Fig. 4 SEM micrographs of the buildups: partially enlarged. a and b Along radial direction; c and
d along axial direction; e no friction and wear with steel strip; f AD-buildup
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Causes for Buildup Formation of Carbon Sleeve

According to the results of analysis on the microstructure, topography and com-
position of the buildups, it can be seen that ED-buildups in the surface of the carbon
sleeve experienced the “nucleation-growing up” process and the main components
were iron, a small amount of binary oxides or compound oxides, and phosphide.
Obviously, the two necessary conditions for ED-buildup formation were: (1) there
exist big pores in the surface of carbon sleeve; (2) rich material sources such as iron
scale, iron rust, greasy dirt, dust, etc [1, 2]. AD-buildups without regularity were
formed on the surface of the carbon sleeve because of phosphate antioxidant, high
temperature and special atmosphere in annealing furnace.

Graphite is chemically inert in non-oxygen media. At normal temperature and
pressure, graphite does not make any chemical reactions except the long-term

Fig. 5 EDS spectrums at different positions of the buildup. a Light color belt and b deep color
belt in the LTZ; c light color and d deep color positions in the HTZ; e light grey and f dark grey
position of AD-buildup
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immersion in nitric acid, hydrofluoric acid or in fluorine, bromine and other strong
oxidizing atmosphere leads to form intercalation compounds slowly. Graphite is not
subject to any acid, alkali and salt corrosion and does not react with any organic
compound. However, due to complex procedures and processes of producing
carbon sleeves together with porous material itself, it is inevitable to form bigger
holes ore pores in the surface during production and processing.

Generally speaking, graphitization degree of carbon sleeve is over 70%.
Although the surface of carbon sleeve is smooth after soaking of various chemical
substances and processing, graphite begin to react with water vapor over 700 °C.
The carbon in silicon steel has great influence on the magnetic. Carbon not only
strongly inhibits grain growth, but also expands c phase zone. Hence, the excessive
amount of carbon makes the shift quantity of two phases a and c increase in
normalizing treatment, refine crystal structure, and cause the increase in iron loss.
One of the important purposes of the annealing to the finished product of silicon
steel is decarburization. Therefore, holes or pores inevitably appear due to oxidation
during the use of carbon sleeves in continuous annealing furnace for silicon steel.
As a result, these holes or pores provide the necessary conditions for stubborn
ED-buildups to form. When there are larger pores together with rich iron scale, iron
rust, greasy dirt, dust, and other material sources, the stubborn ED-buildups could
form in a relatively short time.

Many other factors influence buildup formation of carbon sleeves, such as
atmosphere, dew point, uncleanness of alkali wash, outer-sync of the actual speed
of carbon sleeves and the running line speed of steel strip, uncleanness of inside
furnace, etc.

Buildup Formation Mechanism

The buildup has iron content from 70 to 95%. All the dense buildups are made up
of micron sized particles, even smaller particles, and harder than silicon steel
strip. However, how to form so dense and hard buildups without external force at
800–950 °C, even below 800 °C? It is well-known that the melting point is related
to the size of the nanoparticle, and the smaller particles, the lower melting point.
Based on investigation and analysis of the microstructure, topography and com-
position of the buildups, an idea was proposed that the buildup could be formed by
liquid phase sintering of nano-Fe powder. Nevertheless, it was impossible that there
were a great deal of nano-Fe powder on the surface of silicon steel trip or in the
annealing furnace. Nano-Fe powder could come from nano-Fe2O3 or other
nano-oxides of iron powder by the reduction of hydrogen or carbon.

Online simulation experiments were conducted in annealing furnace for silicon
steel strip. Alumina crucibles containing nano-Fe2O3 powder were placed in dif-
ferent zone of annealing furnace. The results showed that all the powder had been
completely sintered to form dense and hard sintering bulk after about three months.
The microstructures and composition (Fig. 6) of sinter bulk were examined by
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SEM and EDX. The grain sizes mostly fall in a range of 20–40 lm (Fig. 6b, c), and
the chemical composition is only iron (Fig. 6d). The experimental results show that
buildups experience the process from nucleating to growing-up, and buildups are
formed by nano liquid phase sintering (NLPS).

Measures to Control and Reduce Buildups Formation

According to the present production technology, equipment and conditions, it is
impossible to completely eliminate buildups, but it is possible to take some process
control in technology or preventive measures to reduce buildups formation in
continuous annealing furnace for silicon steel [1, 2]. The smaller pores in the
surface of carbon sleeve are, and the less material sources for forming buildups such

Fig. 6 SEM micrographs and EDS spectrum d of sinter bulk. a General view; (b) and c partially
enlarged
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as iron scale, iron rust, iron oxidation, greasy dirt on the surface of silicon steel strip
are, the less the possibility of buildup formation is. In order to control and reduce
buildup formation, extend the service life of carbon sleeve, the following methods
and measures are proposed:

(1) Further improve the surface quality of carbon sleeve and enhance its oxidation
resistance, wear resistance, and buildup formation resistance;

(2) Improve descaling equipment and process, strengthen the pickling, and reduce
iron scale;

(3) Strictly monitor atmosphere and dew point to prevent steel strip oxidation;
(4) Strengthen the cleanness of steel strip and alkaline wash to reduce iron rust,

greasy dirt;
(5) Clean dust regularly in continuous annealing furnace;
(6) Use the adjusting steel roll with good surface quality;
(7) Arrange the production properly;
(8) Monitor and correct the motor of carbon sleeves and adjust the inconsistent

roller speed of carbon sleeves in time.

Conclusions

Buildups experience the process from nucleating to growing-up, and buildups are
formed by nano liquid phase sintering. The pore sizes and shapes in the surface of
carbon sleeve determine the sizes and shapes of ED-buildups. Phosphate antioxi-
dants can promote or accelerate the formation of buildups for low- and
medium-temperature carbon sleeve during the continuous annealing of non-oriented
silicon steel. It is feasible and effective to take some process control in technology
or preventive measures to reduce buildups formation and extend the service life of
carbon sleeve and improve the production quality and production efficiency for
silicon steel.
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Pulse Parameter Characterization
in Microdrilling of Maraging Steel
300 Alloy

Yeole Shivraj Narayan, Nunna Nagabhushana Ramesh,
Banoth Balu Naik and Alluru Ramya

Abstract MicroEDM process is mainly used for producing miniaturized features
like microholes on different types of materials that are hard to cut and difficult to
machine. One typical application of microEDM process is microhole drilling
operation. Choice and utilization of optimum pulse parameters is of utmost
importance for achieving superior surface quality and higher machining rates.
However, the process is characterized by low machining rates and considerable
overcut as compared to conventional EDM drilling. An attempt is made to inves-
tigate the effect of pulse parameters on maraging steel 300 alloy during microEDM
drilling. Parameters like pulse on time, pulse off time, voltage and current are
explored through 09 experiments replicated thrice using Taguchi method.
Machining characteristics like material removal rate and overcut are studied while
drilling micro holes of 500 µm diameter using brass electrode. Evaluation of mi-
crohardness after microdrilling is also performed. It is found that pulse on time and
current influenced the machining characteristics. Minimal change is observed in the
microhardness of the alloy after microdrilling.
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Nomenclature

I Discharge current (A)
MRR Material removal rate (mm3/min)
η or S/N Signal-to-noise ratio (dB)
OC Overcut (lm)
TOn Pulse on time (ls)
TOff Pulse off time (ls)
V Voltage (V)
I Current (A)
HV Vickers hardness number

Introduction

Manufacturing of miniaturized components in the size range of 1–999 lm is called
as micromachining [1]. Micro-Electric Discharge Machining (Micro-EDM) or
simply micro-EDM, is a variant of electrical discharge machining (EDM) process
but fundamentally similar to it. The work material is removed by a series of rapidly
recurring spark discharges between the tool electrode and the workpiece. The two
electrodes are separated by a dielectric medium that is initially nonconductive.
When the electrodes come closer to each other, dielectric strength of medium
breaks down and the medium becomes conductive resulting in the generation of
sparks between the electrodes. The thermal energy released is used for removing the
material by melting and evaporation process. The released energy can be accurately
controlled for machining micro-features on any electrically conductive material.
Parameters like type of pulse generator, the resolution of the axes of movement and
diameter of the electrode distinguishes micro-EDM from EDM. In micro-EDM,
pulse generator produces very small pulses within pulse duration of a few micro
seconds or nano seconds. Therefore, micro-EDM utilizes low discharge energies
(*10−6 to 10−9 J) to remove small volumes (*0.05–500 lm3) of material. This
process can machine any type of conductive and semi-conductive materials with
high surface accuracy irrespective of material hardness. It is favored especially for
the machining of difficult-to-cut material due to its high efficiency and precision.
Small volumetric material removal of micro-EDM provides ample opportunities in
the manufacturing and fabrication of micro-dies and micro-structure such as micro
holes, micro slot, and micro gears etc. [2]. Micro-EDM can be used for different
operations like micro-EDM drilling, micro-EDM milling, micro-EDM die sinking,
micro-EDM contouring, micro-EDM dressing, and micro-wire EDM grinding
(micro-WEDG). Various miniaturized parts and components such as holes, nozzles
and gears, used extensively in micro-electro-mechanical systems (MEMS),
biomedical applications, automotive industry, and defense industry, are machined
using this process [3].
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Kuneida et al. [4] have shown the prospects of micro-EDM technology by
interrelating recent achievements in fundamental studies on EDM with the newly
developed advanced application technologies. Micro-EDM has got the capability of
machining complex shapes onto any conductive material with very low forces. The
forces are very small because the electrode and the workpiece do not come into
contact during the machining process, thus, providing advantages to both the
electrode and the workpiece. Low set-up cost, high aspect ratio, enhanced precision
and large design freedom are other advantages of this process. Since, micro-EDM is
a contactless material removal process; generally observed problems during
machining like mechanical stress, chatter and vibration are eliminated. Therefore,
micro-EDM is very effective and efficient process in the areas of micromachining
and fabrication. Even though it offers multiple advantages, micro-EDM is known to
be a slow machining process with the higher tool wear rate. Shape inaccuracies in
the micro machined features are the resultant of tool wear. Another drawback is the
formation of a heat affected layer on the machined surface. Since it is impossible to
remove all the molten part of the workpiece, a thin layer of molten material remains
on the workpiece surface, which re-solidifies during cooling [2]. The schematic of
experimental setup used in the micro EDM drilling process is shown in Fig. 1. It
consists of single-discharge RC circuit with one end connected to the electrode and
the other to the workpiece. Dielectric medium is used for insulation as well as for
flushing out the debris after machining [3]. Electrode and workpiece are separated
with a very small gap, called as inter-electrode gap wherein the discharging of the
pulsed arc occurs. The electrode shape is copied with an offset equal to the gap size
and the liquid is selected to minimize the gap to obtain precise machining. A certain
gap width is needed to avoid short circuiting especially for electrodes that are
sensitive to vibration. Initially, a high voltage current is needed to discharge in
order to overcome the dielectric breakdown strength of the small gap.

A channel of plasma (ionized and electrically conductive gas with high tem-
perature) is formed between the electrodes and its further development depends on
the discharge durations. Discharge occurs at high frequencies between 103 and
106 Hz since the metal removal per discharge is very small. For every pulse,
discharge occurs at a particular location where the electrode materials are

Fig. 1 Schematic of
micro-EDM drilling process
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evaporated or ejected in the molten phase then a small crater is generated both on
the electrode and workpiece surfaces. The removed material is then cooled and
re-solidified in the dielectric liquid forming several hundreds of spherical debris
particles which will be flushed away from the gap by the dielectric flow. The
temperature of the plasma and the electrode surfaces that is in contact of the plasma
rapidly drops at the end of the discharge duration, resulting in the recombination of
ions and electrons and also the recovery of the dielectric breakdown strength. It is
important for the next pulse discharge to occur at a spot distanced sufficiently far
from the previous discharge location so as to obtain stable condition in EDM. This
is because the previous location will result in having a small gap and it is con-
taminated with debris particles which may weaken the dielectric breakdown
strength of the liquid. The time interval for the next discharge pulse should be long
so that the plasma that is generated by the previous discharge can be fully
de-ionized and the dielectric breakdown strength around the previous discharge
location can be recovered by the time the next voltage charge is applied. If dis-
charge occur at the same location, it results in thermal overheating and non-uniform
erosion of the workpiece. Achieving maximum MRR with minimum overcut and
surface roughness is desired in EDM operations [5].

Problem Definition

MicroEDM is essentially a sparking process which is inherently difficult to control
thereby achieving accurate feature is a tough task. Such a process consumes very
little energy, so the machining rates are also lower. Drilling of micro holes with
aspect ratio ranging from high to ultra-high range is an area of current research.
Nowadays microholes are extensively used in various applications in aerospace,
medical, automotive sectors. This justifies the need to drill good quality and high
aspect ratio microholes with superior machining rates on hard and difficult to cut
materials like maraging steel 300 alloy. However, in order to achieve it, many
variables need to be controlled effectively that affect the quality of holes. This work
investigates experimentally the effect of various process parameter combinations on
material removal rate and overcut in micro-EDM drilling of maraging steel 300
alloy using Taguchi methodology. The effect of various process parameters and
microhardness of micro drilled hole surfaces on a maraging steel 300 alloy are
studied and discussed elaborately.

Experimental Procedure

M/s. Toolcraft India made high precision micro-EDM machine tool V40506 is used
for experimental investigation on maraging steel 300 alloy. Machine tool employs
RC-type pulse generator and has the ability of performing variety of operations like
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micro-drilling, micro milling etc. Maraging steel 300 alloy is used as the work
material because of its excellent properties and applicability in various sectors.
Workpiece dimensions are 55 mm � 20 mm � 5 mm. Chemical composition of
the workpiece is shown in Table 1.

Tool (electrode) material used is brass. Deionized water is used as dielectric to
avoid the formation of carbon that occurs due to the use of kerosene in EDM
process. Pulse parameters used are pulse on time, pulse off time, voltage and
current. Experiments are carried out using L9 (34) orthogonal array based on
Taguchi design [6–8]. Three replicates of L9 OA are performed. Table 2 shows the
various settings of machining parameters used in the experimentation. Figure 2
shows the 27 micro holes drilled on maraging steel 300 alloy using brass electrode
of 500 µm diameter.

Output Factors and Their Estimation

Material removal rate In micro-EDM, sparks are produced between the workpiece
and tool during machining. Each spark produces a tiny crater along the cutting path
by melting and vaporization, thus eroding the workpiece to the shape of the tool.
Material Removal Rate (MRR) is calculated by considering the weight of the
workpiece before and after micro drilling as shown below in Eq. 1 [6].

MRR ¼ Wb �Wa

t � q
mm3=min
� � ð1Þ

where

Wb Weight of workpiece before machining, g
Wa Weight of workpiece after machining, g
t Machining time, min
q Density of maraging steel 300 alloy = 8.1 g/cm3

Overcut It is the discharge by which the machined hole in the workpiece exceeds
the tool electrode size and is determined by both the initiating voltage and the
discharge energy. EDMed cavities produced are always larger than the electrode.
This difference is called as overcut (OC). OC is expressed as half the difference of
diameter of the hole produced to the tool electrode diameter as shown in Eq. 2, [9].

OC ¼ Dw� De
2

ð2Þ

where

Dw Diameter of hole produced in the workpiece, µm
De Diameter of tool electrode, µm
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Results and Discussions

Average results of 27 experiments for material removal rate and overcut are pre-
sented in Tables 3 and 4 respectively.

Table 2 Machining
parameters

Control factors Level 1 Level 2 Level 3

Pulse on time (ls) 1 5 9

Pulse off time (ls) 3 6 9

Voltage (V) 30 60 90

Current (A) 3 4 5

Fig. 2 Microholes drilled on
maraging steel 300 alloy

Table 3 Material removal rate in drilling of microholes

Exp. Nos. Factors Average MRR (mm3/min)

TOn (µs) TOff (µs) V (V) I (A)

1 1 3 30 3 44.331

2 1 6 60 4 44.349

3 1 9 90 5 44.356

4 5 3 60 5 44.342

5 5 6 90 3 44.325

6 5 9 30 4 44.352

7 9 3 90 4 44.303

8 9 6 30 5 44.389

9 9 9 60 3 44.315

µ = 44.340 & r = 0.025

Table 1 Composition of maraging steel 300 alloy

Composition Fe Ni Co Mo Ti Al Mn Si C P S

Weight % 67.50 18.21 8.34 5.12 0.61 0.069 0.061 0.056 0.026 0.005 0.004
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Effect of Process Parameters on MRR

Material removal rate is recorded for the 27 microholes in terms of weight of the
workpiece before and after the microdrilling operation. Table 3 indicates the
average MRR of the 27 microholes with a mean of µ = 44.340 mm3/min and
standard deviation of r = 0.025 mm3/min. It is observed that MRR is highest when
pulse on time is at 9 µs, pulse off time is at level 6 µs, voltage is at 30 V and
discharge current is at 5 A.

In comparison to other alloys, MRR for maraging steel 300 alloy is observed to
be more as anticipated due to its low melting point.

Figure 3 shows the effect of pulse parameters on micro hole drilling of 500 µm
diameter holes on maraging steel 300 alloy. Increasing pulse on time makes the
spark plasma channel larger in size. But this results in reduction of energy density
in the channel area. Also, it reduces the energy consumed per unit area by work-
piece. Although energy supplied by the plasma dissolves the work material, it lacks
the required bursting pressure for flushing of the molten metal. Residual debris gets
stuck and is carried away by the flowing dielectric thus decreasing the MRR. MRR
initially increases and then decreases with increasing pulse off time. With higher
pulse off times, properly energized sparks are not generated thereby reducing MRR.
Mixed response is observed in the case of increasing voltage. MRR initially
decreases and then increases with increasing voltage. MRR is increasing with
increase in current as it increases the spark energy.

Effect of Process Parameters on OC

Overcut is measured in terms of the average diameter at the entry and exit of the 27
micro holes.

Table 4 Overcut in the microholes

Exp. Nos. Factors Average OC (µm)

TOn (µs) TOff (µs) V (V) I (A)

1 1 3 30 3 71.57

2 1 6 60 4 47.81

3 1 9 90 5 9.17

4 5 3 60 5 36.17

5 5 6 90 3 21.35

6 5 9 30 4 86.76

7 9 3 90 4 76.76

8 9 6 30 5 82.04

9 9 9 60 3 53.43

µ = 53.89 & r = 27.65
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Table 4 indicates the average overcut values of the 27 microholes with a mean of
µ = 53.89 µm and standard deviation of r = 27.65 µm. Least overcut of 9.17 lm
is obtained at pulse-on time of 1 µs, pulse-off-time at 9 µs, voltage of 90 V and
discharge current is at level 5 A. Similarly, a maximum overcut of 86.76 lm is
witnessed at machining conditions of high pulse on time, medium pulse off time,
medium current and low voltage respectively. Figure 4 shows the effect of process
parameters on the overcut. Overcut is observed to increase with increasing pulse
times. Prolong pulse on duration significantly increase overcut because of the
extension of plasma channel at the areas surrounding the micro tool. Overcut rises
with increasing pulse on time and drops with increasing pulse off time. However,
voltage and current exhibited interesting results. Overcut is seen to increase initially
and decrease later with increase in voltage and current levels. One of main reasons
for overcut to exist is improper conveying of the dielectric liquid. Because of this,
diameter at the entry of micro hole expands. Other reason could be the debris
accumulated near the edges of the micro holes. This results in initiation of sec-
ondary sparking which causes larger entrance diameter.

Fig. 3 Effect of process parameters on material removal rate
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Evaluation of Microhardness

Microhardness is the hardness of the substance measured by a diamond point
indenter that penetrates microscopic areas [10]. Vickers hardness tester is used for
the measurement of microhardness on the surfaces of the microholes drilled on
maraging steel 300 alloy using microEDM process. The Vickers hardness test
consists of indenting the test material with a diamond indenter, in the form of a right
pyramid with a square base and an angle of 136° between opposite faces subjected
to a load of 1–100 kgf. Full load is normally applied for 10–15 s. The two diagonals
of the indentation left in the surface of the material after removal of the load are
measured using a microscope and their average calculated. The area of the sloping
surface of the indentation is calculated using Eq. 3.

HV ¼ 2F sin 136�
2

� �

d2
or HV ¼ 1:854

F
d2

approximately ð3Þ

where

HV Vickers hardness
F Load in kgf
d Arithmetic mean of two diagonals d1 and d2 (mm)

Fig. 4 Effect of process parameters on overcut
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Vickers hardness test allows to take extremely accurate readings using one type
of indenter for all types of metals and surface treatments. Figure 5a,b shows the
Vickers hardness tester used in the evaluation and schematic of the diamond
indenter respectively. The phenomenon of severe thermal cycles in microEDM
process results in higher microhardness on the top layer of the eroded surfaces. It is
normal to anticipate such microhardness at the eroded surfaces. Three different
settings of current are used in the experimentation, so microhardness is measured at
low and high current conditions i.e., 3 A and 5 A. Microhardness values at these
settings are measured on the surfaces of microEDM drilled holes of 500 µm
diameter and are shown in Table 5.

As compared to base material hardness of 540 HV, there is minimal change in
the microhardness level of the surfaces of microholes drilled at low current and high
current conditions.

Figure 6 shows the effect of pulse parameters on the microhardness of surfaces
of microdrilled holes. An increase in microhardness with increasing pulse times and
current is observed whereas voltage displayed a random effect. MicroEDM surfaces
display increased microhardness to some extent (minimal) than base metal hardness
due to the use of deionized water which avoids the occurrence of carburization [11].
Thus, the quenching effect of water dielectric is observed to be more effective in
microEDM.

Fig. 5 a Vickers hardness tester, b Schematic of diamond indenter
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Conclusions

Following broad conclusions are drawn from this experimental investigation.

• In general, higher MRR is achieved at higher levels of current. However, ran-
dom effect is observed in case of pulse off time and voltage parameters whereas
MRR is decreasing with increasing pulse on time.

• MRR of maraging steel 300 alloy is significantly higher due to its low melting
point.

• Accuracy of microholes, in terms of overcut, is found to be guided mainly by
pulse on time and current. Higher current and prolong pulse on period signifi-
cantly increase the extension of plasma channel at the areas surrounding the tool
electrode thereby increasing overcut. Pulse off time and voltage have shown
random effect. Accuracy of holes drilled in microEDM process is higher.

Table 5 Microhardness readings

Tool material: brass Work material: maraging steel 300 alloy (540 HV)

Machining parameters Microhardness (HV)

Low current (3 A) 556

High current (5 A) 570

Fig. 6 Response graph of factor effects on microhardness
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• Microhardness of microholes drilled in microEDM process is influenced mainly
by pulse on time and current. Microhardness is found to increase with increasing
pulse on time and current. It is believed that the quenching effect of water
dielectric may be more effective in microEDM.

• There is minimal change in the microhardness value of maraging steel 300 alloy
after microdrilling operation.
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Characterization of Coke-Making Coals
of High Reactivity from Northwest China

Qiang Wu, Zizong Zhu, Guojing Shi, Feng Wang and Yangyang Xie

Abstract The coal chars from northwestern part of China are characterized with
high reactivity and low strength after reaction. Four type of coke-making coals
selected from northwestern part of China were studied by proximate analysis,
ultimate analysis, vitrinite reflectance analysis, and FTIR with curve-fitting analysis
to obtain information on their chemical composition and chemical structure. The
results show that the studied coals have relatively high values of final contraction of
coke residue index (x) and relatively low values of maximum thickness of plastic
layer (y) and average vitrinite reflectance. Based on the curve-fitting analysis of
FTIR spectra, the aliphatic carbon (Cal), the aromatic carbon (Car), and the
molecular structural parameters such as CH2/CH3, fa, Hal/Har, and (R/C)u are
determined. The results of curve-fitting analysis indicate that the studied coals are
characterized by a large amount of oxygen-containing functional groups and ali-
phatic side chains.

Keywords Coke-making coal � High reactivity � Vitrinite reflectance
FTIR � Structural parameters

Introduction

The late Jurassic coke-making coals, from Xinjiang province in China, have rela-
tively high value of volatile matter and relatively low content of ash, sulfur and
phosphorus in comparison with normal coke-making coals of similar rank [1].
Furthermore, the coke made from Xinjiang Aiwergou coke-making coals contains
high reactivity (CRI > 70%) and low strength after reaction (CSR < 25%) com-
pared to the coke produced by normal coke-making coals at the similar rank [2]. To
meet hot metal production requirement at Xinjiang, the coal blend was prepared by
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adding high quality coke-making coals obtained from remote coalfield, resulting in
an increase in hot metal cost. The steelmaking companies located at Xinjiang have
already begun to research the specificity of Xinjiang coke to reduce the cost of
coke. The coke quality is influenced by the characteristics of coal blend and car-
bonization condition. In addition, the coal blend composition plays a predominant
role in determining the coke quality [3]. So the characterization of Xinjiang
coke-making coal is a critical way to reveal the high reactivity of Xinjiang coke.
There have been many approaches to investigate the heterogeneity of coal [4, 5].

The most widely used parameter for maturity determination is vitrinite reflec-
tance, which play an important role in categorizing coal [6]. FTIR is also commonly
used to characterize the chemical structure of coal. In addition, some structure
parameters obtained from the FTIR pattern can be also used to assess the grade of
maturation of coal [7, 8]. The information on the functional groups of coal can be
inferred by FTIR technique [9]. In previous work, the FTIR with curve-fitting
analysis can be also used to determine aromaticity and structure information of coal
[6–10].

In this study, the objectives were to characterize structural features of Chinese
Xinjiang coke-making coal, and investigate the reason why the coke formed by
Xinjiang coke-making coals has high reactivity by using FTIR.

Experimental

Materials

Four coke-making coal samples varying in rank from gas coal to lean coal were
collected from the Kubai coalfield in the Northwest China plate. With the increase
of carbon content, the coal samples are identified as follows: gas coal (XJ-QM), rich
coal (XJ-FM), coking coal (XJ-JM), and lean coal (XJ-SM). All collected samples
were immediately placed in a polyethylene bag filled with nitrogen to minimize
oxidation and contamination. These coal samples were milled to less than 3 mm
and dried for 2 h at 80 °C in a flow of N2 before use. Proximate analysis and
ultimate analysis were carried out following China Standard GB/T 212-2008 and
GB/T 214-2007, respectively. The plastic layer index of coal samples were mea-
sured in accordance with China Standard GB/T479-2000. The measurement of coal
caking index (GR.I) was carried out according to the National Standard of China
(GB/T 5447-85), which is based on that of Roga index [11]. The random vitrinite
reflectance (Ro,ran) was measured according to the Chinese national standard issued
in 2008 (GB/T 6948-2008).
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FTIR Analysis

FTIR were measured on a Nicolet iS5 FT-IR spectrometer at a resolution of 4 cm−1.
Samples for the FTIR measurement were prepared by mixing 1 mg of coal sample
(particle size of*76 lm) with 200 mg of KBr and the mixture was pressed to form
a pellet under 10 MPa pressure for 2 min. Meanwhile, the duplicate pellets of each
sample were used and were dried under vacuum for 48 h to remove the perturba-
tions of water to the spectrum.

Results and Discussion

Characterization Data of Coals

The properties of the coal samples are listed in Table 1. As shown in the table, the
Xinjiang coke-making coals have relatively low content of sulfur and ash yield
(Ad), which benefit the operation of blast furnace. The values of volatile matter
(Vdaf), fixed carbon (FCad) and caking indexes (GR.I) in Xinjiang coke-making coal
samples keeps the normal level as shown in Table 1. However, Xinjiang
coke-making coals have relatively low value of the maximum thickness of plastic
layer (y), suggesting that Xinjiang coke-making coals might be formed to a certain
amount of plastic mass in the coking process while it is unstable. Moreover, the
relatively high value of the final contraction of coke residue (x) in the Xinjiang
coke-making coals could be observed in Table 1. It may understand that the high
value of x in coal samples will result in a decrease of coke quality because much
amount of cracks will generate into the coke.

Vitrinite Reflectance

Figure 1 shows random distribution graphs of vitrinite reflectance in the studied
coals. As can be seen from the figure, the average vitrinite reflectance (Ro;ran) is the
weighted average of Ro, ran, which increases from 0.68% (XJ-QM) to 1.54%
(XJ-SM) with the increase of coalification. The average maximum vitrinite
reflectance values (Ro;max) were calculated from the Eq. 1 [12], which can be used
to measure of the grade of metamorphism in the coal.

Ro;max ¼ 1:0645 Ro;ran ð1Þ

Obviously, the Ro;max values of XJ-FM and XJ-JM are 0.94 and 1.11%, which
lower than the commonly used rich coal and coking coal, respectively, indicating
that the coalification of XJ-FM and XJ-JM is lower than that of commonly used rich
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Table 1 Basic characteristics of coal samples

XJ-QM XJ-FM XJ-JM XJ-SM

Proximate analysis (wt%)

Ad 6.76 6.94 9.27 9.75

Vdaf 40.03 32.31 26.52 19.12

FCad 54.76 62.80 66.08 71.67

Process analysis

GR.I 88 101 89 46

y/mm 12.4 25.6 12.5 8.5

x/mm 38.8 22.4 31.3 38.1

Ultimate analysis (wt%)

C 75.93 83.20 84.41 88.08

H 5.33 5.19 4.94 4.13

N 1.33 1.54 1.28 1.34

S 0.50 0.57 0.51 0.50

Oa 16.91 9.50 8.86 5.95

A ash yield; d dry basis; V volatile matter; daf dry and ash-free; FC fixed carbon; ad air-dry basis;
GR.I caking index; y maximum thickness of plastic layer; x final contraction of coke residue

Fig. 1 Graphs of vitrinite reflectance random distribution. a XJ-QM, b XJ-FM, c XJ-JM, and
d XJ-SM
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coal and coking coal. XJ-QM and XJ-SM have also the relative low values of
Ro;max, which is 0.72 and 1.64%. On the whole, the Ro;max value of studied coals
lower than that of commonly used coke-making coals, which leads to produce the
higher reactivity coke and is against for coke-making industry.

FTIR Spectral Characteristics of Studied Coal Samples

Figure 2 shows the FTIR spectra of the four coals where some trends can be
observed. The spectra are broadly similar, consisting of primarily of aromatic
nuclei, aliphatic side-chains, oxygen-containing groups, and mineral bands [13].
However, their intensities of absorption bands vary significantly, indicating con-
siderably structural difference among coals of different ranks. According to the
literatures [5, 8, 14–16], the 2800–3000 cm−1 zone correspond to aliphatic C–H
stretching modes, 1000–1800 cm−1 zone correspond to oxygen containing func-
tional groups bending modes, and 700–900 cm−1 region correspond to aromatics
bending modes. In order to gain information on structural parameters, the spectra
were studied by curve-fitting analysis used by Origin® 9.1 software.

As shown in Fig. 2, the oxygenated functional groups of the samples are dis-
played by the three highest bands at 3300–3700 and 1000–1800 cm−1 regions,
indicating that Xinjiang coke-making coal have a large number of
oxygen-containing functional groups. In addition, the intensity bands of these
oxygen-containing functional groups decrease slightly with increasing the coalifi-
cation due to magmatic intrusion modification chemical structures of coal. The
XJ-FM and XJ-SM have two high intensity bands at approximately 1062 and
525 cm−1 attributed to mineral matter (SiO2), while the corresponding intensity

Fig. 2 4000–500 cm−1

normalized FTIR spectra of
the four studied coal samples
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bands of the XJ-QM and XJ-JM are largely decreased, suggesting a relatively lower
SiO2 content in XJ-QM and XJ-JM than XJ-FM and XJ-SM.

The aliphatic (Hal) and aromatic (Har) hydrogen contents were calculated from
the integrated absorbance areas of the bands at 2800–3000 cm−1 and 700–
900 cm−1, respectively. The extinction coefficients used for converting integrated
absorbance areas to concentration units were 684 and 744 abs cm−1 mg cm−2 for
the studied coals, respectively.

The apparent aromaticity (fa) of the samples was estimated according to the
Eq. 2 [17].

fa ¼ 1� Hal

H

� �
H
C

� �
Cal

Hal

� �
ð2Þ

where, H/C is the hydrogen–carbon atomic ratio calculated from elemental analysis,
Hal/H is the fraction of total hydrogen present as aliphatic hydrogen, and Hal/Cal is
hydrogen–carbon atomic ratio for aliphatic groups, which is generally taken to be
1.8 for coals [18].

According to previous works [19], the number of rings of atomic carbon in the
monomer (that is the degree of aromatic ring condensation) can be established by
using a structural parameter (R/C)u.

R
C

� �
u
¼ 1� fa

2
� H=Cð Þ

2
ð3Þ

The parameter CH2/CH3 represents for length of aliphatic side-chains, which
was obtained according to Eq. 4 by de-convolution of the region from 2800 to
3000 cm−1 (Fig. 3). If this parameter value is higher, it is possible to infer that the
aliphatic side-chains are longer [20].

Fig. 3 Curve-fitted FTIR
spectrum of the aliphatic C–H
stretching bands for XJ-JM
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CH2

CH3
¼ A2922 cm�1

A2952 cm�1
ð4Þ

The structure parameters for FTIR are calculated according to Eqs. 2−4 and are
given in Table 2. The results show that the values of Hal/Har and Cal of studied
coals decrease from XJ-QM to XJ-JM and then both fall drastically with increasing
the content of carbon, suggesting the content of aliphatic decrease from XJ-QM to
XJ-SM. The CH2/CH3 values increase with the coalification (in Table 2) indicates
that methylene groups increased from XJ-QM to XJ-SM. This is probably due to a
loss of alkyl chains and the conversion of hydro-aromatic methyl structures to
aromatic rings or the branched aliphatic structures [8]. However, all of the studied
coals have a relatively high CH2/CH3 value, indicating that Xinjiang coke-making
coal have a length of the aliphatic chains [6, 7]. As shown in Table 2, fa, (R/C)u,
and Car increase with the increase of carbon content in the studied coals. These
observations are in good agreement with previous studies that the increase of
aromaticity in thermally metamorphosed coal is mainly due to its higher content of
polynuclear aromatic [21–23]. On the whole, these structure parameters change
slightly in the evolution stage from XJ-QM to XJ-JM, indicating that XJ-FM and
XJ-JM have a relatively low degree of metamorphism, resulting in Xinjiang coke
with high reactivity.

Conclusions

In this paper, the basic characteristics and structure parameters of Xinjiang
coke-making coal were investigated. The main conclusions are summarized as
follows: (1) With the increase of coal ranks, the aromaticity and average maximum
vitrinite reflectance increase, whereas aliphatic and oxygen-containing groups
decrease. (2) Xinjiang coke-making coals contain many oxygen-containing groups
and relatively long aliphatic side-chains, especially XJ-FM and XJ-JM. (3) Xinjiang
coke-making coals have a relatively low grade of metamorphism. This is considered
to be an important factor that responsible for the high reactive Xinjiang coke, which
is also confirmed by relatively low value of y and the relatively high value of x in
the studied coals.

Table 2 Structural parameters deduced from the FTIR measurements

Samples Hal/Har CH2/CH3 fa (R/C)u Cal (wt%) Car (wt%)

XJ-QM 3.11 2.45 0.681 0.258 24.22 51.71

XJ-FM 2.28 3.14 0.705 0.264 24.54 58.66

XJ-JM 1.79 3.46 0.764 0.276 19.92 64.49

XJ-SM 0.83 4.51 0.863 0.295 12.07 76.01
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The Anodic Behavior
of Electro-deoxidation of Titanium Dioxide
in Calcium Chloride Molten Salt

Pingsheng Lai, Meilong Hu, Leizhang Gao, Zhengfeng Qu
and Chenguang Bai

Abstract Since Fray-Farthing-Chen (FFC) Cambridge process was proposed in
2000 for electrochemical extraction of titanium from titanium oxide, a great
quantity of research has been carried out to investigate the mechanism of the
electro-reduction of the process. Results show that the intermediate products of
perovskite phases are inevitable during the electro-deoxidation process. In this
paper, a new perspective focus on the anodic behavior was applied. The behavior of
the graphite anode with different times has been investigated. Although the main
anodic process in the electrolysis is the oxygen evolution by means of the CO2. The
interphases of calcium species appeared on the cathode are closely related with
chlorine ions in the molten CaCl2. In addition, the released CO2 from the anode is
related with the formation of CaCO3 which floated on the surface of the molten salt.

Keywords Anodic behavior � Electro-deoxidation � Titanium dioxide

Introduction

Electrochemical reduction of various solid metal oxides to their respective metals
has been successfully carried out in CaCl2-based molten salts at mild temperatures
(500–1000 °C) by many researchers since 2000 [1–5], and has received much
attention due to its simplicity and economic and environmental advantages [6–9].
This process, known as the Fray-Farthing-Chen (FFC) Cambridge Process,. is
usually carried out by applying a constant cell voltage between typically a cathode
fabricated from the metal oxides and a carbon or graphite anode. During the
electrolysis, the metal oxides is reduced to the metal or intermetallic compound at
cathode. The electro-deoxidation is accompanied by the release of O2− ions which
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transport through the molten salts by diffusion and convection, and then discharge
at the graphite anode to form mainly the CO2 or CO gas.

Researchers has put efforts into the extraction of titanium from TiO2 due to its
large economic and environmental advantages which is compared to the traditional
Kroll process. As what mentioned before, the titanium is produced in cathode via
electro-deoxidation of TiO2. Therefore, most of the researches are focus on the
cathodic reactions in order to understanding the mechanism of the
electro-deoxidation process. Chen et al. [2] firstly proposed that the reaction
pathway of the electro-reduction is TiO2 ! Ti2O3 ! TiO ! Ti in 2000. Dring
[10] found the Ti3O5 phase during the electro-deoxidation process. Substantly,
Schwandt [11, 12] reported that the electrochemical reduction goes through special
stages which include the formation and decomposition of calcium titanates, and it
can be expressed as TiO2 ! CaTiO3 + TixOy ! CaTi2O4 ! TiO ! Ti. In these
studies, the anodic reaction takes place as follows:

2O2� þC ! CO2 þ 4e�

O2� þC ! COþ 2e�

Admittedly, the graphite anode captures the O2− discharged from cathode and
react to form CO2 or CO. However, few attention was put into the anodic behavior
during the electrochemical reduction. Such as the amount and rate of the gas
released, and the consumption of the anode in different stages during the electro-
chemical reduction process.

This paper reports the preliminary findings from studies of graphite electrodes
(anode) in molten CaCl2 in conjunction with electro-reduction of TiO2 pellets
counter electrode (cathode), and a new perspective focus on the anodic behavior
was applied.

Experimental

Materials

Analytical grade anhydrous CaCl2 (99%, purity) was used as electrolyte in this
work, and TiO2 (99%, purity) powder was uniaxially pressed in a press with 6–7
Mpa to make pellets with 10 mm in diameter and 5 mm in thickness. The TiO2

pellets were sintered at 900 °C in air for 2 h and cooled to the room temperature.
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Experimental Procedure

An electrolysis cell was installed in a sealed reactor which was vacuumed and
thoroughly controlled with high purity Ar gas. The TiO2 pellets was wrapped by
molybdenum wire and attached to the stainless steel rod, which was served as
cathode. Graphite rods were selected to use as anode.

Before the experiments, the anhydrous CaCl2 was dried in an oven with the
temperature of 100 °C for 2 h and 300 °C for 3 h. After cooling to room tem-
perature, the CaCl2 was put in a alumina crucible (100 mm in internal diameter,
100 mm in height) which was dried at 150 °C before. Pre-electrolysis was carried at
850 °C for 2 h with 2 V to remove moisture and other redox-active impurities with
graphite anode and stainless steel cathode. The reactor was heated at a constant rate
of 3 °C/min by the furnace with argon flow of 120 ml/min until reaching the target
temperature. Figure 1 shows the schematic diagram of electrolytic apparatus.

When reaching the experimental temperature (900 °C), the prepared TiO2 cath-
ode and graphite anode were placed to the alumina crucible and lowered into the
molten salt. The gas released from the reactor was collected and passed into starch
potassium iodide solution. A constant potential of 3.2 V was inflicted between the
electrode. The experiments were terminated by 6, 8, 10, 12, 14, 18, 24 h, respec-
tively. After electrolysis for a designated time, the anode and cathode were removed
from the furnace, cooled in argon, washed in distilled water. The products were
characterized by X-ray diffraction spectroscopy (XRD, RigakD/Max-2500).

Results and Discussion

The Consumption of the Graphite Anode

The anodic behavior of the graphite anode has been investigated by series exper-
iments. Figure 2 shows the morphology of the graphite anode after electrolysis with

Fig. 1 The schematic
diagram of electrolytic
apparatus
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different times when using TiO2 as the counter cathode. Dramatically, the all
graphite anodes have different level consumption at different times. When elec-
trolyzing no more than 10 h, the diameter of immerged graphite anode has little
decrease and the surface has no obvious change, which is compared to the upside
not immerged. Other than that, the surface of the anode is smooth. When taking
insight into the graphite anode electrolyzing for more than 10 h, the surface of the
immerged anode is rough and has more serious consumption with electrolysis time
increasing.

There is no doubt that the consumption of the graphite is caused by the reaction
between the graphite anode and O2− dissolved in molten salt, it can be expressed as:

CþO2� � 2e� ! CO

Cþ 2O2� � 4e� ! CO2 or CþCO2 ! 2CO

Therefore, we can judge that there is little CO2 or CO released at the anode in the
initial 10 h from the morphology of the graphite anode. In other words, little O2−

discharged from the TiO2 cathode at the initial 10 h don’t transfer to the anode and
don’t have reactions, so CO2 or CO hardly release at the anode. As mentioned
above, many researches indicate that the electrochemical reduction of TiO2 goes
through special stages which include the formation and decomposition of calcium
titanates. Firstly, the TiO2 cathode obtains the electrons supplied by constant

Fig. 2 Photographs of the graphite anode with TiO2 counter cathode after electrolysis for different
times
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potential and discharges O2−. Then, the O2− and Ca2+ dissolved in molten salt react
with the prior TiO2 to generate CaTiO3. At this stage, the corresponding reaction
can be expressed as follows:

Cathode:

TiO2 þð4� 2xÞe� ! TiOx þð2� xÞO2�

Ca2þ þO2� þTiO2 ! CaTiO3

Anode:

2Cl� � 2e� ! Cl2

The anodic reaction is the discharge of the chlorine in order to balance the
charge in the molten salt because Ca2+ is consumed to form the CaTiO3. At this
period, maybe there is no O2− transferred to the anode. This issue can be clarified
by ways of the controlled experiments. The gas released at anode was obtained and
connected to a bottle which contains starch potassium iodide solution. As shown in
Fig. 3, it shows that there exists chlorine released from the anode at the first 4 h, but
didn’t detect later.

The changes of the gas released at the anode in conjunction with the con-
sumption of the graphite anode, can help us determine the chemical reactions taking
place at the graphite anode, which contributes to understand the cathodic behavior.
At the beginning, the initial TiO2 cathode convert to CaTiO3 and titanium subox-
ides by the potential and molten salt. At this time, little O2− is released at the anode.
However, a large number of Cl− are discharged to balance the consumption of Ca2+

which is consumed to form CaTiO3 on the anode. Thus the graphite anode was
consumed little on the surface during this period. Subsequently, the new formed
CaTiO3 will also be electrolyzed to titanium suboxides. The graphite anode is
consumed and CO2 or CO released gradually and the rate of gases released is slow

Fig. 3 The change of the collected gas at various electrolysis time (the number in the figures
means the electrolysis time)
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at this period. Finally, the titanium suboxides are reduced to Ti and discharge a
large number of O2− which transfer to the anode and releases as CO2 or CO. The
graphite anode is consumed seriously, which leads the anodic surface rough.
Figure 4 describes the released gas and the discharge rate during different elec-
trolysis period.

The Gases Released at Graphite Anode

At the experimental process, we found that there was a thick layer of floating
powder on the surface of the molten salt. Figure 5 shows the cooled CaCl2 molten
salt and the XRD patterns of the floating powder. The analysis result indicates that
the main phase of the floating power is almost CaCO3. Based on the analysis above,

Fig. 4 The released gas and
the discharge rate during
different electrolysis period

Fig. 5 XRD patterns of the
black floating powder on the
surface of molten salt
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it is certain that there are both Cl2 and CO2 or CO release at the anode. In con-
junction with the phase composition, it can be concluded that the released CO2 may
dissolve in the molten salt and take place chemical reaction with the dissolved CaO
produced from CaTiO3. This phenomena is also investigated by the other study
[13]. It can be expressed as follows:

CO2 þO2� ! CO3
2�

CO3
2� þCa2þ ! CaCO3

Conclusions

The anodic behavior of electro-deoxidation of titanium dioxide in calcium chloride
molten salt has been investigated. The main conclusions are obtained as follows:

(1) Both of Cl2 and CO2 or CO are released from the graphite anode. At the
beginning of electrolysis, Cl2 is first released at the anode with little CO2. Then,
Cl2 disappeared and the amount of CO2 or CO increase gradually. The formed
CO2 can also dissolve in molten salt and react to generate the CaCO3.

(2) Corresponding to the consumption degree of the graphite anode, the changes of
gases during the electrolysis can be obtained.

(3) Based on the analysis of gas change and the consumption degree of the graphite
anode, the reaction pathway of electro-oxidation of TiO2 is
TiO2 ! CaTiO3 ! TixOy ! Ti.
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Addition of Dregs in Mixed Mortar:
Evaluation of Physical and Mechanical
Properties

Rodrigo Felipe Santos, Rita de Cássia Silva Sant’ana Alvarenga,
Beatryz Mendes, José Maria Carvalho, Leonardo Pedroti
and Afonso Azevedo

Abstract The dregs is a waste from the cellulose production, and its reuse is an
effective way to reduce environmental impacts. Researches have already been done
to incorporate it into building materials. The present work aimed at incorporating
dregs in the production of mortar to replace hydrated lime. The methodology
adopted was the Simplex network with ten sampling points, varying the amount of
cement, sand, and dregs. Each mix was submitted to flexural strength, compressive
strength, apparent mass density and water absorption by capillarity tests. The results
were analyzed by the software Minitab, obtaining the influence of each component
in the mixture. The best results were observed in mixes with a higher proportion of
cement and less of residue when it was analyzed the flexural and compressive
strengths. Larger rates of apparent mass density and water absorption were noticed
with a greater amount of dregs. The experimental design also allowed the obtainment
of mixture ratios from predetermined values of the tested properties and indicated
that the addition of dregs in mortar could be an alternative to civil construction.

Keywords Dregs � Mortar � Simplex � Environment � Civil construction

Introduction

The production of paper and cellulose generates many kinds of residues that can be
dangerous to the environment. One of them is a gray waste called dregs that
contains in its composition the quicklime [1]. It is also rich in calcium carbonate
(CaCO3), which can generate quicklime in the presence of heat. So, this residue can
be a promising usage in the production of mix mortar with a partial or total
replacement of the conventional lime. Moreover, the incorporation of dregs in
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building materials would be an alternative to reduce the costs and to avoid envi-
ronmental impact.

One way to work with residues is using an experimental design, such as the
Simplex design. This methodology allows fewer tests and time, besides it permits
the determination of the reliability of the experiment and the learning of the
interaction between mixture components [2]. After a literature review, it was found
many works using dregs in different materials, including in mortar [3–7]. However,
any of these researches made use of the Simplex design.

Therefore, in this work, it was made an experimental design to incorporate dregs
in a mix mortar replacing the lime. In the end, it is hoped to obtain equations and
response surfaces that describe the influences of each mixture components in the
mortar. And in this way, it is expected to found a proper application of dregs in civil
construction, allowing a cheaper mortar and less available residue to contaminate
the environment.

Materials and Methods

Materials

The mixed mortar was made with the dregs replacing the hydrated lime. This
residue was produced by CENIBRA, an important cellulose and paper company
located in Belo Oriente—Brazil. The other components of the mortar were: cement
Portland CP II-F–32 of the company TUPI, Carandaí—Brazil; natural sand from the
Piranga River, Porto Firme—Brazil; and water from the supply network of the
Federal University of Viçosa (UFV).

Methods

As the statistical analyses would be performed with three components, the amount
of water was fixed in all the mixtures types. Furthermore, the ratios of cement,
dregs, and sand (Fig. 1) were determined to keep a space sub-region of a typical
Simplex triangle of ternary mixtures; in other words, a Simplex triangle with
restrictions.

The program Minitab® 17.1.0 was used for the experimental lineation and
response surfaces generation. The {3, 2} Simplex-Lattice design with axial and
central points was adopted. The components percent for each ratio used in exper-
imental lineation are presented in Table 1.

Once determined each ratio, the residue and the aggregate were prepared for use.
The dregs was crushed for half an hour in a ball mill, and so it was passed through a
0.85 mm sieve. In case of sand, it was only passed through a 4.76 mm sieve.
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In the next step prismatic specimens was made according to the ABNT NBR
13279:2005 [8], with dimensions 4 cm � 4 cm � 16 cm. The paste preparation
and the flow table determination were made according to the ABNT NBR
13276:2005 [9].

Fig. 1 Sand, dregs, and cement for the confection of the mortar, respectively

Table 1 Measurements used in the experimental design

Trace Original components (%) Pseudo-components

Cement Sand Dregs Cement Sand Dregs

1 12.00 81.00 7.00 1 0 0

2 8.50 84.50 7.00 1/2 1/2 0

3 8.50 81.00 10.50 1/2 0 1/2

4 5.00 88.00 7.00 0 1 0

5 5.00 84.50 10.50 0 1/2 1/2

6 5.00 81.00 14.00 0 0 1

7 7.33 83.33 9.33 1/3 1/3 1/3

8 9.67 82.17 8.17 2/3 1/6 1/6

9 6.17 85.67 8.17 1/6 2/3 1/6

10 6.17 82.17 11.67 1/6 1/6 2/3
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The flexural and compressive strength tests were performed according to the
ABNT NBR 13279:2005 [3]. The specimens were tested at 3, 28, and 63 days. The
capillarity water absorption test was made according to the ABNT NBR
15259:2005 [10] and the apparent mass density test was performed according to the
ABNT NBR 13280:2005 [11], using three specimens for each ratio at the age of
28 days.

With the results obtained from these tests (Table 2), the dregs mortar’s prop-
erties design was progressed. The lineation was performed by a completely ran-
domized design and without repetitions. The values used in lineation corresponded
to the averages obtained in the tests.

For each mortar property, linear, quadratic and special cubic models were
generated by Minitab. The choice between one of them was made accordingly the
following parameters: determination coefficient (R2), determination of prediction
coefficient (R2 pred) and sum of squares of prediction errors (PRESS).

Results and Discussion

Since the water amount was fixed and the other components were limited for the
experiment, a large variation of the consistency between the ratios was observed.
After seven different restrictions, it was adopted a range of 5–12% of cement, 81–
88% of sand and 7–14% of dregs (percentage related to dry weight of mortar). For
these specifications, the mortar flow table results were between 182 and 310 mm.
Although it still was a significant variation, this was accepted to continue working
with a ternary blend, varying only three components and keeping the others fixed.

The results of the realized tests are shown in Table 2. And the chosen models to
each property are shown in Table 3. Their choices were made according to the p-

Table 2 Results of the realized tests

Trace Flexural
strength (MPa)

Compressive
strength (MPa)

Apparent mass
density (Kg/m3)

Water absorption
(g/cm2 min1/2)

1 2.22 5.97 1914.17 4.60

2 0.90 2.55 1850.20 19.53

3 1.07 2.90 1816.15 17.37

4 0.28 0.89 1767.00 30.57

5 0.33 1.13 1777.89 32.93

6 0.21 0.94 1707.54 34.63

7 0.74 2.04 1829.77 19.53

8 1.36 3.57 1842.78 17.30

9 0.52 1.59 1781.03 32.63

10 0.53 1.78 1791.07 27.50
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value, R2, R2 pred, and PRESS. In Table 4, the math equations are presented, where
it being x01; x

0
2 and x03 the amount in pseudo-components of cement, sand, and dregs

respectively. It is worth highlighting that the analysis was made in terms of
pseudo-components to keep low levels of multicollinearity.

The obtained equations to flexural and compressive strength demonstrate that the
cement is more influent on these properties. So, an increase in the cement amount
has a higher effect on the gain of strength. The sand and the dregs, on the other
hand, have a weaker influence on this property. Regarding the nonlinear terms, the
interactions cement-sand and cement-dregs are antagonistic, and the interaction
sand-dregs is synergic. Accordingly to the nonlinear coefficients, it was possible to
conclude that the increase of dregs amounts in place of sand provide a gain of
strength.

Figures 2 and 3 represent the response surface to the flexural and compressive
strength, and they show the influence of the components in mixer mortar, as
explained in the last paragraph.

In the linear model adopted to the water absorption coefficient, it is perceived
that R2 and R2 pred are lower and the value of PRESS is high when compared with
the values obtained to the strengths. Thus, it was decided to accept this model but
highlighting that its prediction is not so accurate than the obtained to the previous
characteristics. Observing the response surface (Fig. 4), it perceived that mixtures
with a larger amount of dregs have an effect of capillarity more accented. It was also
perceived that the dregs and the sand contribute approximately equal to the water
absorption, what can be seen by the similar coefficients in the model equation

Table 3 Results of variance analysis for the adopted models

Properties Regression p-value R2 (%) R2 pred (%) Press

Flexural strength Quadratic 0.002 99.90 98.79 0.041287

Compressive strength Quadratic 0.016 99.58 93.09 1.48716

Water absorption coefficient Linear 0.000 93.15 86.77 109.373

Apparent mass density Linear 0.000 90.58 76.70 6638.02

Table 4 Equations generated to analyze each property

Properties Equation

Flexural
strength

y ¼ 2:214 x01 þ 0:288 x02 þ 0:212 x03 � 1:319 x01 x
0
2 � 0:520 x01 x

0
3 þ 0:409 x02 x

0
3

Compressive
strength

y ¼ 5:913 x01 þ 0:920 x02 þ 0:984 x03 � 3:433 x01 x
0
2 � 2:121 x01 x

0
3 þ 1:121 x02 x

0
3

Water
absorption
coefficient

y ¼ 5:160 x01 þ 32:771 x02 þ 33:049 x03

Apparent mass
density

y ¼ 1911 x01 þ 1780 x02 þ 1732 x03
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Fig. 2 Response surface of the quadratic model for flexural strength (MPa) at 28 days

Fig. 3 Response surface of the quadratic model for compressive strength (MPa) at 28 days
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(32.771 to the sand and 33.049 to the dregs) and by the curves of the response
surface of Fig. 4.

When the mortar is covering surfaces, one of its necessary proprieties is the
impermeability to water, especially in cases of an external covering. Nevertheless,
the water can move by capillaries of mortar [12]. Therefore, mortars with high
capillarity are not very interesting, thus being necessary more attention while dregs
is added to the mixture.

To the apparent mass density was adjusted a linear model as done to the water
absorption coefficient. In comparison to the models of other properties, this one had
less precision to estimate the influence of the different components in the mixture.
However, this model can be used and reveals that the dregs has a lesser impact on
the apparent mass density. So, increasing the amount of the residue provide a more
lightweight mortar. This characteristic can be attractive in some applications when
it is desired construction units with less weight.

In Fig. 5 is presented the response surface to the apparent mass density.
The ABNT NBR 13281:2005 code [13] classifies mortar in some categories

accordingly the properties range. Thus, according to the desired application to the
mortar and the intended category, it is only necessary to use a ratio of mortar
contained in the analyzed Simplex region.

Fig. 4 Response surface of the linear model for capillary water absorption
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Conclusion

Through this work, it can be concluded that the use of dregs in replacement of
hydrated lime is feasible, as long as the amount of residue is moderate. A larger
amount of dregs substantially decreases the mortar strength and increases the water
absorption. Other observed behavior was the reduction of mortar mass density with
the greater presence of dregs, which can be interesting on some occasions.

Since it was obtained equations that relate the amount of each component with
the value of certain mortar property, it is possible to manipulate the ratio proportion
of the components and, hence, to obtain a mortar with a desirable characteristic.
And also to fit in the created product in the different classifications of the
ABNT NBR 13281:2005 [13]. However, it is applicable only to the sub-region of
the analyzed Simplex triangle, in other words, extrapolations are not allowed.

The fixation of the water amount generates a broad range of mortar consisten-
cies, which can be a problem when there was not a compatibility between the
desired mortar property and its use in the building site. Thus, new studies
emphasizing the relation water amount-consistency in different ratios of mixed
mortar with dregs would be necessary to complement this work and to make
possible the optimization of this product.

Lastly, it was concluded that the observed results were satisfactory concerning
incorporation of a residue in a construction material. The produced mortar will have
an environment appeal and, also, due to the lower costs can attend social buildings.

Fig. 5 Response surface of the linear model for apparent mass density
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Adhesion Study at Advanced Ages
in Multipurpose Mortars

M. T. Marvila, J. Alexandre, A. R. G. Azevedo, E. B. Zanelato,
S. N. Monteiro, G. C. Xavier, M. A. Goulart and B. Mendes

Abstract One of the parameters used in the study of mortars is the adhesion
resistance, which indicates how much the mortar adhered to the substrate. The usual
study is done at 28 days, to worldwide standardization. Few researchers study the
adhesion of mortars to ages other than 28 days. In this scenario, the adhesion
strength tests of conventional mortar with a 1:1:6 mass scale (cement, and sand) at
7, 14, 28, 56, 91, 182 and 364 days were performed in order to understand the
behavior of this material. The usual characterization tests of the mortars were
carried out to correlate the values obtained with the adhesion results. The obtained
results demonstrate that the mortar continues to gain resistance with the passage of
time. For the trait studied the gain was considerable, indicating that over time the
cement continues to hydrate, reacting and contributing to the strength of the
material.

Keywords Mortar � Adhesion � Advanced ages

Introduction

Adhesion is one of the most important parameters when analyzing the performance of
a multipurpose mortar, which is a type of mortar used for both wall cladding and
ceramic tile laying. Although it is a property of great relevance in the studies of this
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type of material, it is extremely complex the understanding about the functioning of
the adhesionmechanisms, since several factors interfere in the study of such property.

It is known that four basic mechanisms of adhesion between mortar and porous
substrates can be identified, as in the case of blocks and ceramic bricks: first
adhesion occurs by initial adhesion between the substrate and the mortar, then the
adhesion is processed due to suction capillary, identified by the transport of fine
materials to the interface between the two materials, followed by an equilibrium
mechanism that occurs between the moisture of the mortar and the substrate
studied, and finally the adhesion is due to the hydration of the cement present in the
mortar, with formation of a cohesive solid phase between mortar and substrate [1].

Traction adhesion tests are the main parameters for evaluating the performance
of multiple use mortars, although there is a great variation in the results found by
different authors. These differences can be justified by several factors, which
interfere in the execution of the test, and consequently in the comparison of results
between different authors, among which can be cited:

• Differences in properties among the mortars studied: factors such as the initial
adhesion that the mortar under study has as the substrate, which is strongly
influenced by the rheological characteristics of the mortar interfere in the results
of adhesion found by different authors [2]. Another factor that also interferes is
the water retention that the mortar presents, because it has a great correlation
with the suction that the substrate presents.

• Substrate properties: the properties of the substrate interfere with the adhesion
mechanisms between this material and mortar, since factors such as porosity,
capillary suction and substrate roughness interfere directly with the adhesion
values found by different authors.

• Execution of the test: was verified in studies that the parameters of the test
interfered directly with the adhesion values found [3]. Factors such as the shape
of the specimens used, eccentricity, type of equipment and loading rate cause an
unmanage in the results obtained in these tests.

• Impact energy: it is characterized by the kinetic energy with which the portion of
mortar thrown reaches the base, and depends on several factors, such as the
launching force and the portion of mortar that is thrown on the substrate, which
vary from operator to operator. Therefore, it is extremely complicated to com-
pare results of adhesion tests performed by different researchers [2, 4–6].

• Climatic conditions: the conditions of temperature, relative humidity and ven-
tilation directly interfere with the curing conditions that the mortar will suffer,
especially for outdoor environments. In this way the comparison between ad-
hesion results obtained for mortars made in different geographic regions is
subject to the differentiated climatic conditions of each of these regions [7–9].

Another great factor that interferes in the adhesion resistance between mortar and
substrate is the time factor, since the cement present in the mortar continues to
undergo the hydration process throughout the ages, even in the advanced ones,
which can generate the idea that the mortar will continue to gain resistance over

430 M. T. Marvila et al.



time. However the weather conditions which will be subject to mortar over time
may have the opposite effect on this material. That is, due to rainy conditions and
exposure to the sun it may be that the resistance of the mortar actually decreases
with the passage of a certain age.

Thus, the objective of this work is to verify and analyze the adhesion strength to
the traction of a mortar of multiple external use throughout the advanced ages, with
the intention of understanding if the mortar continues to increase its resistance
thanks to the hydration of the cement, if the mortar maintains the resistance without
changes, or even if mortar presents a decrease in resistance due to exposure to
external degradation agents, such as temperature variation, rainfall and sun
incidence.

Materials and Methods

Thus, the objective of this work is to verify and analyze the adhesion strength to the
traction of a mortar of multiple external use throughout the advanced ages, with the
intention of understanding if the mortar continues to increase its resistance thanks to
the hydration of the cement, if the mortar maintains the resistance without changes,
or even if mortar presents a decrease in resistance due to exposure to external
degradation agents, such as temperature variation, rainfall and sun incidence. The
mortar in the 1:1:6 (cement: hydrated lime: sand) mortar was characterized
according to the parameters required by the Brazilian standards highlighted in
Table 1.

After curing times, namely 7, 14, 28, 56, 91, 192 and 364 days, the mortar
systems were tested for tensile strength. The adhesion test is performed in the
following manner: a chipped masonry wall is performed to receive the coatings and
to serve as the substrate in the assay. On this substrate is executed a coat of mortar
of the trait studied in the form of a plaster.

After the cure time, a glass saw is used to drill the specimens. According to the
Brazilian standard, at least 12 specimens should be analyzed. After the drilling,

Table 1 Characterization of mortar 1:1:6 (cement: hydrated lime: sand)

Parameter Value obtained Norm

Relation w/c 0.80 NBR 13276:2016 [10]

Built-in airflow 7.8% NBR 13278:2005 [11]

Capillarity 13.94 NBR 15259:2005 [12]

Density in hardened state 1.91 g/cm3 NBR 13280:2005 [13]

Density in the fresh state 2.03 g/cm3 NBR 13278:2005 [11]

Water retention 93.22% NBR 13277:2005 [14]

Compressive strength 28 days 4.08 MPa NBR 13279:2005 [15]

Tensile strength at flexion 28 days 1.12 MPa NBR 13279:2005 [15]
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metallic pellets are bonded to each of the specimens using an epoxy adhesive that
must have a higher resistance than the coating. After 24 h of application of the
adhesive, the test can be performed using a pull-out equipment as shown in Fig. 1.
The equipment records the pulling force applied to the mortar to cause its breakage,
which force is then converted into resistance.

Results and Discussion

The results of characterization of the mortar used to carry out the tests are indicated
in Table 1. As can be seen by analyzing the data in the table, it is a standard mortar
commonly used in civil construction.

The results obtained for the twelve specimens of each age, as well as their
statistical treatment, are shown in Table 2.

Analyzing the results found for adhesion at different ages and using Duncan’s
proposed mean difference analysis, it is easy to see that mortar continues to gain
resistance to adhesion over different ages. This is because the cement present in this
mortar continues to moisturize even at later ages. Therefore, for the region of Campos

Fig. 1 Adhesive device
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dos Goytacazes, under the climatic conditions analyzed, there is no depredation of the
resistance and consequently loss of adhesion between substrate and mortar.

Thus, it refutes the idea that the mortar will have loss of resistance due to the
climatic actions of temperature, insolation and rain for this specific case of study,
since in the present study the hydration of the cement had greater significance in the
resistance of the mortars than the action of time.

It is also emphasized that in the first ages, 7 and 14 days, the resistance gain is
negligible, since there was no significant difference for the average resistance
obtained in these two ages. With this, it is evident that the hydration of the cement
is more intense after 14 days, since at 28 days there was a significant gain of tensile
strength.

At the age of 56 days until the age of 91 days there was also no significant gain
in resistance, which is evidenced by Duncan’s analysis. It is likely that during this
period the cement hydration has entered the dormancy stage, where the hydration
reactions are decelerated. Analyzing the literature, an explanation for this is found:
in cement mortars and hydrated lime, late ettringite formation is common due to the
compounds that do not react completely in the early ages. This late ettringite
reduces the resistance of mortars since its structure is rod-shaped, causing internal
stresses detrimental to the material. It is noteworthy that these reactions commonly
occur in ages between 60 to 80 days, as observed in this study. After this period, the
ettringite decomposes and the cement hydration reaction proceeds [16–18].

After the dormancy period, the mortar again underwent hydration reactions, and
its resistance increased until the last analyzed age at 364 days. The graph presented
in Fig. 2 demonstrates how it was the tendency of resistance gain to adhesion to
mortar, where it is observed that obviously this phenomenon does not follow a

Table 2 Data obtained for different ages

Age 7 days 14 days 28 days 56 days 91 days 182 days 364 days

01 0.05 0.12 0.33 0.46 0.51 0.72 0.66

02 0.06 0.08 0.25 0.35 0.40 0.58 0.72

03 0.08 0.08 0.43 0.60 0.39 0.57 0.66

04 0.10 0.15 0.32 0.44 0.38 0.81 0.72

05 0.07 0.06 0.26 0.36 0.48 0.62 0.82

06 0.10 0.08 0.19 0.16 0.48 0.61 0.96

07 0.04 0.10 0.18 0.26 0.47 0.56 0.92

08 0.12 0.06 0.24 0.34 0.43 0.62 0.90

09 0.04 0.07 0.38 0.53 0.53 0.83 0.96

10 0.09 0.16 0.15 0.21 0.38 0.80 1.02

11 0.08 0.06 0.34 0.47 0.51 0.64 1.08

12 0.06 0.13 0.13 0.18 0.32 0.73 1.07

Average 0.07 0.10 0.27 0.36 0.44 0.67 0.88

Duncan E E D C C B A

Adhesion Study at Advanced Ages in Multipurpose Mortars 433



linear trend, since the reactions that modify the resistance of the mortar present
great complexity and do not follow trends obvious and simple.

Conclusion

Through this study it was possible to conclude:

• Statistical analysis by the Duncan method for separation of averages shows that
the mortar presents resistance gain to adhesion with the advancement of the
studied ages.

• The increase in resistance is justified by the hydration of cement that continues
to occur even in advanced ages.

• In the early ages, 7 and 14 days, the increase in resistance is negligible, indi-
cating that cement hydration at these early ages has not reached levels of great
relevance.

• After the 28 days, it is possible to increase the resistance to the adhesion of the
mortar, until the ages of 56 and 91 days when the cement hydration is reduced,
it is a period of dormancy in the mortar.

• From the period of 182 days until the last analyzed period, at 364 days, the
mortar continued to have a resistance to adhesion.

• For the mortar studied, the hydration of the cement presented a greater contri-
bution than the external factors of insolation, rainfall and temperature variation.
This is perceived by the resistance gain that the mortar presented.
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Applications and Opportunities
of Nanomaterials in Construction
and Infrastructure

Henry A. Colorado, Juan C. Nino and Oscar Restrepo

Abstract New and extraordinary physical-chemical properties of materials at
nanoscale open up new applications for the building and infrastructure industry
such as structural reinforcements, electronic properties and energy harvesting.
Therefore the issues and risks associated with the manufacturing of nanomaterials
are now of big concern due to the large volumes and typical processing involved in
this industry. This paper presents a discussion and selected applications of nan-
otechnology in the construction and building materials: from metals and alloys, clay
and minerals, ceramics, cement and concrete, asphalt, wood and composites, to
finishing systems and some of the most used characterization techniques. Besides
the progress in some areas, nanotechnology is just emerging in this field, with many
challenges and opportunities, problems unsolved and business opportunities.
A discussion regarding the potential health issues and risks of using nanomaterials
for workers and the potential environment effects is included as well. New images
and diagrams are presented and discussed.

Keywords Cement � Concrete � Composites � Asphalt � Clays
Ceramics � Wood � Steel � Characterization � Nanomaterials

H. A. Colorado
CC Compuestos Laboratory, Universidad de Antioquia,
Calle 70 no. 52-21, Medellín, Colombia

J. C. Nino
Materials Science and Engineering Department, University of Florida,
Gainesville, USA

O. Restrepo
Departamento de Ciencia e Ingeniería de Materiales,
National University of Colombia, Medellín, Colombia

H. A. Colorado (&)
Facultad de Ingeniería, Universidad de Antioquia, Calle 67 # 53-108,
Bloque 20 of 437, Medellín, Colombia
e-mail: henry.colorado@udea.edu.co

© The Minerals, Metals & Materials Society 2018
B. Li et al. (eds.), Characterization of Minerals, Metals,
and Materials 2018, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-319-72484-3_46

437



Introduction

The physics and chemistry of nanostructured building materials differ from
everyday materials due to quantic effects and due to its high surface area to volume
ratio. Typical morphologies in nanomaterials are spheres, cylinders and sheets.
These materials have changed the technology in an increasing number of appli-
cations, and the construction and building materials industry has also been benefit.
In this paper, some of the most significant achievements of nanotechnology in the
construction and building materials are discussed, not only in the materials
developments but also in the most used characterization techniques. The main goal
is to show the progress, tendency, and opportunities in this field, in a context not
only useful for students, professors and researchers from engineering and natural
sciences, but also for industries starting in nanotechnology, or simply for interested
readers without background in nanotechnology.

Regarding the main areas of materials from science to engineering, applications
and performance of nanomaterials seem to need more research and development
than structure, properties, processing and characterization. This is true since most
academic community agree in the high potential of nanomaterials to change sig-
nificantly many aspects of our future. This is represented in Fig. 1a.

Figure 1b shows the construction and building materials from the present paper,
mostly organized by their structure. Metals have metallic bond, ceramics can have
ionic and covalent, and composites can have combination of different bond types.
All can have secondary bonds too. Including organic materials, such as wood, the
building materials can be classified as composites.

Materials in the building and construction industry such as cement and concrete
(most used man fabricated material) have had a slow evolution in their science and
engineering. Today, nanotechnology is rapidly changing this trend and many sci-
entific and business opportunities appeared. On the other hand, areas such as
composites have shown a notable development in the last years, as both

Fig. 1 a Diagram showing the applications growing area in nanomaterials; b construction and
building materials from the present paper
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nanocomposites and nanoadditives. In fact, aside with electronic and biomaterials
are some of the engines that today drive materials science. As example, other fields
such as wood have shown less progress in nanotechnology when compared to
composites.

Therefore, in the last years, multiple and significant progress are changing the
construction and building materials by a revolution in science and technology
driven by nanotechnology. New trends and opportunities are emerging which must
be taken into the account of young engineers, companies and researchers.

Materials and Methods

Metals and Metal Alloys in Building and Construction

Copper and steel are undoubtedly the most widely used metals in construction.
Steel alloys are used in screws, bolts, as well as in beams and support structures and
in particular as reinforcement within concrete concrete where either thick wires
(rebars) or meshes are added in order to enhance the mechanical strength of con-
crete under tension and bending stress fields. The dimension of steel components
for construction are typically in the centimeter to meter range and it is the
advancement in the understanding of the effect of microstructure on the mechanical
properties and corrosion resistance that has enabled the use of nanotechnology to
achieve substantial improvements in the performance of metals and its alloys. For
example, recent work by Lu et al. [1]. All text references should be consecutively
numbered, using square brackets with the period after the reference; for example [1,
2] has shown that in low carbon steels microalloying with 0.1 wt% of niobium,
titanium or vanadium results in hardening due to the controlled precipitation of
carbides. The size of these carbides ranges between a few nanometers and one
micrometer depending on processing conditions. It is important to note that when
the size of the precipitates is below 10 nm there is an increase of approximately
200 MPa in the yield strength, which represents roughly a 25% improvement in the
mechanical performance. While this is in itself an impressive enhancement, it is
perhaps most important to recognize that it well known hardening techniques, like
precipitation hardening, have seen a rebirth an expansion as a result of nanotech-
nology. Being able to characterize the microstructure of alloys and their precipitates
in the nanometer scale has open the door for a whole new series of alloys for which
the above is but one example.

In the case of copper, it is primarily used for electrical wiring and in piping
where the use of polymers is not a desired or viable option. In addition, copper
alloys such as brass are used in the weather protection of roofs, doors, siding, and
facades due to its high corrosion resistance. Precisely in the field of corrosion Mao
et al. [2] has demonstrated that through a process of nanocrystallization of a
copper-nickel alloy (70 Cu–30 Ni) yields increased hardness and enhanced
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corrosion resistance. For reader interested in reading more about mechanical
property enhancement in copper alloys using nanotechnology a number of sources
including the work by Hoppel et al. [3] is available in the open literature.

Clays and Minerals

One of the most important aspects of working with clay is the determination of
particle size. This is given by the genesis of the minerals that make up its internal
composition. Kaolinitic clays, for example, are mainly composed of kaolinite (in
Fig. 2a a nanoparticle of kaolinite is shown), halloysite, dickite and other minerals
produced by the degradation of metamorphic rocks by effects of weathering.
Formation processes allow the clay minerals, in some cases, to have particle sizes in
the nanometer range, that is, which do not exceed 100 nm in average size. These
sizes are critical in determining the application to these clays. Nanotechnology has
now come to stay when using fine-grained clays is about. The interaction at the
nanometer scale between particles had found important applications for this type of
minerals and rocks.

Working with nanoparticles has allowed to change existing paradigms regarding
the surface behavior of clays and thus achieve processing that until recently were
not conceived; it is the case of mineral processing, classification processes [4] and
concentration of minerals, such as flotation [5, 6]. For the classification and sepa-
ration of minerals it was reached using banks of hydrocyclones for separating
particles of nanometer size from those of micron size and thereby control key
parameters in their use, such as chemical surface, which is key in controlling the
rheology of slurries and suspensions, critical in the ceramic industry, paint, food,
etc. With regard to the concentration of minerals, nanotechnology has advanced

Fig. 2 Transmission electron microscopy (TEM) for a Kaolinite, b goethite nanocrystals
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significantly in processes such as flotation of ultrafine particles; it is the case of
feldspar contaminated by quartz or talc mixed with some iron oxide powders, which
changed its color which made them suitable for the cosmetics industry. Today this
is possible and has been given a major boost to some sites that until very recently
were not considered.

Recent Works [7] have let to explain that, when the clay minerals have small size
of particle, they could change the color of the clay, thus bleaching processes can be
performed successfully performing effective separation of different sizes comprising
mineral samples.

With respect to mineral transformation process, nanotechnology has enabled
processes on an industrial scale for obtaining nano-sized crystalline structures in
order to achieve special applications. Such is the case of the pigment industry [8, 9],
coatings industry [10] and decorating industry [11], among others, which, by
controlled particle size growth processes, have succeeded in designing products for
specific colors, resistance to temperature, weathering, and extreme working con-
ditions, such as acidity or alkalinity. All this thanks to the understanding of the
processes of nucleation and growth and control of the technological aspects that
allow handling. Figure 2b is a photo taken of goethite nanocrystals (FeO (OH)),
used since ancient times as a pigment.

Ceramics

In general ceramic compounds are the materials most widely utilized in construc-
tion as described before, however engineering ceramics as those shown in Fig. 3,
constitute an important area in modern applications in áreas such as electronic
materials or high temperature ceramics. This is not surprising given the fact that
clays and minerals used in bricks, stone, marble, granite, sand, as well as cement,
and concrete are all ceramics. Since several of these are described in detail else-
where, in this section only glasses are discussed.

Since its discovery, glass has been used broadly in construction as part of
decoration but also as an integral part of the architecture as light management and
exterior walls. Of the extensive number of recent advances in glass for building and
construction as a result of nanotechnology, it is particularly worth mentioning
tempered glass as a result of ionic exchange (also used in smartphones) which
exhibit high fracture toughness enabling its use in buildings requiring adequate
hurricane and wind damage protection.

Likewise, recent advancements in thin film coatings (i.e. coatings of submicron
thickness) have enabled novel applications in the field of smart windows such as
thermochromic windows and self-cleaning windows. An example of ther-
mochromic windows (i.e. windows that change color or transparency with tem-
perature changes) is achieved with thin film coatings of vanadium oxide (VO2). For
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example, Zhang et al. [12] have shown that a VO2 coating of 56 nm maintains the
transmittance in the visible spectrum combined with a 50% efficiency in blocking
the infrared spectrum, which is the highest heating contributor. The development of
this type of smart windows and related applications has enabled a leap change in
building energy management practices and standards. The recent review by
Kamalisarvestani et al. [13] is an excellent source of information in this particular
topic.

As mentioned before, another area of recent interest and impact is that of
self-cleaning windows. In this type of windows, coatings typically of titanium
dioxide [14] or sílica [15] with thicknesses in the 120–150 nm range induce pho-
tocatalytic reactions when in contact with dust and other environmental contami-
nants and the product of these reactions is washed away by the rain thus leaving
behind a clean window. It is important to note that there are already a number of
commercially available smart window products and its broad use and expanded
market share is anticipated. Jelle et al. [16] presents a list of applications for smart
windows, discusses state of the art research areas in the field as well as future
trends.

Cement and Concrete

Concrete, and cement as its main component, are the most widespread man made
materials. These materials are very successful not only for their performance in
buildings and infrastructure, but also for the low cost and raw materials availability.

Fig. 3 a SEM micrograph revealing the surface morphology of an electrodeposited ceramic
coating revealing the nanometer nodular structure; b TEM of a BaTiO3 nanofiber synthesized by
electrospinning. The inset shows the lattice fringes indicating the crystallinity of the polycrys-
talline nanofiber. Both images were collected by the Nino Research Group at University of Florida
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Lastly, cement has been significantly progressing with nanotechnology, mostly
because cement is a multiphase material strongly influenced by its components,
such as hydrates, at the nanoscale.

On the other hand, since the hydration process is such a complex one that
involves a lot of mechanisms and species reacting chemically in different time
scales, from seconds to years, some fundamental aspects, at nano and even micro
scales, are still unknown. Because of this aspect, nanotechnology will continue
driving areas like cementitious materials specifically in the materials characteriza-
tion and nano-additives.

For instance, the understanding of the main cement phase, the hydrated calcium
silicate C–S–H which corresponds to nearly 60% of all hydrates in cement, was a
significant progress due to nanotechnology [17]. In addition, researchers reported
that C–S–H and other cement phases could be modified with nanotechnology
through organic molecules [18] in order to tailor different properties. Moreover,
since some cement structures do not have a long order range, identification by
traditional methods such as X-ray diffraction (XRD) is very complex and not
possible in some cases. However, other techniques such as transmission electron
microscopy (TEM) and nuclear magnetic resonance (NMR) enabled us to build a
clear atomic structure of C–S–H nano-crystals in the last 25 years [19–22].

Another significant achievement was the development of the third generation of
super-plasticizers additives, such as PCE (polycarboxylate ether), used to improve
the particle dispersion and to reduce the amount of water in cement (which is
known as strength improver).

The accelerated development of nano-additives for concrete enabled the devel-
opment of a wide varied amount of modified mixtures (see Fig. 4) with high
mechanical performance and durability, for applications such as pre-fabricated
parts, such as tubes, walls, and beams [23, 24]. Figures 2b, c show portlandite, one
of the cement clinker phases. Finally, nanotechnology is also a way to decrease the
negative environmental impact and costs in concrete, which is given a new gen-
eration of construction and building materials.

Fig. 4 Images taken with transmission electron microscopy (TEM)) for a reinforced concrete with
graphite nanoplateles (GNPs), b and c the nanostructure Portland cement phase portlandite
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Asphalt

Besides asphalt pavement is used at large scale in roads of big cities, its macro-
scopic behavior depends from its properties at micro and nanoscale. Therefore,
research showed improvements in durability, fatigue life and routing for asphalt and
its admixtures with nanotechnology. This was mainly obtained with nanoadditives
(such as nanoclay, carbon nanotubes, and other nanostructures from silica, alumina,
magnesium, calcium and titanium dioxide) [25].

As one example of many significant advances in this field, it has been found that
nanoclay non-modified (NNM) increases slightly the asphalt viscosity, whereas the
same nanoclay modified with a polymer (NMP) slightly decreases the asphalt
viscosity. On the other hand, the addition of NNM improved the high temperature
stability, whereas the addition of NMP do not produce significant changes, but
increases the asphalt recovering. In summary, the addition of NNM in general
increases the asphalt recovering [26].

Another good example is the addition of silica nanoparticles to improve fatigue,
dynamic modulus, routing strength, and anti-aging behavior [27]. Similarly, a great
result found was that adding only 1% of rubber nanopowder obtained by the
sulfurization of latex nanoparticles in a dry process, asphalt has a higher cracking
and routing strength at low temperatures. Moreover, by adding up to 3% of this
powder the softening point can increase from 48.3 to 55.3 °C [28].

The examples shown above shows the great potential that nanotechnology has in
the future of asphalt and other related materials.

Wood

Being one of the oldest and most widely used construction materials, it would seem
rather incredible that nanotechnology would have enabled key advances even in
wood. Nonetheless, same as with almost all materials, the ability to investigate the
structure of wood in the nanometer range has yielded a better understanding of the
origin of the observed properties and thus has enabled the tailoring and develop-
ment of new properties and response to external stimuli like environmental con-
ditions and in particular the relative humidity. Humidity control in wood is essential
to ensure property homogeneity and in particular to control shape and limit
deformations. In general, wood is hydrophilic, that is, it has an affinity for water and
it can readily absorb it. Therefore, any modification to the wood characteristics that
can make it repel water (hydrophobicity) is of great interest. It is precisely here
where nanotechnology has demonstrated promising results. To highlight just one of
the numerous works in this area, according to Artus et al. [29] deposition of silicon
filaments, between 20 and 50 nm in diameter and 1 µm in length, on the surface of
wood results in “superhydrophobicity”, a term used to highlight the extreme
repulsion of water with contact angles above 150°, where 0° is indicative of a

444 H. A. Colorado et al.



hydrophilic surface and 180° indicative of a perfectly hydrophobic surface. This is
an impressive and transformative result as it represents a new paradigm in the
interaction of water and wood. For additional reading about this and other processes
that can be used to modify the properties of wood that are relevant for construction
the reader is referred to the review by Wang and Piao [30].

Composite Materials

Nanocomposites are multiphase materials where at least one of its phases has one,
two or three dimensions of less than 100 nm. Therefore, many topics of this paper
could classify as nanocomposites. Therefore, in this section we will only consider
those with polymeric matrix. As one of the many great applications, polymeric
nanocomposites are used to repair and rehabilitate damaged construction and
structures, such as tubes and bridges [31]. Nanocomposite coatings are required
where a fast set material is needed, such as in metallic tubes repair with defects
induced by corrosion, in such a way that no flow stopping is needed while tube is
repaired, as shown in Fig. 5.

Known nanocomposites also act as fillers, and these can have a very diverse
chemical composition (such as nanosilica SiO2, nanoalumina Al2O3, or titanium
dioxide TiO2); nanoclays (such as montmorillonite (Na,Ca)0.3(Al,Mg)2(Si4O10)
(OH)2 nH2O); or CNTs and carbón nanofibers [32, 33]. These nanoadditives
change the resin rheology, increase the stiffness one gets set, and reduce the dif-
ference in the coefficient of thermal expansion between the filler nanocomposite and
the substrate (such as in a metallic tube).

Fig. 5 a Typical repaired tube by polymeric nanocomposite resin with continuous fibers; b cross
sectional detail
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Finishing Systems

The application of nanotechnology has allowed the construction industry forward
significantly in subjects which until a few years ago were considered finished and
completed. This applies to finishing systems and decor. In recent years there has
been significant progress in the development of new designs and technologies,
which were considered impossible to achieve. Particularly in the ceramic industry it
has opened a major way in the design of complex modern formats and techniques
used as decorating inkjet [34], application of laser and plasma decoration, and
special deposition techniques (PVD, CVD) [35]. New technologies allow very
sophisticated decor finishes and the key to all these techniques is precisely the use
of nanotechnology, as it has led to the use of products with distinct sizes and
tailored particle distributions which has been possible to implement of appropriate
technologies. The same has been achieved in the application of cement and concrete
finishes, paints, wood and other natural elements, which change significantly their
surface appearance, presenting sizes of very fine and controlled in terms of particle
distribution.

As for the surface finish of construction products such as cement, concrete,
ceramic, wood and other natural products, the use of some nanoparticles, used as
additives, has great potential in technological development because these particles
applied in small significant portions help to significantly improve the final prop-
erties of the paints and varnishes used on them so. Adding ZnO nanoparticles
improves significantly the performance against UV radiation of the coating, while
the addition of alumina (Al2O3) and silica (SiO2) improves quality of the stripes.
Paintings with self-cleaning properties and anti-graffiti eco solvent which dried in
about three seconds and turn out to be much cheaper than conventional paints [36].

Installation and Lightweight Construction Systems

On the use of installation systems of building products, as well as light weight
construction, nanotechnology also has an important application field that has been
growing over the course of the years. The use of nanoparticles of iron oxide
thermally activated adhesive materials allows remote start of the drying process by
applying an electromagnetic field in the microwave-range radio frequency (1–
10 GHz). Also, on completion of the drying process of the adhesive on scales
smaller time than conventional processes, the undesirable heating of surrounding
areas is reduced [37].

The applications of this kind of technology could be in all those in which it is
desired to bond two pieces reducing unwanted heating of adjacent areas, by heating
locally the glue. It is also used when it is desired to decrease the drying time of an
adhesive, whereupon processes needed to complete valuably reduce welding parts.
Furthermore nanoparticles absorb radiation and heat drying glue matrix [38].
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Polycarboxylate based additives allow the tailoring of the different functional
parts of the molecule to each of the functions needed in the installation materials.
Polycarboxylates have a molecular structure composed by a main supported chain
structure with free functional groups as side chains, which allow the interaction
with the cement for diverse applications, and can be adapted using nanotechnology
to the desired functionality [39].

Characterization Techniques

As it has been emphasized throughout, being able to observe and investigate the
surface and microstructure of materials in the nanometer scale is perhaps the most
important development that has allowed for the vast impact of nanotechnology. In
general, any advanced characterization technique, provided the needed resolution,
can be used to investigate nanotechnology either directly or indirectly. Nonetheless,
without presenting extensive technical working details of the techniques, it is still
worth highlighting some microscopy and spectroscopy examples.

(a) Scanning electron microscope (SEM) uses the interaction of a beam of elec-
trons with the material to form an image and it therefore allows for the visu-
alization of the material surface in the nanometer scale (which is smaller than
the wavelength of the visible light). The current state of the art SEM have a
typical resolution around 2 nm.

(b) Transmission electron microscope (TEM) is similar to SEM but with the dif-
ference that the samples utilized are ultrathin (nanometer thickness) and
therefore allow the transmission of the electron beam and the image is then
formed from the transmitted electrons. State of the art TEM with aberration
correction can resolve sample features in the order or 0.1 nm.

(c) Atomic force microscope (AFM) is a scanning instrument that combines laser
optics and piezoelectric conduction to detect forces in the order of
nanoNewtons through a cantilever probe. The motion of the cantilever can itself
be registered with nanometric spatial resolution. This combined force-space
precision allows the formation of surface and topographical images of the
samples with resolution around 1 nm. Given the versatility of the type of probe
that can be used and different the modes of operations (contact or dynamic)
AFM is perhaps one of the most widely techniques used in nanotechnology.

(d) X-ray photoelectron spectroscopy (XPS) is a technique that enables the esti-
mation of the stoichiometry of the sample surface with typical resolution around
5 at.%. The unique advantage of XPS relies on the fact that it enables the separate
characterization of the first 10 nm of material below the surface. Moreover, with
techniques like ion ablation it is possible to remove the atoms between 1 and
8 nm below the surface and thus a detailed analysis of the composition as a
function of distance from the surface in the nanometer scale is possible.
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For additional information on this and other characterization techniques it is
worth consulting volume 10 of the ASM Handbook.

Health Concrete and Environmental Risk for Using
Nanomaterials

Nanoparticles and nanomaterials in general as we know have always existed in
nature, however, it is just in this time when humans have been creating a lot of them
by engineering, and therefore there are questions regarding their effect on the
environment and human health. Due to the nanomaterials high surface to volume
ratio, they have a highly reactive materials. This enables them as reactive oxygen
species (ROS) and free radicals, important mechanisms of nanomaterials, which has
an emerging science, the nanotoxicology [40]. ROS have been related with CNTs,
carbon fullerenes and metal oxides nanoparticles, resulting in health issues such as
inflammations, and protein, DNA and membranes damage [41]. Human body is
more exposed in skin, respiratory and gastrointestinal tract due to the semi-open
condition of these parts. Hristozov and Malsch [42] have drawn very important
conclusions after investigation on the nanoparticles effect on human health.
Figure 6 summarizes some of the information presented above. The main routes of
exposures for mammals have been classified as dermal, ingestion, inhalation, and
ocular. These correspond to the more vulnerable body parts typically more exposed
to environment. Also, the main contamination sources are grouped in Fig. 6:
combustion, medicine and cosmetics, mining and construction industry, energy,
laundry and automobile industries. Particularly in case of construction and building
materials industry there are additional issues regarding the final product presenta-
tion. Many of the supplied materials are powders that workers and people use at
home, nanoparticles have to be stabilized in many ways if companies want to put it
on a cement powder mix at store. Major advances are needed until this can be safe
for all.

The first conclusion is that with the state of knowledge we have of the topic it is
almost impossible to know any collective judgment about the potential risks for
exposure to nanomaterials, although most of research show that nanomaterials have
different types of hazardous effects on life. This is due to the limited number of
studies of effects of nanomaterials in human and environment. Thus, engineering
nanoparticles influence on life is even less known [42].

Lee et al. [43] have reported a good review on environmental health and safety
considerations of nanoparticles in the construction industry. Research in several
nanoparticles show their negative effects, for instance, carbon nanotubes (CNTs)
cause pulmonary toxicity and inflammation in mammals [44, 45] associated with
cell wall damage. C60 fullerenes show antimicrobial activity, which is toxicity to
bacteria by an oxidation to cells mechanism [46, 47]. TiO2 irradiated with UV cause
inflammation, cytotoxicity, and DNA damage in mammalian cells [48]. SiO2
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nanoparticles have been related as carcinogenic [49–50] by causing problems such
as membrane damage and tumor necrosis genes in rats. Quantum dots are toxic for
both mammalian cells and bacteria due mainly to their hazardous heavy metals
content such as cadmium and lead [51]. Copper and copper oxide can cause DNA
damage in bacteria, algae, yeasts, mice, and human cells [52]. Figure 6 summarizes
many of this examples in the main diseases: cancers, asthma, cardiovascular deaths,
neurodegeneration, and multiple organ deterioration.

The second important conclusion relays on the fact that there are many actions
and activities that need to be done in order to decrease the negative effects of
nanoparticles. Moreover, the degree of their environmental mobility and bioavail-
ability of nanoparticles need to be established.

Summary

Some of the most significant advances in nanotechnology of construction and
building materials has been presented in this paper. As shown above, nanotech-
nology has gone into all different kind of materials and applications, solving old
problems and some new challenges that are just emerging. Examples from metals
and alloys, clay and minerals, ceramics, cement and concrete, asphalt, wood and
composites, to finishing systems and some of the most used characterization
techniques are discussed.

Therefore, it is clear to see that this area will be a great tool for construction
materials understanding and improving, carrying out the industry to find the limits
of materials such as tallest buildings and extreme durability of infrastructure.

Fig. 6 Nanoparticle health concerns and environmental risks
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Besides the progress, nanotechnology is still an emerging area with many
challenges and opportunities, problems unsolved and business opportunities. Some
open areas from the materials and processing are: particle agglomeration, scaling
up, property repeatability, and interface enhancement.

Finally, nanomaterials effects on health and environment has still not much
information to know all its effects. However, most research reveals its negative
effects on life. Urgent actions must be taking into the account in order to avoid a
public health worldwide problem. The industry of construction and building
materials have extra challenges due not only to its large scale but also to the current
manufacturing procedures which probably need to be fully redesigned when
nanoparticles are used. This is not only an issue, it is a motivating challenge to
engineers and scientist to work in new technologies of materials and manufacturing.
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Automated Optical Serial Sectioning
Analysis of Phases in a Medium Carbon
Steel

Bryan Turner, Satya Ganti, Bill Davis and Veeraraghavan Sundar

Abstract This work presents a three dimensional microstructural analysis of med-
ium carbon steels, based on serial sectioning using optical microscopy. The
microstructural phases considered here are ferrite and pearlite. Typically conven-
tional 2D microscopy is used to analyze these phases (ASTM E112-13 in Standard
test methods for determining average grain size. ASTM International, West
Conshohocken, PA, 2013), with eddy current (Khan et al. in J Mater Process Technol
200(1):316–318, 2008) or ultrasonic methods (Araújo Freitas et al. in Mater Sci
Eng A 527(16):4431–4437, 2010) as alternatives. Medium carbon steel samples were
heat treated in a furnace and either slowly cooled in the furnace, or cooled at higher
rates. This resulted in different pearlitic microstructures in the samples. The analysis
was conducted with Robo-Met.3D®, a fully automated metallography system for
serial sectioning. Based on optical microscopy, volume cubes of hundreds of microns
on edge were imaged and reconstructed to conduct grain size and phase volume
analysis. The system proved capable of collecting image data with high fidelity, and
controlled slice thickness in an automated manner. The resultant dataset was useful in
visualization and analysis of pearlite and ferrite phases in steel samples.

Keywords Serial sectioning � Grain size analysis � Microstructure
Phase analysis � Medium carbon steels � Metallography � Robo-Met

Materials and Serial Sectioning Methods

Robo-Met.3D is a fully automated metallography system that generates two
dimensional optical microstructural data for three dimensional reconstructions and
analysis. Common applications of Robo-Met.3D include studying additively
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manufactured components [4], analysis thermal barrier coatings [5], and fiber ori-
entation effects in ceramic matrix composites [6].

• Material Composition and State

An off-the-shelf, un-heat treated, cold drawn 1045 medium carbon steel (1045 MCS)
sample was chosen (as received). Samples were excised from rod, and were con-
ventionally mounted in metallographic mounts (*38 mm diameter � 25 mm
height) for automated serial sectioning. In this study, two different heat treatments
were performed on the samples. The first heat-treated sample was heated to approx-
imately 830 °C and furnace cooled (annealed) for about 12 h until room temperature
was attained. The second heat treated sample was heat treated to approximately
830 °C, removed from the furnace and quickly dropped into water (quenched). The
three samples were then serial sectioned for microstructural analyses.

• Grinding and Polishing for Serial Sectioning

A typical automated grinding and polishing program for materials of this type
involves diamond suspensions of varying sizes—6, 3, 0.25 l, and finishing with
0.05 l colloidal silica. Polishing times may be varied automatically to achieve
varying rates of material removal. The samples were etched with 2% Nital reagent
to enhance contrast. Intermediate and final cleaning steps with water and ethanol are
programmed in to keep cross contamination to a minimum.

• Image Acquisition and Processing

Optical images were automatically acquired with the Zeiss Axiovert microscope
built into the Robo-Met.3D system. The 2D image tiles from each layer were
stitched into montages, registered with the images from the next layer using Fiji
software. A mosaic or montage of 2 � 2 tiles of 500� images was collated, with a
resolution of 0.21 l along the X and Y axes. A total of 50 slices, or sections were
collected. Acquisition parameters are shown in Table 1.

For 2D analysis, single 2D image was segmented using WEKA segmentation
filter in Fiji to identify the phases (pearlite—dark, ferrite-bright and martensite—
light grey). For 3D analysis, the raw 2D images were stitched and aligned for
accurate post-processing. The loaded z-stack of 50 slices was processed with
subsampling along Y direction and full resolution along X and Z directions. A 3D
isosurface was created without any filtering to extract the volume distribution of the
phases. Thresholding was performed on pixel values as for the 2D analyses.
A combination of Fiji and ImagePro software suites was used in this analysis.

Table 1 Serial sectioning data acquisition parameters

1045 MCS Overall
magnification

Resolution
in x − y (l)

Sectioning
rate (l/
section)

No. of
sections
analyzed

Dimensions
analyzed (l)

As-received 500� 0.21 1.8 50 451 � 28 � 92

Annealed 500� 0.21 4.6 50 451 � 282 � 230

Quenched 500� 0.21 3.2 50 460 � 290 � 160
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• Linearity of Material Removal Rate

Robo-Met.3D uses z-focus or z-height of the optical microscope for accurate
material removal measurements between sections, rather than fiducial marks. As
shown in in Fig. 1, a highly linear material removal rate of between 1.8 and 4.6 l
was maintained for all samples.

Fig. 2 Rockwell hardness C measurements for 1045 MCS as-received, furnace cooled and water
quenched samples (left) and location of eight measurements on the sample (right)

Fig. 1 Material removal plot for 1045 MCS as-received, annealed and quenched samples
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• Material Hardness

As expected, HRC hardness values were lowest for annealed sample (HRC 4.1),
followed by the as-received (HRC 16.4) and water quenched samples (HRC 44.9)
as shown in Fig. 2.

Analysis Results

The 2D and 3D image sets (Figs. 3, 4 and 5) were analyzed for the relative fraction
of pearlite and ferrite phases. The 3D data may be considered more representative
as it minimizes section-dependent variation [7].

Based on the heat-treatment conditions (especially cooling rate), we have
observed different percentages of the three phases as shown in Table 2.

The as-received sample showed 71.0% pearlite and 29.0% ferrite, and the
annealed sample showed 70.1% pearlite and 29.9% ferrite which approximate with
the ideal values of 75.0% pearlite and 25.0% ferrite. Incomplete conversion to about
28% martensite was observed in the quenched material as agitation was not used in
the quenching bath. The quenched sample was predominantly pearlitic.

We have also performed preliminary grain size analysis on un-heat-treated
sample as shown in Fig. 6. Image-pro premier-3D software is equipped to perform
semi-automated (interactive) grain analysis per ASTM E112 standard.

Fig. 3 1045 as-received steel—Top: 2D raw image (left) and WEKA segmented image:
pearlite-green, and ferrite-red (right); bottom: 3D image (2D raw images aligned stack of 50 slices)
(left) and segmented 3D image (pearlite-yellow; ferrite-blue) (right)
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Fig. 4 1045 annealed steel—top: 2D raw image (left) and WEKA segmented image:
pearlite-green, and ferrite-red (right); bottom: 3D image (2D raw images aligned stack of 50
slices) (left) and segmented 3D image (pearlite-yellow; ferrite-blue) (right)

Fig. 5 1045 water quenched steel—top: 2D raw image (left) and WEKA segmented image:
pearlite-green, martensite-purple and ferrite-red (right); bottom: 3D image (2D raw images aligned
stack of 50 slices) (left) and segmented 3D image (pearlite-yellow; martensite-red; ferrite-blue)
(right)
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Conclusion

The study successfully demonstrates the use of automated serial sectioning for
phase analyses and interactive grain size analyses. The RoboMet.3D®system
proved capable of collecting image data with high fidelity, and controlled slice
thickness in an automated manner. Experimental results have shown the effect of
different heat treatment conditions on the hardness and microstructure of steel. The
resultant datasets were useful in visualization and analysis of pearlite, ferrite and
martensitic phases in 1045 steel samples.

Further Information

www.ues.com/forums,info@ues.com.
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Characterization of a Brazilian Bentonite
for Its Use in the Oil and Gas Industry

Adriana Almeida Cutrim, Margarita Bobadilla,
Kleberson R. Oliveira Pereira, Fabio Jose Esper,
Guillermo Ruperto Martin Cortes, Maria das Graças da Silva Valenzuela
and Francisco R. Valenzuela-Diaz

Abstract Bentonites are an important kind of industrial clays with more than a
hundred different uses. In the oil and gas industries they are used as thixotropic
additives for drilling fluids and also as sorbents for purification of flows and
effluents. Due to the mechanical and thermal properties that they exhibit, bentonites
will become in a near future important fillers in clay/polymer nanocomposites
which could be used in the oil and gas industry for replacement of various metal
components. In this paper a chocolate color bentonite from the state of Paraiba in
Brazil was characterized by diverse techniques such as XRD, DSC/TGA, surface
area, and cation exchange capacity and it was studied its potential use as thixotropic
additive for oil and gas drilling fluids and as sorbents of oils. The bentonite showed
good potential for use in those applications.

Keywords Bentonite � Characterization � Oil and gas industry

Introduction

Bentonites are industrial clays, consisting essentially of smectite clay minerals [1].
The smectite clay minerals are mostly hydrated aluminum and magnesium silicates
that generally have a lamellar morphology, with diameters of the order of
micrometers and thicknesses of the order of one nm. The layers are stacked together
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forming booklets in the c axis (see Fig. 1). Morphologically they are composed of
tetrahedra sheets, containing Si4 + in the centers of the tetrahedra and O in the
vertices. The oxygens join the tetrahedra with each other and with octahedron
sheets. These octahedron sheets generally contain Al3+ aluminium or Mg2+ mag-
nesium at the octahedral centers and the bonds of these cations sharing oxygen with
the tetrahedral sheets or, when there is no tetrahedron for shared, with –OH bonds.
Due to interstitial substitutions (for example, aluminum by silicium or magnesium
by aluminium) the lamellae have a negative surface charge, that is compensated by
interlamellar cations that are reversibly exchangeable, providing to bentonites a
cation exchange capacity in the range of 80–120 meq.

There are two main types of bentonites, those that swell in water and those that
do not swell in water. Bentonites that swell in water have sodium as the predom-
inant interlamellar cation, they have a swelling range in water between six and
20 mL/g, but they do not swell in organic liquids, and provide viscous aqueous
dispersions at low clay concentrations (generally at concentrations from 2 to 6% by
weight). Bentonites that do not swell in water do not have sodium as the pre-
dominant interlamellar cation, they exhibit water swelling between 2 and 3 mL/g
and do not provide viscous aqueous dispersions at low clay concentration.
Bentonites can be processed with quaternary ammonium salts to transform them
into organophilic clays that swell in various organic liquids and provide with low
concentration of clay, viscous dispersions in those organic liquids. Bentonites that
swell in water, those that do not swell in water, organophilic and other types of

Fig. 1 Crystal structure of smectitic clays
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modified bentonites have a myriad uses, being the main ones: thixotropic additives
for water-based and oil-based drilling fluids [2], binders for sand molds for metals
castings, binders for iron ore fines and pet litters. In the last decades, there has been
an effort by the academy and the industry to study bentonites as nanometric fillers in
bentonite/polymer nanocomposites and also their use in health and environment
applications.

Brazil has a production of approximately 150,000 t/year, being in the top ten
world producers of bentonite. In contrast with the United States and Argentina,
Brazil does not have any known deposit of bentonites that can swell in water, this is
the reason why bentonites are processed with sodium carbonate to turn them into
bentonites that can swell in water [3].

The main deposits of bentonites explored in Brazil are in the county of Boa Vista
(state of Paraíba) and in the county of Vitoria da Conquista (state of Bahia).
Chocolate bentonites are one of the main types of bentonites in the Boa Vista
county [4].

In this work a sample of chocolate color bentonite is characterized by XRD,
XRF, BET specific surface area, sand content, and thermal analysis. The natural
clay adsorption of oils capacity and its swellings in organic liquids after being
organophilized are presented as well as data for their use as thixotropic additive for
oil and gas drilling fluids.

Materials and Methods

The clay used in this study was a raw sample of Chocolate bentonite supplied by
Bentonisa do Nordeste. It was dried at 60 °C, grounded, and sieved at 200 mesh.
X-RayDiffractionAnalysiswas carried out through the powdermethod, using aX-ray
Philips XPERT-MPD diffractometer, CuK-a radiation, in steps of 0.02 at 1 s/step.
DSC/TG analysis were performed in a Universal V4.1TA, with nitrogen atmosphere
at 10 °C/min. X ray fluorescence was performed in a Shimadzu EDX 700. BET
Specific surface area was measured via N2 adsorption at −196 °C on a
Micromeritics ASAP 2000 analyzer with the sample outgassed at 150 °C. Cation
exchange capacity was measured using the ammonium acetate method. The sand
content was measured using a Fann’s Sand Content Kit, which uses a 200mesh sieve.

The swelling capacity in liquids was measured by the Foster method [5], adding
1.0 g of clay in a cylinder containing 100 mL of water. Without stirring, the
swelling of the clay was measured 24 h later in mL/g. The plasticity point and
ability of absorption (g oil/g clay) were determined by adding oil to 5.00 g of clay,
mixing and rubbing with spatula and repeating the operation until it was possible to
conform an homogeneous ball of clay without crumble. With the quantity of oil
added the plasticity point is calculated. The addition of oil with mixing and rubbing
with spatula were continued until the formation of a brilliant film on the surface of
the clay indicates the saturation of clay by oil. With the total quantity of oil added
the capacity of the clay to incorporate oil was calculated. The method was based on
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the ASTM D281-95 (reapproved 2007) “Standard Test Method for Oil Absorption
of Pigments by Spatula Rub-out” used to measure the incorporation oils in pig-
ments for use in paints.

The sodium activation procedure was made by the addition of 100 meq/100 g of
Na2CO3, in concentrated aqueous solution, to a 50.0%, in weight, clay/water
mixture. The mixture was homogenized with spatula and allowed to rest for one
week in a humid chamber. The mixture was dried, grounded and passed in 200
mesh sieve (opening 0.074 mm). The ability of the sodium activated clay for use as
thixotropic additive for oil and gas drilling fluids was made by measuring the Fann
viscosities of a 6.0%, in weight, dispersion and Foster swelling of the sodium
activated Chocolate bentonite. For comparison, a commercial sodium bentonite
Volclay had also their 6% in water Fann viscosity and Foster swelling measured.
For the organophilization of the clay, 100 meq/100 g of Na2CO3, in aqueous
solution, was added to a 4.0%, in weight, clay/water dispersion. The dispersion was
mechanical stirred for 20 min. and allowed to rest overnight. 100 meq/100 g clay
of hexadecyltrimethylammonium chloride was added to the dispersion. The dis-
persion was mechanical stirred for 20 min. and vacuum filtered and washed with
water. The cake was dried at 60 °C, grounded and passed in 200 mesh sieve. It was
measured the swelling capacity of the organophilic Chocolate bentonite in quero-
sene, toluene, ethanol, mineral oil and soy oil.

Results and Discussion

Figure 2 presents the bentonite diffractogram obtained by X-ray diffraction. The
main peak at d001 = 1.5 nm corresponds to the montmorillonite group. The peak at
d(060) = 0.15 nm corresponds to a dioctahedral smectite, as it is usual for the
bentonites from Paraiba State. The main peak at 0.33 nm corresponds to quartz.
The quartz content of the chocolate bentonites is approximately 1% and it can be
easily removed for special uses like, for example, cosmetics [6]. No other major
impurities minerals are observed by the XRD curve.

Table 1 presents the results of XRF. Chocolate sample has a chemical compo-
sition similar to Cebogelbentonite from Milos, Greece, with a low value of alu-
minum oxide and a high value of iron oxide [7]. In this case, the Brazilian bentonite
has the most of its iron as impurities that do not appear in the XRD but are not
important part of the structure of the clay mineral as mild acid attacks remove most
of the chocolate color [8].

Figure 3 presents the thermal analysis curves. Between 30 and 200 °C, the
sample loses its humidity and interlayer water, and has a little lose of possible
organic matter near 250 °C. Between 400 and 580 °C the sample loses its dehy-
droxylation water. Such low temperature range is typical of high iron smectites,
meaning that some structural iron is present in the sample. The DSC curve, as a
bentonite, shows endo-exothermic peaks near 900 °C.
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Fig. 2 XRD curve of Chocolate bentonite

Table 1 XRF results of bentonite submitted to treatment (quantitative analysis, values in
percentage of oxides)

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 LoI

64.9 13.1 9.7 0.06 1.45 2.56 0.74 0.37 0.95 5.5

Fig. 3 DSC, TG and DTG curves of the Chocolate bentonite
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Bentonites have a theoretical external surface area of approximately 800 m2/g.
The N2 BET surface area of bentonites is mainly a consequence from the outer
surface area of the bentonite agglomerates and not from the interlayer spaces, as the
N2 molecules cannot get into the interlayer spaces [9]. Here the BET surface area of
the Chocolate bentonite is compared with the external area of an important
industrial bentonite (Volclay) furnished by Diamond [9]: the BET specific surface
area obtained for the chocolate bentonite was 80 m2/g, which is higher than the
external surface area of the Ca++ exchanged Volclay (49 m2/g) and lower than the
Na + exchanged Volclay (116 m2/g).

The measured cation exchange capacity—CEC—of the Chocolate bentonite was
60 meq/100 g clay, which is similar to the CEC of some bentonites from Utah and
15% lower than the CEC of high swelling bentonites from Wyoming [10].

The plasticity point and saturation point of oils in natural Chocolate bentonite
are present in Fig. 4. The bentonite can incorporate more than 20% of its weight in
the studied oils, indicating its potential use in cosmetics [6].

A high sand content in bentonites is deleterious for its use in drilling fluids. The
measured sand content of the Chocolate bentonite was 1% and the maximum value
given by the American Petroleum Institute—API—for use in water based drilling
fluids is 4% [11].

The swellen capacity on water of the sodium activated Chocolate bentonite was
12 mL/g and for the Volclay bentonite 15 mL/g. The apparent (AV) and plastic
(PV) viscosities of the sodium Chocolate bentonite were AV = 19.0 cP and
PV = 12 cP, and for Volclay Bentonite AV = 18.5 cP and PV = 15.0 cP. The
swelling and viscosity values for the two clays are similar and indicate good rhe-
ological properties for use as additives for oil and gas drilling fluids.

After organophilization Chocolate bentonite did not present swelling capacity in
soy oil (3 mL/g) and present swelling capacity in ethanol (7 mL/g), kerosene
(7 mL/g)/mineral oil (7 mL/g), and toluene (19 mL/g). These values indicate that
the Chocolate bentonite could be used in oil based drilling fluids additives, organic
solvents paints, clay/polymer nanocomposites and other uses [12].

Fig. 4 Plastic and saturation values (g oil/g clay) of Chocolate natural clay in oils
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Conclusion

By analyzing the data of XRD, XRF, thermal analysis, cation exchange capacity
and BET surface area, it is observed that the chocolate clay is a pure bentonite with
a small amount of quartz. This quartz can be easily removed and the clay has
potential to be used in high value products. Natural chocolate bentonite has a
capacity greater than 20% of its weight to absorb oils and therefore has potential for
use in cosmetics. After being transformed into a sodium bentonite, it acquired the
property of swell in water and with good rheological properties for use as an
additive for water based drilling fluids. After being modified with a quaternary
ammonium salt, it acquire a high swelling capacity in organic liquids, with potential
use in additives for oil and gas oil drilling fluids, clay/polymer nanocomposites,
paints, cosmetics and many other uses.
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Characterization of Tensile Properties
of Epoxy Matrix Composites Reinforced
with Fique Fabric Fiber

Maria Carolina Andrade Teles, Marcos Vinícius Fonseca Ferreira,
Frederico Muylaert Margem, Felipe Perissé Duarte Lopes,
Djalma Souza and Sergio Neves Monteiro

Abstract The development of composite materials is a combination of distinct
materials, with applications in various areas, such as: aerospace, automobile, etc.
Regarding mechanical resistance, composites reinforced with a dispersion phase in
a fiber form is more relevant. The green idea is use composites with natural fibers
instead of fiberglass, especially in non-structural applications. The Fique fiber has
occupying an important place at Colombian agricultural and agribusiness sectors.
Epoxy matrix composites reinforced with 1–6 Fique fabric layers were tested and
the results indicated that the tensile properties improve with increasing the amount
of Fique fabric layers. The fiber/matrix interaction was analyzed by scanning
electron microscopy.

Keywords Composites � Epoxy � Fique fabric

Introduction

In the last decades, the use of composite materials has had a large increase in
several industries such as construction, aerospace, and automotive. The great use of
composite materials is due to their unique properties as for example the high
specific strength, which is much higher than most monolithic materials such as
metals, ceramics or polymers. The high specificity resistance makes the composite
materials have a high resistance coupled to a low density [1].

However, the use of composites reinforced with synthetic fibers is very harmful
to the environment since the production of these fibers generates a lot of CO2 that
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contributes to the greenhouse effect. Another negative point of synthetic fibers is
that they can neither be recycled nor incinerated [2, 3].

One solution to this problem is the use of natural fibers as composite rein-
forcement. Natural fibers are environmentally friendly since their production usu-
ally comes from disposal and does not emit CO2 in their manufacture [4–11]. The
use of natural fibers has been the target of a wide range of research and even is
already applied in industries such as automotive [12, 13].

The fibers may be used as reinforcement in the form of individual cylinders
aligned or in the form of fabric. The application in the form of fabric uses the
interlaced fibers generating a greater adhesion between the fibers. A plant of Fique
(Furcraea Andina) is native to the Andes of Ecuador—Colombia and Venezuela,
but widespread in Colombian Andes. The fiber is resistant, fine, white and shiny.
The normal annual production is 1 kg per plant, with exceptional yields of 3–6 kg
per year [14].

The objective of this work is to analyze the tensile strength of epoxy polymer
composites reinforced with woven interwoven Fique fabric.

Experimental Procedure

The materials used in this work were the fabric Fique fiber. The Fique fiber is
extracted from the leaf of the Fique plant (Fig. 1), which was supplied by its
producers in Colombia. The Fique plant has a trunk that can reach 30 cm in
diameter with leaves ranging from 0.5 to 2 m in length and 8 to 14 cm in width.
The dried fibers are average length of 63 cm. The Fique plant has a life ranging
from 12 to 20 years and in some special cases from 60 to 70 years. The density of
the fibrous varies widely. The average density is 0.68 g/cm3, which is relatively low
compared to other synthetic fibers such as fiber glass 2.4 g/cm3 (ALTOÉ, 2016).No
treatments were applied to the fibers surface.

Fig. 1 Fique plant (a) and Fique fibers (b)
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Composite specimens were individually prepared with 1 up 4 layers of Fique
fabric fiber placed inside dog-bone shape metal molds, Fig. 2. Still fluid epoxy resin
was poured with the layers of Fique fabric fiber, and cured for 24 h.

These specimens were subjected to tensile tests in a model 5582 Instron machine
shown in Fig. 3 at room temperature and 0.5 mm/min. For each volume fraction of
Fique fiber, from 0 to 30% in volume, nine samples were tested and the results
statistically analyzed. The specimens were gold sputtered and observed by scanning
electron microscopy (SEM) in a model SSX 550 Shimadzu microscope.

Results and Discussion

Figure 4 shows typical curves of the force versus elongation for composites of
epoxy resin embedded with Fique fabric fiber. These curves were directly obtained
from the data acquisition system of the machine and revealed that Fique fibers act
not only as effective reinforcement, but also increase the plastic deformation of the
composites. Polymeric matrices, for example, in fiber reinforced polymeric com-
posites are used to protect, align and stabilize the fibers, as well as to ensure the
transfer of tension from one fiber to another. In general, both the rigidity and the
strength of the matrix are lower than those of the reinforcing fibers (LACH, 1998).

Fig. 2 Metal molds for preparation of test specimens composites epoxy reinforced with different
volumetric fractions of Fique fibers
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Fig. 3 Instron universal testing machine, model 5582

Fig. 4 Example of a force versus elongation curves for epoxy composites reinforced with: a 0 vol%
and b 30 vol% of Fique fibers
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Based on the results in Fig. 4, it was plotted the curves of tensile stress versus
strain and to calculate the values for the average tensile strength and elastic modulus
for each amount of fiber, as shown in Table 1.

The values of the tensile stress and elasticity modulus, listed in Table 1 for the
epoxy composites, are showed in Fig. 5 as a function of volume fraction of layer
Fique fabric fiber. In this figure it is noteworthy that the introduction of layers fibers
significantly increases both strength, Fig. 5a, and the stiffness, Fig. 5b, of the epoxy
matrix composites. An important result to be mentioned in Fig. 5 is that, as the
percentage of Fique fiber increases, the tensile strength and elastic modulus also
increase following an almost linear relationship.

The fiber has a set of fibrils. These fibrils have different diameters that resist
differently to the same tensile applied in the fiber. This is sufficient to know that
each fibril breaks at different times of the test. Therefore, the fiber does not break in
a totally fragile way, as soon as it supports a quantity of plastic deformation, this
aspect is very important, because it enables the use of composite materials for a
wide range of applications. Figure 6 shows the microstructural difference for Fique
fibers of different diameters.

The analysis of the micrographs of the tensile fracture allowed a better under-
standing of the mechanism responsible for the hardness of epoxy reinforced with
Fique fabric. Figure 7 shows the appearance of the surface of pure epoxy (0% fiber)
specimen fracture and test specimens with 10, 20 and 30% of Fique fabric.

Table 1 Tensile properties of epoxy composites reinforced with Fique fibers

Volume fraction of Fique fiber (%) Tensile strength (MPa) Elasticity modulus (GPa)

0 42.80 ± 19.02 1.23 ± 0.57

10 60.26 ± 7.88 1.61 ± 0.46

20 84.23 ± 13.90 1.72 ± 0.13

30 100.94 ± 15.20 1.86 ± 0.24

Fig. 5 Variation of the tensile strength (a) and elastic modulus (b) with the volume fraction of
Fique fibers
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The uniform fracture surface (Fig. 7b) indicates that the rupture is caused by the
propagation of a single crack, with the propagation of the typical crack on the
smooth and fragile surface. Figure 7d presents details of fracture surface of a epoxy

Fig. 6 Aspect of the fracture of the Fique fiber, �300, 0.18 < d < 0.21 mm
(a) 0.21 < d < 0.24 mm (b)

Fig. 7 Appearance of the surface of pure epoxy (0% fiber) specimen fracture and test specimens
with 10, 20 and 30% of Fique fabric
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composite with 30% of Fique fiber. It is observed that some fibers were separated
from the matrix and broken after the rupture, also the cracks propagate at the fiber/
matrix interface.

The participation of Fique fibers shown in Fig. 7 indicates that their increasing
amount tends to be associated with a heterogeneous macroscopic feature, owing to
a change in the uniform, transversal rupture of the brittle epoxy matrix.

Conclusions

Incorporation of Fique fibers increases the tensile resistance of epoxy matrix
composites when compared to pure resin, which shows that Fique fibers are a good
reinforcement material to tensile loads. This increase can be attributed to Fique
fibers with thinner diameter acting as a barrier for the crack propagation throughout
the brittle epoxy matrix. Along with the retention of some whole Fique fibers upon
tensile strength, low interfacial resistance results in greater energy absorbed due to
the propagation of cracks in the fiber/matrix interface, allowing the formation of a
higher longitudinal fracture area in relation to a transverse fracture, which should
occur in the matrix for breaking the fibers.
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Clay Smectite Synthetic: Characterization
and Application in Nanocomposites

Thamyres C. Carvalho, Edemarino A. Hildebrando, Roberto F. Neves
and Francisco R. Valenzuela-Diaz

Abstract Synthetic clays are an option of materials that can be modified to obtain
better and specific properties when compared with natural clays. Although clays are
found in nature, they have many disadvantages that limit the use of them, such as
existence of impurities, and variations in composition. Therefore, the objective of
this work was to obtain synthetic clay/polyester resin nanocomposites. To char-
acterize the clay, we used X-ray Diffraction (XRD), Total Attenuated Reflection
Spectroscopy in the Fourier Transform Infrared Region (ATR-FTIR) and Scanning
Electron Microscope with Field Emission (FEG-SEM) methods and the
nanocomposites were characterized by XRD and mechanical resistance to com-
pression. The results show the purity of the clay and the time of synthesis is an
important parameter for its crystallization process. The clay/polyester nanocom-
posites were obtained and showed an increase in the ductility.

Keywords Clay � Synthetic � Nanocomposites � Mechanical properties
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Introduction

Nanocomposites are a new class of polymeric materials that have the potential to
increase the fields of use [1]. They have been largely used in recent years mainly
because of their scientific-technological importance. The nanocomposites consist of
a polymer matrix and dispersed inorganic particles at nanoscale [2].

In the commercial market it is possible to find different types of nanofillers that
can be incorporated in the polymer matrix, depending on the application and the
expected property. Among them, clays, silica, alumina, nanotubes and others [3].
Highlighting natural and synthetic clays, particularly smectite, which were used as
nanomaterials in various innovative applications, especially because of their layered
structure [4–6], to be a material with lower cost and readily available. Although
there are numerous reports on the preparation of nanocomposites with natural
smectite clay, their properties are very difficult to control, due to the presence of
impurities and fluctuations in the composition that end up restricting their use [7].
The presence of these crystalline impurities and non-homogeneous morphology are
probably the main obstacle in its use as nanomaterial and the removal of impurities
is very difficult, so that the currently applied procedures can irreversibly and
unpredictably alter the physicochemical properties of smectites [8]. With this
emerges the interest in synthetic clays in their well-defined compositions and high
purity [9, 10], mainly in their application as nanofiller for nanocomposites fabri-
cation [11], demonstrating to be a promising alternative.

The objective of this study was to use a synthetic smectite clay (stevensite) to
obtain the polymeric nanocomposites of polyester resins and evaluate their prop-
erties compared to the pure polymer.

Materials and Methods

Materials

Synthetic trioctahedral smectite clay, stevensite (supplied by the Laboratory of
Applied Clays (ARGILAB) of the Polytechnic School of the University of São
Paulo) was used as nanofiller. The procedure for preparing the samples is not shown
due to patent issues. The clays were named according to the time they were syn-
thesized: 24, 48 and 72 h, respectively, (S24, S48 and S72). For the preparation of
the hybrids, the polymer matrix employed was a orthophthalic polyester resin and
the curing agent used was a methylethylketone, provided by DU Latéx—Industrial
Products Ltda.
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Methods

Preparation of Nanocomposites

The orthophthalic polyester resin (75 ml) and the synthesized clay (3.75 g) in the
form of a powder passing through ABNT nº 200 (D = 0.075 mm) sieve were mixed
mechanically at 200 rpm for a period of 5 min at room temperature, forming an
homogeneous mixture. After this time, the curing agent (20 mL) was added and
mixed for 5 min at the same temperature. Finally, the dispersion obtained was
placed into three molds for compression specimens (cylinders 25 mm high and
21 mm in diameter) and cured at room temperature for 24 h. For comparison
purposes, the pure polyester resin was prepared under the same mixing conditions.

In order to evaluate the difference between clays (24, 48 and 72 h of synthesis),
they were characterized by X-ray diffraction (XRD), Total Attenuated Reflection
Spectroscopy in the Fourier Transform Infrared Region (ATR-FTIR) and Scanning
Electron Microscope with Field Emission (FEG-SEM). The Hybrids were charac-
terized by X-ray Diffraction (XRD) and mechanical resistance to compression, to
evaluate the effect of the incorporation of the clay into the polymer.

Discussion Results

Characterization of Clays

X-ray Diffraction (XRD)

Figure 1 shows the XRD diffractograms of clays S24, S48 and S72. It is verified
that the XRD patterns of the samples have a peak referring to basal distance d060,
1.53 Å (2h = 60.6°) typical of a trioctahedral smectite clay. It is observed that clays
exhibit similar behavior and are consistent with the synthetic XRD patterns of
synthetic stevensite clays reported in the literature [11–13] suggested by peaks at
2h = 5.6° (15.78 Å), 19.8° (4.48 Å) and 34.6° (2.65 Å). This probably occurred
due to an improvement in crystallinity and/or due to particle size and stacking.

Total Attenuated Reflection Spectroscopy in the Fourier Transform
Infrared Region (ATR-FTIR)

The FTIR spectra (Fig. 2) of all clay samples contain vibration bands at about 3670,
1634, 1008, 795 and 663 cm−1 assigned respectively to the stretching of Zn–OH
type bonds, OH stretch deformation, reaction products of urea and nitrate undis-
solved, indicative of trioctahedral clays (in this case characterized as Stevensite)
and Si–O–Zn bonds. It is also possible to observe some differences in the spectra of
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the samples: The intensity of the peaks that become more intense with the increase
of the time of synthesis; the peak in the range of 1095–990 related to the NH4 in the
sample S24 tends to become more acute in the samples S48 and S72. That probably
occurs due to a longer interaction between the reagents, improving crystallinity
corroborating the XRD analysis [11].

Scanning Electron Microscope with Field Emission (FEG-SEM)

Figure 3a–c shows the FEG-MEV images of clays S24, S48 and S72 consecutively.
By the photomicrographs it was possible to observe that the clays have a similar
behavior, with small regular and uniform particles in the order of nanometers that
tend to aggregate and coil on the edges of the thinner plates [14], a similar behavior
was verified by other authors [11, 12]. As the synthesis time increases, the particle
size of the agglomerates decreases and the typical lamellar structure of the smectites
becomes more visible. Confirming that the synthesis time is an important parameter
for the definition of its properties.

Fig. 1 Diffractograms of the clays: S24; S48 and S72
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Fig. 2 FTIR spectra of the clays: S24, S48 and S72

Fig. 3 FEG-SEM micrographs of the clays: a S24; b S48 and c S72
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Stevensite Smectite Clay in Nanocomposites

For the production of the nanocomposites, the synthetic clay denominated of S72
that presented more crystallinity was chosen as nanofiller.

X-ray Diffraction Curve (XRD) of the Nanocomposite

Figure 4 shows the XRDs of the polyester resin, the synthetic clay (S72) and the
polyester/synthetic hybrid (S72). In the resin diffractogram it is possible to observe
the presence of a peak at approximately 20° relative to the defective crystalline
phase and a shoulder at 42.5° corresponding to the amorphous portion of the pure
matrix, probably due to a malformation of the polymer chain in the crystallization
of the polymer [15]. The hybrid XRD curve (Polyester/clay S72) shows peaks
related to interplanar distances of 1.53 and 3.33 Å, referring to characteristic peaks
of stevensite smectite clay. The disappearance of peak d001 (15.78 Å) suggests the
obtaining of an exfoliated nanocomposite, condition that usually provides better
mechanical properties [2].

Compression Mechanical Resistance

The pure polyester resin showed a more brittle behavior than the clay sample.
Modulus of elasticity was similar to 1.8 GPa for pure polyester samples and
1.7 GPa for samples without clay, with 9 and 42% rupture deformations respec-
tively. The maximum resistance of the samples without clay is equal to their
resistance at rupture and presents a value of 162 MPa. The sample with clay
presented a maximum resistance of 123 MPa and in the rupture of 101.3 MPa.

Fig. 4 Diffractograms of the
hybrid polyester resin/argila
S72
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The values of maximum strength, modulus of elasticity of deformation at the
rupture of the samples without clay are similar to those obtained by the tensile stress
curves for orthophthalic polyester resin by Davallos [16].

The nanocomposite showed a compression deformation five times higher than
that presented by the pure resin. This behavior may be related to the polymer-clay
bonds that partially compensate for the broken reticular chemical bonds, thus
functioning as a plasticizer. Figure 5a, b shows the samples of the pure polyester
resin and the polyester/clay nanocomposite before and after being subjected to the
compression test, respectively.

Conclusion

According to the results, the clay used was a synthetic smectite clay of the
stevensite type. In addition, it was evidenced that the time in which the clays were
synthesized is an important parameter for the improvement of the properties of the
samples. Nanocomposites of polyester resin/synthetic clay were produced and their
mechanical properties by compression were evaluated. From XRD it was observed
that the peak of the synthetic clay disappeared when incorporated into the polyester
suggesting the formation of an exfoliated structure. The nanocomposites showed a
high value of the deformation in the compression when compared to the pure
polyester resin, indicating that the polymer-clay bonds are balancing, the broken
reticular chemical bonds, thus functioning as a plasticizer.

Acknowledgements We acknowledge FAPESP projects 12/51871-9 and 11/50027-7.

Fig. 5 Sample before and after the compression test: a polyester resin and b clay/polyester resin
nanocomposites
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Comparison of Performance Between
Granite Waste Pigments Based Paints
and Soils Pigments Based Paints

MárciaMaria SalgadoLopes,Rita deCássia Silva Sant’AnaAlvarenga,
Leonardo Gonçalves Pedroti, Beatryz Cardoso Mendes,
Fernando de Paula Cardoso and Afonso Rangel Garcez de Azevedo

Abstract This work aims to produce paints using granite waste, as a pigment, and
compare their performance to soil pigments based paints, in terms of hiding power and
abrasion resistance. Initially, the residue and soils were physically, mineralogically and
morphologically characterized. For the production of the paint samples, an experi-
mental model was defined, based on the variation of the proportions of pigment and
resin. The proportion of water varied in each sample, in order to maintain the viscosity
within a range considered ideal for application. Sequentially, tests were done to
determine the hiding power and abrasion resistance of inks. It was found that, in
comparison to soil paints, the granite residue paints presented greater hiding power.
This result can be explained by the characteristics of the granite residue, which allowed
a high nonvolatile content in the mixtures. With respect to abrasion resistance, granite
residue paints showed less resistance than soil paints, possibly due to the granulometry
of the residue that resulted in a greater roughness of film. In addition, none ink sample
satisfied the minimum specifications prescribed in the Brazilian standards for hiding
power and abrasion resistance, at the same time. This means that these inks, when
used, will require more repair and repainting over time than conventional paints.

Keywords Granite waste � Pigments � Paints � Soil pigments � Sustainable
development

Introduction

The sustainability issue is one of the main challenges of current buildings. So,
professionals from many knowledge areas are led to seek solutions to minimize the
environmental impacts caused by the activities developed in this sector.
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When analyzing the energy life cycle of buildings, Oliveira [1] found that the
negative impacts of conventional building inks exist from their production process
in the industry to their final destination. According to Uemoto et al. [2], these paints
are composed of potentially toxic substances that harm the environment, the
salubrity of the indoor environments and, consequently, the human health, due to
the release of VOCs (volatile organic compounds).

An ecological alternative able to minimize such impacts is the use of manu-
factured and low cost paints. Among the most commonly manufactured paints used
throughout history, soil based paints are the most important. According to Genestar
and Pons [3], natural earths have been used as artistic pigments since prehistoric
times. They can be found in art works everywhere and in any historical period, due
to their availabilities, high colouring capacities and stabilities under a variety of
weather conditions.

In the past, soil based paints were empirically produced. Currently, there are
works, such as Faria [4] and Cardoso et al. [5], which were developed to study
technological solutions for the production of these paints and evaluation of their
performance.

It is believed that, just like the soil is used, as pigment, for manufactured paints,
industrial wastes can also be used to perform this function. Pigments are solid
materials that have very fine granulometry and are dispersed in the ink, being
insoluble in the environment. They provide color and opacity; improve the resis-
tance to bad weather; increase solids content; among others [6].

Granite waste is a material consisting of very fine particles of rock, which has
chemical, physical, mechanical, and mineralogical characteristics that encourage its
use in paints. This waste is generated in large amounts during the sawing process
and the polishing of rock blocks. Putting this material in inappropriate place may
cause damages to human health and to the environment [7].

Many studies about the use of granite wastes in construction materials have
already been developed, such as the production of ceramics [8, 9], concrete [10,
11], mortars [12, 13], and soil-cement bricks [14]. However, the amount of reused
waste is still insignificant, which requires its application in other projects [10].

Considering this context, the purpose of this work is to produce manufactured
paints based on granite waste and soils and compare their performance, in terms of
hiding power and abrasion resistance. Therefore, there is an alternative to use the
waste on a larger scale in order to contribute to the expected sustainable devel-
opment, without compromising the quality of the final product.

Materials and Methods

This work selected two kinds of soil, commonly found in the city of Viçosa, Brazil.
They were already being used by the local population for the production of paints,
one of ocher yellow type and the other of red earth type. The granite residue was
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collected in the Southern region of the state of Espírito Santo, Brazil. The selected
solvent was water and the selected resin was vinyl polyacetate, due to its low cost.

The methodology used is based on a series of processes developed for a context
of self-production, whose steps are detailed below.

Treatment of the Soils and the Granite Waste

The preparation of the pigments of soils and of granite residue was done based on
the method developed by Cardoso et al. [5]. This method consists of the mechanical
disaggregation and dispersion of the particles in water, using the Cowles disk
coupled to a mechanical stirrer, at a speed of 1500 rpm. The process was completed
when the vortex created by the material at full stirring stabilized. It indicates the
situation in which there is no further absorption of water by the particles and the
viscosity stabilization occurs. Finally, the sieving of the blends was carried out in
ASTM 80 mesh sieve, with opening of 0.177 mm. This sieve was used because of
the correspondence between its opening and that of nylon stockings, thus facili-
tating the reproduction of this social technology.

Characterization of Pigments

The characterization of the soils and the granite residue was carried out after the
treatment described in item 2.1. For the physical characterization, the granulometric
distribution curve was determined based on the requirements of ABNT NBR 7181
[15], the specific mass of grains, according to ABNT NBR 6508 [16], and the
particle density, according to EMBRAPA [17]. For the mineralogical characteri-
zation, the X-ray diffraction was performed by the D8-Discover diffraction system.
Finally, for the morphological characterization, scanning electron microscopy was
performed with the Leo 1430VP equipment.

Experimental Model

In order to reach the objective proposed in this work, it was decided to use an
experimental design of mixtures. It was defined that the water should vary in each
mixture, so as to maintain the viscosity within a constant range, allowing the proper
application of the paint. Thus, after a series of preliminaries, it was determined that
the kinematic viscosity considered ideal for the application of the studied paints
corresponds to the flow time of 12 ± 1 s, as measured by the Ford cup viscometer
with orifice number 4, according to ABNT NBR 5849 [18].
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Therefore, the independent variables of the mixing design are the proportions of
soil or granite residue pigment and resin. The ink samples were produced by
varying the resin content in 20, 30, 40, 50, and 60% of the pigment content of the
blend. The proportion of the components of each formulation is shown in Table 1.

Preparation and Characterization of the Paint Samples

For the production of the paint samples, a quantity of the soil or granite residue
pigments dispersed in water was blended with the vinyl polyacetate resin, so that
the mass of the pigment and resin obeyed the proportions defined in Table 1. To
carry out the mixtures, the Cowles disk coupled to the mechanical stirrer was used,
producing stirring for 10 min, at a speed of 500 rpm.

The viscosity of the mixture was measured with the Ford cup viscometer with
orifice number 4. When necessary, the viscosity, was corrected by adding more
water to the mixture, followed by stirring and re-measurement of the viscosity, until
the mixture showed the set flow time.

For the characterization of the samples, the non-volatile content of each mixture
was determined, according to ASTM-D 3723 [19] and the pigment volume con-
centration (PVC) was calculated by Eq. (1), in which Vp is the pigment volume and
Vv is the volume of solid resin.

PVC ð%Þ ¼ Vp

Vp þVv
� 100 ð1Þ

Determining Performance of the Paint Samples

To determine the performance of the paint samples, tests were carried out to
measure the hiding power and abrasion resistance, according to ABNT NBR 14942
[20] and ABNT NBR 15078 [21], respectively. The hiding power is given by the
maximum area applied (m2) per unit volume (L), which has a contrast ratio of
98.5%. The abrasion resistance is given by the number of cycles that paint film is
able to withstand up to at least 80% wear of the area traveled by the brush.

Table 1 Mixing experiments
performed for each type of ink

Sample Pigment (g) Resin (g)

1 100 20

2 100 30

3 100 40

4 100 50

5 100 60
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Results and Discussion

Characterization of Pigments

In Table 2, the results of the physical characterization for each of the pigments used
in this research are presented.

It is observed that the red soil sample is very clayey, while the yellow soil is a
clayey silt and the granite residue is very silty. It is verified, according to the
medium diameter values presented in Table 2, that the granite residue presents
particles with granulometry much larger than the soil particles. However, according
to Legodi and Waal [22], to be used in the production of paints, the size of the
pigment particles in the 10.0 lm range is still acceptable.

The mineralogical analysis of the granite residue, yellow soil and red soil,
through the identification of crystalline phases, are presented in Figs. 1, 2 and 3,
respectively. It is verified that the granite residue presents more intense peaks of
quartz (SiO2) and albite (NaAlSi3O8), and little intense peaks of muscovite
(KAl2Si3AlO10 (OH, F)2) and microcline (KAlSi3O8). The yellow soil has more
intense peaks of kaolinite (Al2Si2O5 (OH)4) and small peaks of quartz, gypsite
(CaSO4 � 2H2O), and goethite (FeO(OH)). The red soil has more intense peaks of
kaolinite and some small peaks of quartz, gypsite, goethite, and hematite (Fe2O3).

As for the morphological characterization, the morphologies of the granite
waste, yellow soil, and red soil particles are presented in Figs. 4, 5 and 6,
respectively. According to Stoffer [23], the shape of the particles affects the
packaging of the particles and, consequently, the hiding power of the paint film.

The granite waste (Fig. 4) is a material with a varied diameter distribution,
composed of particles with irregular morphology and angled edges. This mor-
phology is due to the sawing and polishing process of ornamental rock blocks [24].

The yellow soil (Fig. 5) consists of lamellar and granular particles of different
sizes, such as kaolinite and iron oxides, respectively. However, the red soil (Fig. 6)
has some larger particles, but most of this material is formed by particles of very
small size (iron oxides), which naturally tend to flocculation.

Table 2 Physical characteristics of pigments

Pigment Specific
mass (g/cm3)

Particle
density (g/cm3)

Granulometry (%) Medium
diameter (lm)Clay Silt Sand

Granite
waste

2.68 2.56 13.1 73.1 13.8 10

Yellow
soil

2.82 2.46 37.5 48.4 14.2 5.5

Red soil 2.89 2.65 63.8 21.9 14.3 <1
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Fig. 1 Result of X-ray diffraction for granite waste

Fig. 2 Result of X-ray diffraction for yellow soil

Fig. 3 Result of X-ray diffraction for red soil
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Fig. 4 Morphology of the granite waste pigment with increase of 4000 times

Fig. 5 Morphology of the yellow soil pigment with increase of 5000 times

Fig. 6 Morphology of the red soil pigment with increase of 4000 times
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Performance of the Paint Samples

Table 3 presents the results of nonvolatile content (NC), pigment volume con-
centration (PVC), hiding power (HP), and abrasion resistance (AR) of the produced
inks. In addition, the results of hiding power and abrasion resistance of the paints in
function of the PVC are graphically shown in Fig. 5. These graphs also present the
minimum specifications of the performance properties, according to ABNT NBR
15079 [25].

According to Tiarks et al. [26], the smaller the particle diameter, the better the
hiding power of paint film. However, through Table 3 and Fig. 7, it can be noted
that granite residue pigments based paints exhibit much greater hiding power than
soil pigments based paints, even the waste particles had larger diameter than the soil
particles. This can be explained by the characteristics of the residue, which is
considered an inert material. Therefore it is a material that has little solubility in the
water and does not present agglomeration problem, that is, there is no electrostatic
attraction between particles. This allows the production of paints with high non-
volatile content, maintaining a viscosity considered ideal for application of the
product.

According to Silva and Uemoto [27], the nonvolatile content of latex paints
found in the market presented values in the range of 35.6–52%. From Table 3, it is
noted that residue pigments based paints exhibit solids content in the range of
51–57%, while yellow and red soils pigments based paints present nonvolatile
content in the range of 21–23% and 17–20%, respectively. It happens because soil
particles are highly soluble in water. Thus, in order to maintain an acceptable
viscosity for application of the product, the amount of nonvolatile content has to be
low.

It is also observed that the yellow soil pigments based paints have a greater
hiding power than the red soil pigments based paints. This is due to the charac-
teristics of the soils. The yellow soil presents particles with lamellar morphology, as
in the case of the kaolinite, which provides greater hiding power. In contrast, the red
soil also presents kaolinite, but it is constituted mainly by the clay fraction rich in
iron oxide. These particles are very small, therefore have a high specific surface
area, providing more interactions between the particles and the formation of
agglomerates, which impairs the hiding power of the inks.

The existence of agglomerates in the blend may be the result of a low efficiency
dispersion. This shows the need to improve the preparation of the pigments.
According to Tiarks et al. [26], a good dispersion should not only be able to
separate the agglomerates of pigments, but also to electrostatically stabilize the
particles, in order to avoid their re-agglomeration.

According to ABNT NBR 15079 [25], the minimum hiding power for eco-
nomical paints is 4 m2/l. It is observed, as Fig. 7, that none of the soil pigment
based paints met this specification. Unlike the waste pigments based paints, whose
formulations with PVC higher than 67% had a hiding power bigger than that
established by ABNT.
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In relation to abrasion resistance, granite residue pigments based paints exhibited
a slightly higher resistance than soil pigments based paints in cases where PVC was
larger than 70%. This result is possibly related to the composition of the residue,
constituted of rock fragments. The presence of quartz in the granite waste is
probably responsible for the abrasive properties of the material [28]. However, in
comparison to soil pigments based paints, when PVC is less than 70%, residue
pigments based paints exhibit less abrasion resistance. This is related to the gran-
ulometry of the waste, which is much larger than that of the soil. The higher
pigment granulometry, the greater roughness, the higher friction and the lower
abrasion resistance. This is also the explanation for the high abrasion resistance of
red soil pigments based paints with low PVC, since the red soil consists mostly of
very small particles, which reduces the roughness of the paints.

According to ABNT NBR 15079 [25], the minimum abrasion resistance for
economical paints is 100 cycles. Figure 7 shows that only the low PVC ink samples
were able to meet this specification.

Finally, it is observed that none of the ink samples met the minimum specifi-
cations prescribed in ABNT NBR 15079 [25] for hiding power and abrasion
resistance, simultaneously. It happens because the hiding power and the abrasion
resistance have an antagonistic effect. In order to improve the hiding power of the
paint film, it is necessary to increase the PVC, as shown in Fig. 7. To improve the
abrasion resistance, it is necessary to do the opposite.

It does not mean, however, that these inks cannot be used. It means that the
studied inks require more repair and repainting over time, when compared to
conventional paints. However, when considering issues such as the salubrity of
indoor environments, environmental impact and human health, the use of manu-
factured paints is more recommended than conventional paints.

Fig. 7 Graphic of hiding power and abrasion resistance of the paints in function of PVC
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Conclusions

This study was carried out to explore the use of the granite residue, as a pigment, in
paints for buildings and to compare the performance between granite waste pig-
ments based paints and soils pigments based paints. On the basis of results of the
experimental model, it can be concluded that:

• The use of granite waste, as a pigment, in paints has positively influenced the
hiding power of the product. This is due to the characteristics of the granite
residue and the high solids content obtained in the mixtures, keeping the vis-
cosity within the range considered ideal for application of the product.

• The application of granite waste in inks has adversely affected the abrasion
resistance. It happens due to the larger granulometry of the granite residue,
which increases the roughness of the paint film and thus reduces the abrasion
resistance.

• In comparison with soil paints, granite residue paints presented greater hiding
power in almost every studied range of PVC. Regarding abrasion resistance,
when PVC was higher than 70%, granite residue paints showed higher abrasion
resistance than soil paints.

• None of the paint samples met the minimum specifications prescribed in the
Brazilian standards for hiding power and abrasion resistance at the same time.
However, it doesn’t mean that inks can’t be used. It means that the inks will
need more repair and repainting over time, when compared to conventional
paints.

• Considering issues such as the salubrity of indoor environments, environmental
impact and human health, the use of the paints studied in this work is more
recommended than conventional paints.
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Abstract Nowadays, the development of polymeric materials reinforced with
residues of vegetal fibers is becoming popular for application in different segments,
from the automotive to the civil construction and furniture industry. Vegetal fiber
residues may be used as reinforcement of the recycled polymer materials, for
instance, to produce foams to packaging or to thermal and acoustic isolation for
green building application. This work is focused on the development and charac-
terization of recycled-HDPE/EVA foam reinforced with fiber residues from babassu
coconut epicarp. Firstly, composites based on recycled-HDPE/EVA blend rein-
forced with babassu coconut fiber were obtained by melting extrusion process. The
composites were then extruded in a special single screw for foaming. The foam
samples were submitted to mechanical tests, density measurement, DSC, TG, and
FE-SEM analysis.
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Introduction

The development of polymeric materials reinforced with residues of vegetal fibers
is becoming popular for application in different industrial segments. These com-
posite materials may be used to replace the conventional polymeric composite used
in automotive industry, to produce particleboard, medium-density fiberboard
(MDF) and hardboard for application in the development of low cost construction
elements, furniture industry, and also, to produce foams to packaging or thermal
and acoustic isolation for green building application. Recycled polymer materials
reinforced with vegetal fiber residues may be a potential alternative material to the
production of foams for thermal and acoustic isolation panels for application in
low-cost constructions [1–3]. The application of vegetal fiber residues in devel-
opment of polymer composite materials contributes to the production of more
sustainability products, while promoting the reduction of the environmental impact
caused by unutilized residues. The unutilized vegetal fiber residues many times are
left in nature and can lead to accidental burned, quickly destroying kilometers of
green area, increase the release carbon dioxide, and lead to soil erosion [4–6].

The production and consumption of plastic products made from conventional
polymers (petroleum resources and non-biodegradable) have increased much during
the last decades in the worldwide. Besides its wide use in packaging for preser-
vation and distribution of food, they are extensively used in automotive industrial
applications, medical delivery systems, artificial implants and other applications
that are too many to mention here. Its low density, strength, user-friendly design
and fabrication capabilities and low cost, are the drivers of such growth. As a result,
a large amount of waste has been produced which has led to disposal problems in
the worldwide and increased concerns about of final disposal of these residues
[7–9]. Among the alternatives to minimize these problems are the reuse and
recycling practices that are increasing over time [9, 10]. Therefore, the use of
recycled polymer to produce new materials reinforced with vegetal fiber residues
for application in the development of foams for application in packaging industry or
thermal and acoustic isolation panels of the low-cost constructions, it can be an
alternative to reduce the waste whose traditional disposal practice include incin-
eration and discarding landfill.

The aim of this work was to development and characterization of
recycled-HDPE/EVA foam reinforced with fiber residues from babassu coconut
epicarp.
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Experimental

Materials

Recycled-HDPE (high density polyethylene) (MFI = 0.13 g/10 min at 190 °C,
2.16 kg);
Recycled-EVA (ethylene vinyl acetate) (MFI = 20.14 g/10 min at 190 °C,
2.16 kg);
Babassu coconut epicarp fiber residues;
Foaming Agent “F.A.” (Endex 2650 (Endex International)).

Preparation of Babassu Coconut Epicarp Residues

The babassu coconut epicarp fiber residues were dried at 80 °C ± 2 °C for 24 h in
an air-circulating oven. The dry residues were reduced to fine powder, with particle
sizes equal or smaller than 60 lm, by using ball mills and dried again at
80 °C ± 2 °C for 24 h in an air-circulating oven to reduce its moisture content to
less than 2%.

Preparation of Blend and Composites

The recycled-HDPE/EVA blend (r-HDPE/EVA) (50/50 wt%) and its Composite
were processed by melt extrusion using a twin-screw extruder Haake Rheomix with
16 mm and L/D = 25 rate from Thermo Scientific. The temperature profile was
140/155/175/185/195/200. Screw speed was 40 rpm. The extrudates coming out of
the extruder were cooled down for a better dimensional stability, pelletized by a
pelletizer.

Preparation of Foams

The foams were produce by addition blend and composite samples with 1.5 wt% of
Endex 2650 Foaming Agent “F.A.”, an endothermic foaming agent into a flat die
single screw extruder (HAAKE Rheomex P332, Thermo Scientific). The temper-
ature profile used during processing was 145/150/170/190/195/195 °C for and the
screw’ rotation was 50 rpm.
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Characterization Methods

Density of foams: the specimens’ densities were calculated by Eq. (1):

q ¼ m
V

ð1Þ

where q is the density; m is the mass, V is the volume of the samples [11].
Tensile Tests were performed on INSTRON 5567 testing machine at room

temperature according to ASTM 882-91.
TG curves were obtained using TGA/SDTA851e (Mettler Toledo). The samples

were heated from 30 to 580 °C under a nitrogen atmosphere (50 ml/min) at heating
rate of 10 °C/min.

DSC analysis were performed using Mettler Toledo DSC 822e differential
scanning calorimetry. Firstly, the thermal history of each sample was eliminated
heating them from 25 to 250 °C at a scanning rate of 10 °C/min. Subsequently, the
samples were cooled down to room temperature at rate of 10 °C/min. Finally, DSC
curves were obtained heating them from 25 to 250 °C at a rate of 10 °C/min. The
samples’ melting temperature was determined as the temperature at which
the endothermic peak occurred and the fusion enthalpy was obtained integrating the
peaks at the melting temperature.

FE-SEM: The samples’ cryofractured morphology was studied using a
Quanta FEG 650 scanning electron microscope at 15 kV. The specimens were
fractured in liquid nitrogen.

Results and Discussion

Density of Foams

The density of foams for each sample is shown in Table 1. The highest density of
foams was obtained for HDPEr/EVAr blend compared with the composites. The
foaming agent content reduced their density but as can be seen the wood fiber
content increased 25% when compared with HDPEr/EVAr (F.A. 1.5%).

Table 1 Densities of HDPEr/EVAr blend and foams

Sample Foam density (g/cm3)

HDPEr/EVAr 0.92 ± 0.04

HDPEr/EVAr (F.A. 1.5%) 0.56 ± 0.04

HDPEr/EVAr/babassu composites (F.A. 1.5%) 0.70 ± 0.03
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Differential Scanning Calorimetry (DSC) Analysis Results

Figure 1 shows DSC melting curves of HDPEr/EVAr Blend and foams from
HDPEr/EVAr Blend and HDPEr/EVAr/Babassu composites. Figure 1 shows two
distinct endothermic peaks corresponding to the melting of two different crystallites
for HDPEr/EVAr Blend and its foam. This indicates that HDPE and EVA were
incompatible in the crystalline region [12]. For HDPEr/EVAr/Babassu foam three
distinct endothermic peaks were observed.

The DSC melting temperature and enthalpy results are presented in Table 2.
It can be seen in Table 2 an important decreasing in melting temperature

and enthalpy of HDPEr/EVAr Blend and foams from HDPEr/EVAr Blend and
HDPEr/EVAr/Babassu composites when compared with neat HDPEr. Based on
these results and according to literature it is possible to conclude that if melting
enthalpy of the composite is lower than 80% of the value for neat HDPE melting
enthalpy, it means that the fiber residues interact with the polymer matrix
decreasing its melting enthalpy and, consequently its crystallinity [13].

Thermogravimetric (TG) Analysis Results

Figure 2 shows the TG thermograms of HDPEr/EVAr Blend and foams from
HDPEr/EVAr Blend and HDPEr/EVAr/Babassu composites.

Fig. 1 DSC melting curves of HDPEr/EVAr blend and foams
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Table 3 presents the decomposition temperatures and weight loss of
HDPEr/EVAr Blend and foams from HDPEr/EVAr Blend and HDPEr/EVAr/
Babassu composites.

As can be seen in Table 3, HDPEr/EVAr blend showed a single stage of
degradation temperature at 390.3 °C. For HDPEr/EVAr foams was observed a
higher degradation temperature at 403 °C compared to the blend. In the case of

Table 2 DSC analysis results of HDPEr, HDPEr/EVAr blend and foams

Materials Melting temperature (Tm, °C) Melting enthalpy (DHm, J g
−1)

HDPEr 132 189

HDPEr/EVAr blend 120 124.4

HDPEr/EVAr (F.A. 1.5%) 119 112

HDPEr/EVAr/babassu
composites
(F.A. 1.5%)

121 92

Fig. 2 TG thermograms of the HDPEr/EVAr blend and foams

Table 3 Decomposition temperatures and weight loss of HDPEr/EVAr blend and foams

Materials Tonset (°C) Tmax (°C) Weight loss (%)

HDPEr/EVAr blend 390.3 579 99.3

HDPEr/EVAr (F.A. 1.5%) 403 579 97.3

HDPEr/EVAr/babassu composites (F.A 1.5%) 230/358/416 580 93.7

502 M. M. Arantes et al.



composites, an initial peak between 91 and 131 °C, which corresponds to a mass
loss of absorbed moisture was showed. After this, the TG curve showed three-stage
loss of mass. The first, a decomposition shoulder peak of low intensity centered of
around 230 °C, characteristic of low molecular weight fiber constituents, such as
hemicelluloses and pectin [11, 14, 15]. The second one, appearing at higher tem-
peratures with a small hump in the temperature range from 250 to 375 °C with
centered peak at 358 °C corresponded to the thermal degradation of cellulose [15,
16], lignin content in these fiber residues and foaming agent contribution. The third
stage of degradation temperature occurred at 416 and 580 °C corresponds to the
thermal degradation of composites, foam agent contribution, and lignin content.
According to the literature, lignin is thermally decomposed over a wide range as
compared to hemicellulose and cellulose, due to its complexity. Lignin is com-
pletely decomposed at a high temperature as 900 °C [15].

Mechanical Tests

Tensile tests results: Fig. 3 shows the diagram stress (MPa) X strain (%) for the
foams from of HDPEr/EVAr Blend and HDPEr/EVAr/Babassu. The results pre-
sented shows the average values calculated from the data obtained in tests for five
test specimens. The results show a significant reduction at tensile strength, elon-
gation and Young’s modulus of blend due to babassu fiber residues addition and
foaming agent.

Fig. 3 Diagram stress (MPa) X strain (%) for the foams
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Table 4 presents the results of tensile tests for the foams from of HDPEr/EVAr
Blend and HDPEr/EVAr/Babassu. The results presented shows the average values
calculated from the data obtained in tests for five test specimens.

Field Emission Scanning Electron Microscopy (FE-SEM)
Analysis Results

FE-SEM micrographs of cryofractured surfaces of the foams from HDPEr/EVAr
Blend and HDPEr/EVAr/Babassu composites are showed in Fig. 4. It can be
seen in Fig. 4a, b a mixed morphology of open and closed-cell structures for

Table 4 Tensile test results for HDPEr/EVAr blend and foams

Materials Tensile strength at
break (MPa)

Elongation at
break (%)

Young’s
modulus (MPa)

HDPEr/EVAr blend 19.7 ± 1.7 852 ± 31 89.7 ± 4.0

HDPEr/EVAr (F.A. 1.5%) 8.3 ± 0.5 111 ± 8.6 66.5 ± 2.1

HDPEr/EVAr/babassu
composites (F.A. 1.5%)

6.3 ± 0.5 16.6 ± 2.0 65.4 ± 4.2

Fig. 4 FE-SEM micrographs of cryofractured surfaces for foams from HDPEr/EVAr Blend:
a (5000�), b (10,000�); HDPEr/EVAr/Babassu composites: c (5000�), d (10000�)
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HDPEr/EVAr Blend samples. HDPEr/EVAr/Babassu composites samples, Figs 4c,
d shows a closed-cell structure with a relatively homogeneous cell size distribution
and some babassu fiber residues particles agglomerated distributed on the micro-
graphs surfaces.

Conclusion

This work presented the development and characterization of HDPEr/EVAr foams
reinforced with fiber residues from babassu coconut epicarp. The results showed an
increase of density of foam and a closed-cell structure with a relatively homoge-
neous cell size distribution due to babassu fiber residues addition. However, it can
be seen some babassu fiber residues particles agglomerated distributed on the
micrographs surfaces. On the other hand, the foams prepared from HDPEr/EVAr
Blend presented a mixed morphology of open and closed-cell structures, but with
superior tensile strength and elongation properties when compared with foam from
HDPEr/EVAr/Babassu composites. The melting enthalpy of the HDPEr/EVAr/
Babassu composite foams is lower than 80% of the value for neat HDPE melting
enthalpy. Based on these results it is possible to conclude that the babassu fiber
residues interacted with the HDPEr/EVAr Blend matrix decreasing its mechanical
properties, melting enthalpy and, consequently, its crystallinity.
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Abstract Biodegradable polymer microcapsules have been used as a control
sustained release system with many applications. Studies reveal that the incorpo-
ration of nanoparticles improves matrix properties, even more so if the clay is
modified. The objective of this work was to compare microcapsules of poly
(succinate-co-butylene lactate) (PBSL) reinforced with Brazilian clay, composed of
smectites and kaolinite, in its natural (MMT/K) and modified (O-MMT/K) forms.
Nanocomposites and microcapsules were synthesized by emulsification-diffusion of
solvent and solvent diffusion methods. Its characterization was then performed by
scanning electron microscopy (SEM), stereomicroscopy and wide-angle X-ray
diffraction (XRD). The results reported corroborate that PBSL/OMMT-K form an
intercalated montmorillonite and kaolinite nanostructure, capable of generating
uniform spherical microcapsules with diameter values smaller than that of PBSL/
MMT-K, reaching 5–10 lm. DRX indicates that there was a real change in the clay
structure. The incorporation of modified clay showed an improvement in surface
quality and the strength of microcapsules, making it possible to produce smaller
sizes.
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Introduction

According to BTC Research data published in 2016, the nanocomposites world
market is set to reach $1.6 billion and should grow annual by 26.7% until 2021,
meaning by this time it could hit the $5.3 billion mark. This trend is noticeable in
the area of development.

Nanocomposites are synthesized by two elements, matrix and nanocharge and
these compose a system of three components: particle, interfacial component
(surfactant) and polymer matrix chains, their relationship determine the material
properties [1]. Although complete exfoliation does not prevent charge action, such
as making it fire retardant and enhancing mechanical properties, the more homo-
geneous the dispersion the more properties can be improved [2]. These can be
obtained by maintaining the stirring throughout the process, controlling temperature
and with the addition of a surfactant capable of improving the relationship of the
polymer-surface [1], in other words, the key to nanocomposite production depends
on the degree of dispersion of the clay sheets on the matrix.

Clays are a mineral of lamellar structure made of octahedral and tetrahedral
sheets of aluminum and silicon oxides. Sheets are classified in two ways: smectites
and kaolin of 2:1 and 1:1 structure proportion of tetrahedral and octahedral sheets,
respectively. Smectites are the most used in nanocomposites applications. Water
absorption and cation exchange capacity, characteristics of these materials, espe-
cially smectites, depend on ions presented in the interlamellar region. In this
respect, smectites that have greater swelling properties are sodic bentonites [3].
Organophilization is a method of cation exchange by which interlayering of inor-
ganic cations are swapped with organic ones, making the lamella surface
hydrophobic, consequently there is an interlayer distance increase. That last factor
facilitates lamella exfoliation, that is, this procedure can be used as a tool to
increment nanocomposite dispersion [4].

Lamella exfoliation on a polymer matrix restricts the movement of chains and
increases interfacial interaction strength. As consequence there are substancial
improvement of heat resistance, higher Young modulus and biodegradability. And,
also, a decrease of gas permeability [5].

Clays have been used as substitutes of charge in calcium carbonate and fiber-
glass, its application goes from automotive panels to controlled drug release sys-
tems in health treatments. On this last item, nanocomposites can be synthesized as
microcapsules containing drug agents that, when inserted into an environment, their
casing decomposes and release the active compound. Considering the degradation
factor, the most indicated matrix is a biodegradable one. This present study intends
to analyses if an organoclay-biodegradable polymer association favors microcap-
sules formation, improving properties and contribute to its application as controlled
release system.
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Objectives

Synthesis and characterization of nanocomposites microcapsules of poly (butylene
succinate co-lactate) (PBSL) and Brazilian organoclay.

Materials

The clay used in this study was obtained by a purification process of a raw sample
from Vitória da Conquista (Bahia/BR). As result of the procedure, three granular
fractions were acquired, with different colors. The thinnest and most purple sample
was chosen, its average particle size is 20.55 ± 7.09 µm and it is classified as
polycationic bentonite that contains 50% of montmorillonite and 40% of kaolin [6],
for which the abbreviation MMT-K is used.

The Polymer used is poly (butylene succinate co-lactate) was produced by
Mitsubishi Chemical® (commercial name: GS-PLA and abbreviated as PBSL). It is
a polyester synthesized of succinic acid, 1, 4-butanodiol and L-lactate acid mono-
mers, all of them can be obtained from green sources.

Methods

Organophilization

First, a 20 g clay dispersion on 480 mL of distilled water was prepared in a 2 L
beaker with mechanical stirring of 1500 rpm for 20 min, and then for 5 min at
14,000 rpm on a Hamilton Beach mixer, at 25 °C.

Second, 5.3 mL of Na2CO3 50% was added, stirred at 1500 rpm for 20 min.
This promoted activation of the interlamellar region.

Still stirring, 42.6 mL of 50% solution of quaternary salt cetyl trimethyl
ammonium chloride (C9H42NCl) was added, with a molecular weight of 320.02 g.
After 30 min, the solution was removed from stirring and allowed to rest overnight.

The resultant dispersion was vacuum filtered using 2 L of distillated water, dried
at 60 °C overnight and sifted through 200 mesh.

Nanocomposite Preparation

Initially, a 50 mL PBSL-5% solution and a 50 mL MMT-K-0.5% solution was
prepared using CH2Cl2 as a solvent under 500 rpm magnetic agitation for 15 min,
at 25 °C. Then, still stirring, a solution of PBSL was poured over MMT-K
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dispersion, generating a nanocomposite solution that was left to stir for 3 h and, at
last, at rest for 20 h. A 2 mL sample was deposited on a Petri plate to film pro-
duction for additional analyses.

The exact same process was applied to the production of organoclay (OMMT-K)
nanocomposite.

Microcapsule Preparation

The emulsification-diffusion method was used to produce the microcapsules. The
solution of the PBSL/MMT-K nanocomposite was transferred to a 1% polyvinyl
alcohol solution with the aid of a Pasteur micropipette under mechanical stirring
(1500 rpm) in a beaker at 25 °C. The mixture was allowed to stand for one hour for
complete deposition of the microcapsules at the bottom of the beaker, supernatant
was then removed for carrying out three steps washing process of microcapsules
with distilled water.

X-ray Diffraction Analysis (XRD)

The study was carried out through a powder method, using an X-ray diffractometer
of the Rigaku brand, model MiniFlex600. The conditions of analysis were copper
ray tube, angular range 3°–100°, angular pitch 0.02°, with speed of 0.02°/min.

Scanning Electron Microscope (SEM)

Morphological characterization and composition were performed using a Scanning
Electron Microscope (FEI, INSPECT F50) in the Department of Metallurgical and
Materials Engineer laboratory of the Polytechnic School of USP. Samples were
coated with gold to prevent e-beam charging.

Results and Discussion

X-ray Diffraction (DRX)

Figure 1 presents the obtained curves through X-ray diffraction of purified and
modified clay. The first analysis indicates the main peaks as d001 = 14.5 Å and
d002 = 4.5 Å of the montmorillonite group and d001 = 7.1 Å and d002 = 3.5 Å of the
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kaolin group. On the second curve, it is possible to notice that the initial peak is
dislocated to left, suggesting the interlayer distance increased to d001 = 19.6 Å
between MMT sheets. However this effect does not happen to kaolin peaks due to
hydrogen bond that connects sheets, which does not permit cation exchange of
quaternary salt, meaning the structure is preserved.

Diffractograms curves of nanocomposite (Fig. 3) and polymer matrix (Fig. 2)
microcapsules are typical of the Poly (butylene succinate) copolyester, showing no
peaks at low angles associated to peaks at d001 = 19.9 Å e d001 = 22.7 Å. When
comparing three curves it is possible to say that there is no significant alteration of
peaks, except that MMT and K peaks disappeared, implying that although the
second group doesn’t show structural modification through the organophilization
process, polymer chains were capable of completely exfoliating both clay mineral
due to the polar hydroxyl group presented by PBSL.

Fig. 3 SEM images of PBSL/MMT-K microcapsules 500� (a) and 2500� (b) and PBSL/
OMMT-K microcapsules 500� (c) and 5000� (d)
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Scanning Electron Microscope (SEM)

Microscopy investigation (Fig. 3) of PBSL/MMT-K nanocomposite microcapsules
reveals preservation of spherical monolithic shape, rough surface and average
diameter range of 10–150 lm. While results of PBSL/OMMT-K, shows hollow
beads, with a smoother surface and average diameter range of 5–50 lm.

An structure analysis indicates a significantly reduction of average diameter size
of organoclay nanocomposite in relation to purified clay nanocomposite. About
68% PBSL/MMT-K microcapsules diameter are in the range of 11–20 µm. In other
hand, 73% of Pare in the range of 21–30 lm, this means a 30% size reduction
(Fig. 4).

These results are in agreement with those described by de Paiva et al. [7]. Where
it is observed that the insertion of the quaternary salt by the organophilization
process increases the clay-polymer affinity, with consequent increase of energy
between the bonds and the energy surface of the microcapsules, being able to
produce particles of smaller size in relation to the system with purified clay.

Conclusion

Activities carried out by the present research concludes that the matrix-nanocharge
microstructure of purified and modified MMT-K was able to intercalate, producing
nanocomposite materials, as indicated by the results of the microcapsule XRD
analysis. The presence of kaolinite on clay composition, showed by XRD analyzes,
suggests that this clay, as well as montmorillonite, are present in the nanocomposite
in the exfoliated form.

Clay organophilization process was efficient, leading to the production of
smaller diameter spheres, with a predominance of structures from 11 to 20 lm,
compared to 21–30 lm, obtained from those with crude clay. This occurs due to the
increased affinity of the clay-polymer system resulted from the insertion of cetyl
trimethyl ammonium chloride (C9H42NCl) quaternary salt ions. Another
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consequence of this relationship was the reduction of surface roughness, producing
smoother microcapsules.

The PBSL/OMMT-K nanocomposite has shown to be a potential candidate to
produce microcapsules encapsulated with active ingredients and likely to be applied
on pharmaceutical, cosmetic and wastewater treatment industries, for example,
representing another important step on nanocomposites studies produced from
organophilized clays. However, further studies are needed to determine its influence
on structure and to improve method to avoid microcapsules agglomeration.
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Evaluation of the Quality of Concrete
with Waste of Construction
and Demolition

Niander Aguiar Cerqueira, Victor Barbosa de Souza,
Afonso Garcez de Azevedo, Anna Carolina Lopes Rabello,
Renan Tavares Vicente, Amanda Camerini and André Raeli Gomes

Abstract Civil construction is a sector of extreme impact in the Brazilian econ-
omy, with construction and demolition waste (RCD) having an extreme impact on
the amount of urban solid waste. In this research it was proposed to propose a way
of using these residues in the construction of concrete artifacts for structural use.
Concrete specimens with sand substitution by RCD were produced in different
percentages as a way to contribute to reduce, recycle and reuse this large amount of
waste from the construction industry. The objective of this work was to study the
mechanical properties of structural concrete with total and partial replacement
(25, 50, 75 and 100%) in sand mass. The results of the compression test indicate
good quality for concretes with mass substitution of up to 75% per RCD.

Keywords Concrete � RCD � Waste reuse � Civil buildings

Introduction

Civil construction has experienced great growth in recent years in Brazil, in par-
ticular due to the pent-up demand for housing and the scarcity of infrastructural
investments.

This demand was also increased by large works carried out in Brazil during the
last years for the world cup and the Olympic Games, etc.
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Table 1 illustrates the amount of waste generated in some countries.
Several authors have dedicated themselves to researching the problems related to

construction and demolition waste, proposing solutions ranging from reuse by
crushing and using as powder stone and gravel, such as the use in the production of
ceramic artifacts, mortars and concrete, among others [2–5].

In this work a study was carried out to produce concrete with sand substitution
by RCD, in different percentages, in order to reduce, recycle and reuse this large
amount of waste from the civil construction industry. This work aimed to study the
mechanical properties of structural concrete with total and partial replacement (25,
50, 75 and 100% replacing sand).

A composite is a multiphase material that presents combined properties of the
parts that constitute it in order to obtain a better combination of properties [6].

Concrete is a composite and can be classified as one of the most important
elements in construction. It is the result of the bonding of binder, fine aggregate
(sand), coarse aggregate (crushed stone) and water, and may still receive some
additives or additions. Concrete can be used in the fabrication of structural elements
(beams, slabs, pillars, shoes, etc.), such as flooring, plumbing, etc. [7].

The properties of the concrete are varied, however, its main advantage is the
excellent compression behavior and one of its main disadvantages is the poor
traction behavior [8].

The mechanical strength of the concrete is influenced by several factors such as:
curing time and water/cement factor [9].

As for the age of the concrete i.e. its cure time, there is an increasing ratio of the
same, so test standards indicate doing the same at ages as 7, 14 and 28 days, for
example. Regarding the water/cement factor, there is a minimum of water that must
be used because of the chemical reactions that must occur through the hydration of
the cement, but the larger the amount of water, the lower the mechanical resistance
of the concrete.

Table 1 Estimated RCD
generation in some countries

Region In millions (kg/year) In kg/resident/year

Sweden 1,200–6,000 136–680

Holland 12,800–20,200 820–1,300

U.S. 136,000–171,000 463–584

United Kingdom 50,000–70,000 880–1,120

Belgium 7,500–34,700 735–3,359

Denmark 2,300–10,700 440–2,010

Italy 35,000–40,000 600–690

Germany 79,000–300,000 963–3,658

Japan 99,000 785

Portugal 3,200–4,400 325–447

Brazil 31,000 230–760

Source IPEA [1]
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With regard to RCD, Levy [10] defined the construction waste as the general
portion of the waste from the construction and demolition activities.

Zordan [11] adds that waste should be uncontaminated for reuse. It also con-
siders RCD waste from construction and demolition of roads, including pipelines,
asphalt pavements, among others.

According to National Council for the Environment (CONAMA) [12, 13] the
waste can be divided into four classes, as shown in Table 2.

In this work only Class A waste was used.

Experimental Procedure

The test specimens were prepared according to Brazilian standards [14–17], using
five different concrete traces, using the ratio 3:2:1 (three sand, two crushed stone
zero and one of cement), varying with different percentages of RCD in substitution
to the sand for its composition (Table 3).

Table 2 Classification of RCD

Classification Typology

Class A Reusable or recyclable waste as aggregate, such as: (a) the construction,
demolition, renovations and paving repairs and other works of infrastructure,
including soil from excavation; (b) construction, demolition, renovations and
building repairs: ceramic components (bricks, blocks, tiles, flooring boards,
etc.), mortar and concrete; (c) the manufacturing process and/or demolition of
precast concrete parts (blocks, pipes, curbs, etc.) produced at construction
sites

Class B Are recyclable waste to other destinations such as: plastics, paper/cardboard,
metal, glass, wood and others

Class C It is waste for which economically feasible technologies or applications are
not designed to allow their recycling/recovery, such as products from the
plaster

Class D They are hazardous waste from the construction process, such as asbestos,
paints, solvents, oils and other contaminated or those coming from
demolitions, renovations and repairs of radiology clinics, industrial facilities
and others

Source CONOMA [12, 13]

Table 3 Mass ratio of the traces

Trace Sand (kg) Gravel (kg) Cement (kg) RCD (kg)

1st trace—0R 57.5 34.8 14.9 0.0

2nd trace—25R 43.2 34.8 14.9 14.4

3rd trace—50R 28.8 34.8 14.9 28.8

4th trace—75R 14.4 34.8 14.9 43.2

5th trace—100R 0.0 34.8 14.9 57.5
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In the production of the specimens CP III—32 cement was used and the curing
method was the wet curing with the use of tarpaulin to maintain humidity. The sand
as the RCD used in the preparation of the specimens were sieved in the sieve 4
(4.76 mm).

All specimens were obtained from a mold 100 � 200 mm, according to the
technical standards already mentioned. Some specimens are shown in Fig. 1.

The compression tests were performed at the ages of 7 and 28 days, in 10
specimens for each trace, all of which were performed in a Soloteste compression
machine (Fig. 2), at the Construction Materials Laboratory of UniRedentor,
Itaperuna-RJ, at a compression speed of 5 mm/min.

Fig. 1 Test specimens

Fig. 2 Machine used for the
compression test
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Results and Discussion

The results obtained were satisfactory, with the mean values of the mechanical
resistance to compression presented in Table 4.

The results obtained for each trace and the lines are indicated in the graphs of
Figs. 3 and 4, indicating the trend line of each curve and also the equation that best
defines each model.

The results obtained point to an excellent performance regarding the partial
replacement of sand by RCD in the concrete mass in the values of 25, 50 and 75%.

Table 4 Compressive strength

Trace Age Compressive strength—average (MPa) Sample standard deviation

0R 7 19.3 0.151

28 21.5 0.278

25R 7 15.6 0.122

28 18.3 0.287

50R 7 14.6 0.186

28 17.9 0.320

75R 7 12.5 0.263

28 16.4 0.307

100R 7 10.3 0.193

28 13.6 0.186

Fig. 3 Results at 7 days
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The results for the total replacement of sand by RCD indicate a reasonable behavior
and can be used for less demanding mechanical resistance to compression.

Conclusions

The large RCD production that comes each year being illegally deposited in the
environment or even being used in less noble services is a serious problem that still
needs more investment from the government and industry.

Mechanical compressive strengths above 15 MPa at 28 days were verified for all
partial compositions with residues, and for the case of 100% RCD, average resis-
tance was found around 13.5 MPa, which may have several utilities structures.

Therefore, the present work contributes to the search of the solution of this
problem, presenting an excellent use of the RCD for the production of blocks of
concrete masonry with RCD, for the production of blocks for pavements and
sidewalks, among other utilities.
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Evaluation of Two Different Pulsed Plasma
Nitriding Conditions on Steel Properties

Fabio Da Costa Garcia Filho, Gabriel Bartholazzi Lugão de Carvalho
and Sergio Neves Monteiro

Abstract The thermochemical treatment of Pulsed Plasma Nitriding is employed
as an alternative to improve the surface properties of metals, such as: increase
surface hardness, improve wear resistance, extend fatigue life and also create a
barrier to the diffusion of hydrogen into the steel to reduce the susceptibility to
hydrogen embrittlement. In this study, the effect of such treatment on ASTM A36
steel is analyzed through two different nitriding conditions: 5 h and 660 Pa for the
first condition and 15 h and 720 Pa for the second one. In both cases, the tem-
perature was held at 300 °C. Thus, in order to verify the results, Vickers hardness
analysis and metallographic observation were carried out under an optical micro-
scope. Only the second condition was able to achieve what was proposed, the
formation of a uniform nitriding layer and an expressive increase of hardening on
the surface.

Keywords Pulsed plasma nitriding � Metallographic observation
Hydrogen embrittlement

Introduction

The development of technologies capable of promoting substantial improvements
in material performance has been well researched in the last decades, which has
leaded to the development of various surface treatment techniques. The interest in
developing such technique is necessary to increase the useful life of materials under
service conditions. This property is directly related to the quality of the material
surface as deterioration processes of materials as mechanical wear and corrosion
reactions occur in the surface region [1–4].

F. Da Costa Garcia Filho (&) � G. B. L. de Carvalho � S. N. Monteiro
Department of Materials Science, Military Institute of Engineering—IME Praça General
Tibúrcio, 80, Praia Vermelha Urca, RJ, CEP, Urca, Rio de Janeiro, RJ 22290-270, Brazil
e-mail: fabiogarciafilho@gmail.com

© The Minerals, Metals & Materials Society 2018
B. Li et al. (eds.), Characterization of Minerals, Metals,
and Materials 2018, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-319-72484-3_55

523



In this context, thermochemical treatment of nitriding is known as an efficient
way to improve the surface properties of ferrous metals [5–7]. In this treatment the
diffusion of nitrogen atoms is favoured on the surface of the materials, which results
in the improvement of properties such as surface hardness, fatigue life, wear
resistance, lower friction coefficient. Also, this creates a barrier to the diffusion of
hydrogen, making the material less susceptible to hydrogen embrittlement [8–12].

Among the nitriding methods, the pulsed plasma nitriding technique is the most
efficient [13–15]. Some advantages of this technique are:

• High reactivity of nitrogen when used as plasma at low pressures.
• Use of non-toxic gases, hydrogen and nitrogen. Also, low pressure contributes

to avoid risks related to the environment and health.
• The use of a pulsed source instead of a typical DC source makes it possible to

obtain a higher proportion of more reactive ionic species, accelerating the for-
mation of the layer.

In the present research the treatment of pulsed plasma nitriding in ASTM A36
steel was carried out in order to obtain a uniform and thick surface layer. Two
different treatment conditions were employed. Finally, it was measured the Vickers
hardness and average layer thickness of the samples which the treatment was
effective.

Materials and Methods

The first step in this process was to obtain the metal samples to be used at the
Pulsed Plasma Nitriding treatment from ASTM A36 steel constituent parts.
Figure 1 shows the samples that were cut from a tube section in the form of a
parallelogram with dimensions 15 mm � 10 mm � 6 mm. Table 1 shows the
typical composition of ASTM A36 steel.

After the samples were cut, a cleaning process is required to remove any kind of
grease, oxidation and possible surface contamination. This step is very important to
ensure that the treatment is as efficient as possible. The parameters of the two
nitriding conditions are presented in Table 2.

In order to evaluate if the desired goal was achieved the samples were polished
and chemically attacked with a 5% nitric acid solution to reveal the microstructure
and the nitride layer. The samples were analysed in a Leica DMRM optical
microscope. In the Vickers hardness investigation, an E. Leitz/Wetzlar equipment
with a 50 g load during 30 s was employed. The average thickness of the formed
layer was measured by the image processing software, Image Pro Plus©.
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Results and Discussion

Figure 2a, b present sample micrographs after the treatment with condition 1 (C1)
and condition 2 (C2), respectively.

It is evident that the nitriding treatment carried out in the sample C2, with a
longer treatment time and richer N2 and H2 environment, was more efficient, as the
formed layer presents a homogeneous appearance throughout the specimen length.
In sample C1, the layer formed is extremely thin and it does not show uniformity
throughout the specimen. There are areas with formation of layer and spots without
the visible layer therefore it did not reach the initial goal. The average thickness of
the formed layers is shown in Table 3.

Therefore, the cross-sectional and longitudinal Vickers hardness test was per-
formed only on the C2 sample since the C1 sample did not reach the expected layer
thickness and uniformity.

Fig. 1 Process to obtain the samples of ASTM A36 steel

Table 1 Typical composition of ASTM A36 steel

Element C Mn P S Si Cu

Weight % To 0.28 0.6–0.9 To 0.04 To 0.05 To 0.04 Least 0.2

Table 2 Parameters of treatment

Time (h) Pressure (Pa) Gas mixture (N2/H2 %) Frequency (Hz) Temperature (K)

C1 5 660 (70/30) 600 573

C2 15 720 (70/30) 600 573

Evaluation of Two Different Pulsed Plasma Nitriding Conditions … 525



Figure 3 shows the Vickers hardness profile from the surface along the entire
depth of the sample.

It is verified that the nitrites layer hardness is quite high, exceeding the hardness
of the base metal by a factor of approximately six times and reaching a maximum
hardness of 931 HV. It can also be noted that the influence of the treatment extends
beyond the benefits of the nitride layer. This is evident at 50 lm where there is no

Fig. 2 Microstructure of the samples after the treatment under condition 1 (a) and condition 2 (b)

Table 3 Average thickness of the layers

Treatment condition Average thickness (lm) Standard deviation

C1 4.2 2.39

C2 19.3 0.93
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Fig. 3 Vickers hardness profile of the sample after treatment under condition 2
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visible layer and the sample hardness is much higher than the base metal hardness,
386 HV against 147 HV.

Conclusions

• The nitriding process of ASTM A36 steel can be performed as a way of
obtaining the aforementioned properties, such as higher hardness, longer fatigue
life, lower surface friction and higher wear resistance, with the ultimate goal of
increasing the material service life.

• The pulsed plasma ionic nitriding process (condition 2) proved to be efficient in
the surface treatment of ASTM A36 steel, ensuring a significant improvement in
surface hardness. Furthermore, a maximum value of 931 HV and thick and
uniform layer was obtained.
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Flexural Mechanical Characterization
of Polyester Composites Reinforced
with Jute Fabric

Foluke S. de Assis, Artur C. Pereira and Sergio N. Monteiro

Abstract Jute fibers are among the lignocellulosic with great potential for use in
polymer composites. In this work, polyester matrix composites incorporated jute
fabric were investigated for their flexural behavior. Specimens with up to 30% in
volume of jute fabric were bend-tested until rupture. The results showed an increase
in both the composite mechanical strength, principally to a polyester composite
reinforced with 30% in volume of jute fabric. A fractograph analysis by SEM
disclosed a moderate adhesion mechanism between the jute fabric and the polyester
matrix. This mechanism is apparently responsible for the improved performance of
the composites.

Keywords Jute fabric � Polyester composite � Flexural properties

Introduction

A significant change in the transportation sectors, for example the automotive,
occurred last century with the introduction of stronger and lighter materials. The
most relevant example was the polymer composite reinforced with synthetic fiber.
They are nowadays replacing conventional materials such as the aluminum alloys in
airplane body owing to superior specific strength. In recent years, however, envi-
ronmental problems in a global scale are imposing a reversion in the use of syn-
thetic fiber specially the glass fiber. In spite of its higher specific strength, this fiber
and its polymer composites can neither be recycled nor incinerated in a thermal
plant to generate electricity [1]. Moreover, the fabrication and processing of a glass
fiber composite are associated with CO2 emission, a major contributor to warming
[2]. A possible substitute for glass fiber without the above-mentioned environ-
mental problems could be lignocellulosic fibers that are obtained from
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cellulose-lignin-rich plants. Moreover, they are already being used in several
engineering fields, particularly the automobile industry [3–9]. In recent years a
growing number of publications [10–13] have been dedicated to lignocellulosic
fibers and their polymer composites. The results justify the current application as
new engineering materials with advantages not only in terms of environmental
issues but also economical, societal and even technical, the lignocellulosic fibers
present some advantages as compared with synthetic fibers: renewable, recyclable,
biodegradable and also they present a high strength and high elastic modulus, low
density and principally low cost [10–15]. Recent studies show that the polymeric
composites reinforced with lignocellulosic fibers can be applied in ballistic armor as
intermediate layer in multilayered armor system [16–18].

The major challenge faced by the lignocellulosic fiber and their composites is to
shorten the distance to the performance of the corresponding synthetic ones. Here,
drawbacks such as non-uniform properties and limited dimension as well as weak
adhesion to polymeric matrix, are still impeding technical factors to the expansion
on the use of lignocellulosic fibers [15].

The jute fiber (Corchorus capsularis) present density 1.3–1.45 g/cm3 and tensile
strength, 593–800 MPa, that it may be a possible lignocellulosic fiber to replace
synthetic fiber in polymer composites [15]. Then the jute fiber present very inter-
esting potential improvement as seen before in literature. This work evaluated the
flexural mechanical characterization of polyester composites reinforced with jute
fabric with different volume fractions (0 up to 30 vol.%).

Experimental Procedure

The jute fabric (Fig. 1) investigated in this work was supplied by
Companhia SISALSUL.

Fig. 1 Jute fabric
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After cleaning at room temperature, the jute fabric was mixed in amounts of 0,
10, 20 and 30% in volume with unsaturated polyester resin to prepare the com-
posites. Plates of the composites with 6 mm thickness were fabricated in a rect-
angular steel mold with dimensions of 152 � 125 mm.

The still liquid polyester resin, together with 0.5% catalyst based on
methyl-ethyl- ketone, was poured into the jute fabric inside the mold. The com-
posite was cured for 24 h at room temperature. The plate of each different com-
posite was then cut in bars measuring 100 � 16 � 6 mm. These bars (24 samples)
were used to prepare samples for flexural test, according to ASTM D790 [19].
These specimens were tested in a model 5582 Instron machine with 100 kN of
capacity at a velocity of strain 0.5 mm/min. The fracture surface of specimens after
flexural test was analyzed in a scanning electron microscopy (SEM) in a model
Quanta FEG 250 FEG.

Results and Discussion

Table 1 presents the values of flexural strength for polyester resin and the com-
posites with different volume fraction of jute fabric.

From the results in Table, Fig. 2 shows the variation of the flexural strength of
the Polyester composites with the amount of jute fabric. In this Figure, one should
note that only the polyester composite reinforced with 30 vol.% of jute fabric has
presented a significantly increases (62.3 MPa) when it is compared with polyester
resin (36.3 MPa).

Figure 3 shows the fracture specimens of polyester resin and the polyester jute
composites after the flexural test. In this Figure, it can be observed the different
types of fracture, fragile fracture of the polyester resin that has broken in different
regions when the material reached the maximum value of flexural strength, and the
polyester-jute composites have presented a type of fracture more concentrated in the
point of action of the cleaver.

Figure 4 shows the SEM analysis of the microstructure of the fractured region
resulting from flexural test of polyester resin and the polyester composites.
Regarding the pure resin, Fig. 4a, the fracture appearance is typical of polyester
rupture, in another words, it is possible observed the transversally fracture of
polyester resin. Figure 4b shows the polyester composites reinforced with 30 vol.%
of jute fabric. Jute fibers were pulled out (holes) from the polyester matrix by crack

Table 1 Flexural results for
the polyester composites
reinforced with jute fabric

Volume fraction of jute fabric (%) Flexural strength (MPa)

0 36.28 ± 6.35

10 31.23 ± 5.91

20 32.92 ± 2.38

30 62.25 ± 1.73
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propagation through the surfaces due to the relatively low interfacial tension
between jute/polyester. The low adhesion between the jute/polyester changed the
orientation of crack propagation to transversal to longitudinal, and it results in
aspect favorable to increase the flexural strength. The longitudinally separated area
is larger than the section through the matrix [20].
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Fig. 2 Flexural strength as a function of amount of jute fabric
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Fig. 3 Typical macrostructural aspects of flexural specimens of polyester composites reinforced
with different volume fractions of jute fabric
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Conclusions

Polyester matrix composites reinforced with jute fabric show an fibers show an
improvement in the flexural strength as compared to the pure polyester matrix.

The visual observation and SEM fractographs revealed that above 10%,
transversal cracks are effectively arrested by the fibers. As a consequence, longi-
tudinal propagation through the weak fiber/matrix interface causes delamination
and results in an efficient contribution to the relatively stronger jute fiber to the final
rupture of the composite, which then occurred at higher strength.
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Influence of Coupling Agent on the
Modification Effects of Vanadium
Tailing as a Polymer Filler

Tiejun Chen, Min Lu and Peiwei Hu

Abstract Based on the analysis of properties of vanadium tailing (VT), the surface
modification study was carried out as a polymer filler. The modification effects of the
three kinds of coupling agents on VT and the mechanical properties of polypropy-
lene (PP) composites with a modified vanadium tailing (MVT) were compared to
determine the suitable surface modification agent and modification processes for VT.
The results show that the best one is aluminate coupling agent DL-411. When the
content is 1.2 wt% and the temperature was 100 °C, the activity index of modified
vanadium tailing (MVT) is 95.53%. FTIR analysis shows that DL-411 has the
strongest binding ability on VT. XRD analysis shows that VT has a heterogeneous
nucleation on PP to induced b form formation, and DL-411 could enhance this
nucleation. So the composites has higher strength and better toughness. When the
content of MVT is 10 phr, the tensile strength, impact strength, flexural strength and
flexural modulus of the composites are 47.51 MPa, 38.43 kJ/m2, 59.57 and
1654.36 MPa, respectively.

Keywords Vanadium tailing � Surface modification � Heterogeneous nucleation
Mechanics performance
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Introduction

The extraction of vanadium from vanadium shale is an important direction in the
development of vanadium in China. With the rapid development of the shale
vanadium industry, the annual output of vanadium tailings (hereinafter referred to
as VT) is up to 580–770 million tons, which will not only occupy vast amounts of
land, cause secondary environmental pollution, but will also create waste [1–4].
After grinding, roasting, and acid leaching vanadium, the VT particle size is fine
and the mineral structure effectively destroyed. Due to its main components of
quartz and gypsum, VT can act as a mineral filler for polymers as a replacement for
natural inorganic minerals. However, research on the preparation of polymer fillers
with shale vanadium tailings has been rarely reported. Furthermore, it is possible to
learn from other solid waste comprehensive utilization techniques [5–7] to develop
new ways of using VT.

Filler is an essential part of polymer products and has a content of about 15%.
The function and the properties of polymer products are not only affected by the
chemical composition of the filler, but also by the interfacial interaction between the
filler and polymer matrix [8–10]. FTIR analysis shows that there is an abundance of
hydroxyls on the surface of VT. The surface of VT has a strong polarity and is
hydrophilic. It is necessary to modify VT given the weak compatibility between the
hydrophilic VT and hydrophobic polymer matrix. As there is an abundance of
hydroxyls, VT easily reacts with modifiers. Surface modification optimizes the
properties of VT, which is an effective method of broadening its application field
and utility value. The potential applications of VT as a polymer filler of VT cannot
only reduce the cost of polymer production, but also provide a new effective
utilization of VT to solve the problem of its large amount waste.

In this paper, the acid leaching slag from vanadium shale in Hubei, China was
used as the VT. The surface modification and the preparation of PP composites with
VT as filler were carried out. The effect of different coupling agents on the
modification of VT was investigated.

Experiments

Materials

(1) Vanadium tailing

The VT utilized in this study was obtained from Hubei Province, China, which was
washed to neutral-pH with water and then ground to fine powder
(D90 = 17.95 lm). The mainly composed of VT are SiO2 and CaO, accounting for
more than 60 wt% of the total (in Table 1), which are thought to be quartz and
gypsum (in Fig. 1). The surface of VT contains a large number of hydroxy
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Table 1 Chemical
composition of vanadium
tailing (wt%)

Components SiO2 Al2O3 CaO Fe2O3 BaO K2O
Weight (%) 53.98 2.47 7.60 2.71 1.15 0.61

Components MgO Na2O TiO2 V2O5 SO3 Loss

Weight (%) 0.17 0.27 0.35 0.17 16.51 13.61

Fig. 1 X-ray diffraction pattern of VT

4000 3500 3000 2500 2000 1500 1000 500

/cm-1

3606
3554 3416 1620

1153
1115

798677596

463

Fig. 2 FTIR spectra of raw
VT
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(in Fig. 2). The silanol group is active and easy to react with the external organic
functional groups.

(2) Polymer matrix

The polymer matrix used in this study is PP (polypropylene, density 0.9 g/cm3,
melt flow index 10.0 g/10 min, China Petroleum and Chemical).

(3) Coupling agents

Since the main mineral chemical composition of VT is SiO2 (53.98 wt%, in Fig. 1),
three types of coupling agents were used for modification. Silane coupling agent
KH-570, titanate coupling agent LK-105 and aluminate coupling agent DL-411
were purchased from Nanjing Pinning Chemical Co., Ltd. (China). All of the
reagents were analytical-grade.

Methods

Modification of Vanadium Tailings

Prior to use, the VT was ground into ultrafine powder (<20 lm), and then modified
by different coupling agents in a high-speed mixer (SHR-10A). For pretreating
200 g VT was used. First, VT was preheated in the high-speed mixer at the tem-
perature of 80 °C for 5 min with a speed of 1100 rpm. And then the prepared
coupling agent was put into high-speed mixer. The mixture was stirred at a higher
speed of 1100 rpm for 30 min. Under the condition of optimum temperature of
each coupling agent(KH-570 at 100 °C, LK-105 at 90 °C, DL-411 at 100 °C), the
effect of three kinds of coupling agents and the content of them (0.4, 0.8, 1.2, 1.6,
2.0 wt%) in modification process were investigated. Finally, dried the modified VT
(MVT) at 100 °C for 2 h.

Preparation of Composites

The VT (MVT) and PP resin were mixed in a high-speed mixer at a speed of
1000 rpm and a temperature of 80 °C for 20 min. Then the mixture was mixed melt
extrusion in a miniature double-screw extruder (SJSZ-10B) at a screw speed of
30 rpm with barrel temperatures set at 170/175/180/185/180 °C. Finally, the test
samples of VT/PP (MVT/PP) composites were injection molded by miniature
injection molding machine (SJS-20). The mold temperature was maintained at
45 °C, while the injection pressure and the holding pressure were set at 0.6 and
0.2 MPa, respectively. The obtained samples were used for further measurements.
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Characterization

The pre-evaluation of the modified vanadium tailing powder was characterized by
the wettability (activity index) [11], while the binding states of different coupling
agents on the surface of the VT were analyzed by FTIR. The tensile properties of
composites were measured by electronic universal testing machine (DR-506) with a
speed of 50 mm/min according to ISO 527-2:2012 standards and the impact
properties were measured by pendulum impact tester according to ISO 179-1-2010.
The effect of VT on the crystal structure of PP matrix was analyzed by XRD. The
compatibility of VT and PP matrix in composites was analyzed by SEM. The effect
of VT on thermal stability of composites was analyzed by TG-DTG. The effects of
composites on the immobilization of heavy metal elements in VT were investigated
by heavy metal leaching test.

Results and Discussion

Activity Index and Oil Absorption Value

Owing to its high density and hydrophilic surface, the VT powder will freely sink in
water. After modification with coupling agents, the surface of the VT powder
changes from hydrophilic to hydrophobic, thus enabling it to float on water. Based
on this phenomenon, the effects of modification can be obviously judged by the
active index.

The VT powder was modified by three types of coupling agents at the rotating
speed of 1100 rpm and a temperature of 100 °C. Figure 3 shows that the activity
index of the modified VT (MVT) powder increased with an increased dosage of
KH-570 and DL-411. However, the value was only 20.72% when the dosage
of KH-570 was 2.0 wt%, resulting in a negative modified effect. The activity index
of the MVT powder modified by DL-411 increased quickly at first, and then

Fig. 3 Effect of dosage of the coupling agent on the activity index and oil absorption of VT
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became slower. When the dosage of DL-411 was 1.2 wt%, the activity index
reached 95.53%. The activity index of the MVT powder modified by LK-105 first
increased to 83.96%, then decreased when the content was more than 1.2 wt%. The
oil absorption value of the MVT powder showed a decreasing trend with an
increase in the dose of the coupling agent. These results indicated that the coupling
agent formed an organic film on the surface of the VT powder after modification,
which reduced the agglomerate of VT powder and increased the gap between the
VT particles.

Amounts of 2.0 wt% KH-570, 1.2 wt% LK-105, and 1.2 wt% DL-411 were used
to modify 200 g VT powder at different temperatures. Figure 4 shows that the
effects of temperature on the activity index of MVT powder modified by KH-570
and DL-411 were not significant. However, it was interesting that the value of the
latter (modified by DL-411) was much larger than the former (modified by
KH-570). The activity index of the MVT powder modified by DL-411 was 95.53%
at 100 °C and then changed a little over this temperature. The active index of the
MVT modified by LK-105 first increased to 87.52%, then decreased when the
temperature was higher than 90 °C. The oil absorption values of the MVT modified
by KH-570 or DL-411 decreased rapidly at first, then decreased slowly, while the
oil absorption value of the MVT modified by LK-105 first decreased and then
increased. The lowest oil absorption value of the VT powder modified by LK-105
was obtained at 90 °C, which was 31.19 mL/100 g. The oil absorption value of the
MVT modified by DL-411 and KH-570 at 100 °C were 30.76 mL/100 g and
30.68 mL/100 g, respectively.

A monomolecular layer of the agent formed on the surface of the VT powder
since the coupling agent was a single alkoxy type. The optimum content of agent
used in the modification was to keep the surface of each particle covered with a
uniform layer of the coupling agent molecules. With an increase in agent, the
surface of powder changed from hydrophilic into hydrophilic gradually and the
aggregate of the VT powder was opened. So, the activity index increased and the oil
absorption values decreased sharply. When the surface of the particle was com-
pletely covered by the agent, the activity index changed little or decreased as the

Fig. 4 Effect of reaction temperature on the activity index and oil absorption of VT
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content continued to increase. Under the current experimental conditions, the
optimum content of KH-570, LK-105 and DL-411 were 2.0, 1.2, and 1.2 wt%, and
the optimal modified temperatures were 100, 90, and 100 °C, respectively.

FTIR Analysis

To confirm the formation of the molecular layer and the difference in adsorption of
the three types of coupling agents, FTIR spectra of the surface features of the VT
powder before and after modification (Fig. 5) were obtained. Figure 5a shows that
the surface of the VT powder contained rich groups and a large number of
hydroxyls. The peak at 463 cm−1 was assigned to the bending vibration of Si–O;
peaks at 798, 677, and 596 cm−1 are all assigned to symmetric stretching vibration
of Si–O, peaks at 1153, 1115 cm−1 were assigned to the asymmetric stretching
vibration of Si–O; the peak at 1620 cm−1 was assigned to the peak of –OH in
crystal water; and the peaks at 3545 and 3406 cm−1 were assigned to the stretching
vibration of –OH in the VT powder. Furthermore, the infrared absorption peaks
changed after modification. The peaks at approximately 2920, 2850, 1625, and
1580 cm−1 were assigned to the –CH3, –CH2–, and C=O absorption peaks,
respectively, which were provided by the organic groups in the coupling agents.
The reduction of peaks at 3545 and 3406 cm−1 and the appearance of peaks at
2920, 2851, 1625, and 1580 cm−1 indicated that the surface groups of VT powder
changed from –OH to –CH3, –CH2– or –C=O and the coupling agent molecules
were absorbed on the surface of the VT powder, which increased the surface
hydrophobicity of the VT powder. In addition, the vibration peaks of Si–O at
463–1153 cm−1 were strengthened by the combination of the coupling agents and
the VT to generate Si–O on the surface.

Fig. 5 FTIR spectral
analysis: a untreated VT;
b MVT treated by DL-411;
c MVT treated by LK-105;
d MVT treated by KH-570
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It was obvious that the strength of the –CH3 and –CH2– absorption peaks in
Fig. 5b were stronger than that in Fig. 5c, d. This suggests that the binding capacity
of DL-411 on the surface of VT was stronger than that of LK-105 and KH-570. The
results were consistent with the variation trend of the activity index test. Therefore,
the binding ability of DL-411 on the surface of the VT powder and the modification
effect of VT were better than the other two.

Mechanical Properties

The purpose behind the surface modification of VT powder was to develop its
potential application as a polymer filler. The composites were prepared by a PP
matrix filled with MVT powder (modified under the optimal conditions), and the
content of MVT was 10 phr (parts per hundred of resin matrix).

Figure 6a shows that the tensile strength of the MVT/PP composites first
increased, then decreased with an increase in DL-411 and LK-105, but gradually
increased with the increase of KH-570. The effects of the three types of coupling
agents on the tensile properties of the composites were as follows:
LK-105 > DL-411 > KH-570. Figure 6b shows that the tensile elongation of the
composites at break increased with an increased dose of the coupling agent, and its
value after modification by LK-105 and DL-411 was higher than that of KH-570.
Figure 6c shows that the impact properties of the MVT/PP composites increased
gradually with the increase in the dose of the coupling agents, but decreased slightly
when LK-105 and Dl-411 was more than 1.2 wt%. The effects of the three types of
coupling agents on the impact properties of the composites were as follows:
DL-411 > LK-105 > KH-570. Figure 6d, e show that the flexural properties of the
composites increased with the increase in dosage of the coupling agent. However,
flexural strength decreased when the dosages of DL-411 and LK-105 were more
than 1.2 wt%. Among them, the flexural strength of the composites modified by
DL-411 was higher than the composites modified by LK-105 and KH-570, but the
flexural modulus was lower than that of the other two, indicating that the com-
posites had a higher strength and better toughness than the others.

The effect of the different types and content of the coupling agents on the
mechanical properties of the composites were similar to the variation trends of the
activity index. Moderate content of a coupling agent could improve the interface
compatibility between the VT and PP matrix, and enhance its interface bonding.
However, an excess of the coupling agent provided no further increase in the
mechanical properties of the composites as they will bind to the combined mole-
cules with van der Waals’ forces to form a multilayer coating on the surface of the
VT powder [12, 13], which reduces the active groups on the surface of the VT and
make the interfacial compatibility between the VT and PP matrix worse.
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Thus, the mechanical properties of the composites do not increase. Under the
current experimental conditions, the comprehensive mechanical properties of the
MVT/PP composites modified by DL-411 were optimal. The dose of DL-411 was
1.2 wt%, the filling amount of the MVT powder was 10 phr, and the tensile, impact,
flexural strength, and flexural modulus of the composites were 47.43 MPa,
38.78 kJ/m2, 59.68, and 1660.06 MPa, respectively.

Fig. 6 Effect of dosage of coupling agent on the mechanical properties of composite: a tensile
strength, b tensile elongation, c impact strength, d flexural strength, e flexural modulus
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XRD Analysis

PP is a crystalline polymer, which mainly contains a and b crystal forms, with a
large number of extended segments in the b-crystal form region relative to the
a-crystal form [14]. When destroyed by external forces, the b-crystal form region
can absorb more energy to improve the toughness of the material. The XRD pat-
terns (Fig. 7) showed that the composites still had the characteristic diffraction
peaks of PP, indicating no alteration in the arrangement of chains and a complete
crystal structure of the PP matrix. The a-crystal diffraction peaks position on the
(110), (040), (130), (111), and (131) planes did not change significantly, but the
intensity was different. In the XRD patterns of the composites, some new diffraction
peaks appeared in the vicinity of 16.5°, 25.4°, and 26.6°, which are the charac-
teristic diffraction peaks of b-crystal in a PP matrix [15], and gypsum and quartz in
the VT powder, respectively. These patterns confirmed the presence of b-crystal
and VT powder.

The crystallization parameters of pure PP and the composites are listed in
Table 2. The data indicate that the addition of VT (MVT) powder into PP resulted
in an increase in degree of crystallinity and relative content of b-crystal by
approximately 4–10, and 4–7%, respectively. This suggests that the mineral grain in

Fig. 7 X-ray diffraction
pattern of composites: a neat
PP; b MVT treated by
DL-411; c MVT treated by
LK-105; d MVT treated by
KH-570

Table 2 The crystallization
parameters of pure PP and the
composites

Material Xc/% Ib/%
P

Ia/% Kb/%

PP 58.04 – 138.3 –

VT/PP 62.01 7.3 155.9 4.7

MVT/PP-1 (KH-570) 64.53 9.7 181.3 5.08

MVT/PP-2 (LK-105) 68.15 15.3 209.8 6.80

MVT/PP-3 (DL-411) 68.87 15.6 205.6 7.05
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VT had a nucleation effect on PP and could induce the formation of b-crystal in the
PP matrix [16, 17]. The coupling agent strengthened the nucleation effect and the
induction of b-crystal. The data (Xc%, Ib%, Kb%) of MVT/PP-2 and MVT/PP-3
were bigger than the others, which indicated that the dispersion of the MVT powder
in the matrix and the compatibility between MVT and the matrix were better. Thus,
the MVT powders modified by LK-105 and DL-411 had a better heterogeneous
nucleation effect on the PP matrix. In addition, the degree of crystallinity and
relative content of b-crystal of MVT/PP-3 are slightly above that of MVT/PP-2,
performance on a slightly higher toughness of the composites.

Conclusion

The effects of the three types of coupling agents on the modification of VT powder
were as follows: LK-105 > DL-411 > KH-570. The mechanical properties of the
MVT/PP composites modified by DL-411 were better than that of KH-570 and
LK-105 due to a stronger hydrophobicity of the VT powder. DL-411 was superior
to the others under the current experimental conditions where the optimum content
was 1.2 wt% and the modification temperature was 100 °C. The activity index of
the MVT powder was 95.53% and the oil absorption value was 30.76 mL/100 g.
The tensile, impact, flexural strength, and flexural modulus of the composites
prepared with 10 phr MVT powder (modified by DL-411) were 47.43 MPa,
38.78 kJ/m2, 59.68, and 1660.06 MPa, respectively. Furthermore, the degree of
crystallinity and relative content of b-crystal in the composites increased by
approximately 10.83, and 7.05%, respectively, with the addition of MVT powder
(modified by DL-411).

This study provides a technology for the potential application of VT as a filler in
polymers. It is an advantageous way to beneficially recycle VT, which will solve
the environmental problems caused by accumulation of a large amount of VT.
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Influence of Electron-Beam Irradiation
on the Properties of LDPE/EDPM Blend
Foams

Julyana Santana, Marcus Vinicius de S. Seixas, Vijay Rangari,
Francisco Valenzuela-Díaz, Helio Wiebeck and Esperidiana Moura

Abstract Closed-cell polyethylene (PE) foams have been extensively used in many
applications such as packaging, transportation, sports, construction, and agriculture
because of their variety of properties including light weight, chemical resistance,
thermal and electrical insulation. The objective of this study is to evaluate the
influence of electron-beam irradiation on the properties of LDPE/EPDM blend foams.
The LDPE/EPDM blend (80/20 wt%) were prepared by melt extrusion, using a
twin-screw extruder machine. The foam structure of LDPE/EPDM blends was
obtained by melt extrusion process, using a special single screw for foaming with
1.5 wt% of foaming agent as blowing agent. The foam samples were irradiated by
electron-beam at radiation dose of 25, 50, 75 and 100 kGy and submitted to heating in
an oven at 100 °C. The specimen tests samples of irradiated and non-irradiated foams
were submitted to mechanical tests, DSC, TG analysis and density measurement.

Keywords LDPE/EPDM blend � DSC � Tensile tests � Irradiation

Introduction

Polymer blends are frequently challenged with by new applications desiring more
advanced properties. It is an effective way to create a brand new polymeric material
with balanced and better properties for various applications that can successfully be
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employed in different areas. Polymer nanocomposites can be foamed by any of the
existing foaming processes using either physical or chemical blowing agents [1]. To
produce nanocomposite foams, it is possible to find different forms, like using
injection molding, extrusion and compression molding processes. Foaming injec-
tion molding processes allows obtaining materials with well-defined shapes, allow
obtaining very well shape-defined materials, by extrusion can be carried out in
single or twin-screw extruders, and for compression molding a single or two-steps
have been widely used, both for scientific and industrial purposes due to their
intricacy [2–4]. In this work, the LDPE/EPDM foam was produced firstly using a
twin-screw extruder followed by and after a single screw for foaming, to obtain
homogeneity and a uniform surface. Polyolefins are plastics of great commercial
and economic importance, especially, low-density polyethylene (LDPE). LDPE are
one of the most widely used resins, it exhibits a wide range of properties such as
light weight, good electrical and chemical resistance, easy processing, and high
toughness at low temperature, flexibility, toughness, thermal stability, heat
shrinkable properties, and relatively low cost compared with other plastics, which
make it suitable for many applications [5, 6].

Ethylene propylene diene terpolymer (EPDM) are an elastomer, exhibits high
crosslinking ability, radiation resistance, thermal resistance, impact strength, flex-
ibility and dynamic damping properties [7]. Crosslinking of EPDM after irradiation
is expected to generate different types of network, which could be reflected on the
properties of the polymer. Thermoplastic and elastomeric materials based on blends
of EPDM and polyolefins like polyethylene combine their technical advantages in
processing of thermoplastics with better physical properties of elastomers, therefore
gaining significant importance in a variety of applications, as automotive industry,
extruded profiles for windows, electrical cables and wires, packaging materials, and
that is why; LDPE/EPDM blends have got their attention for many applications
[8, 9].

Nowadays many investigations have been studying and reported on application
of ionizing radiation in polymers and its effects on chemical structure and their
physical properties. The irradiations of polymers with high-energy radiation, like
gamma and electron-beam, result in scission of the main chain, generally termed as
“degradation” or cross-linking with the concomitant formation of covalent bonds
among polymer chains. During the more than fifty years of research in polymer
radiation chemistry, researchers have reported the occurrence of cross-linking and
other useful effects [10–12]. Today, a substantial commercial industry is in place
based on the processing of polymers with radiation. Therefore, the radiation tech-
nologies being applied to polymer processing comprise a diverse set, with many
different radiation types and source used, many different types and combination of
materials, and many different application objectives being addressed. In this work,
the influence of electron-beam irradiation on the morphology, thermal and
mechanical properties of LDPE/EDPM foams was studied.
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Experimental

Material

• Low density polyethylene, LDPE, (manufactured by Braskem Co. Ltd.);
• Ethylene propylene diene monomer, EPDM;
• Endothermic chemical foaming agent (F.A) ENDEX 2650 TM (manufactured

by Endex International Co. Ltd.).

Preparation of LPDE/EPDM/ENDEX Foams

The blend 80% LDPE and 20% EPDM were processed by twin-screw extrusion and
extrusion blown film processing. The LDPE/EPDM/ENDEX flexible foams with
addition of 1.5 wt% of foaming agent were prepared by melting extrusion process,
using a twin-screw extruder Haake Rheomex P332 with 16 mm and L/D = 25 rate
from Thermo Scientific. The temperature profile was of 115/125/130/135/140/
145 °C and a screw speed of 30 rpm. The extrudates materials were cooled down
for a better dimensional stability, pelletized by a pelletizer, dried again and fed into
extrusion foam, single screw machine (Carnevalli) with 25 mm diameter and foam
test samples were obtained. The temperature profile used in the blow extrusion
process of LDPE/EPDM/ENDEX flexible foams were 125/130/135/145/150/
155 °C and screw speed was 30 rpm.

Electron-Beam Irradiation

Part of LDPE/EPDM/ENDEX flexible films were submitted to electron-beam
irradiation at 25, 50, 75 and 100 kGy, using a 1.5 meV electron beam accelerator,
at room temperature in presence of air.

Characterization of LDPE/EPDM/ENDEX Irradiated Foams

Mechanical tests: Tensile tests were determined using an INSTRON Testing
Machine model 5564, according to ASTM D 882-91 in order to evaluate the
mechanical behavior of the materials studied. Each value obtained represented the
average of five samples.
Differential scanning calorimetry (DSC): analyses were carried out using a
Mettler Toledo DSC 822e from 25 to 250 °C at a heating rate of 10 °C/min under
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nitrogen atmosphere (50 ml/min). DSC analyses of the materials were performed
on four samples of the materials. DSC were carried out to obtain melt temperature
(Tm) and melting enthalpy (DHm).
Thermogravimetric analysis (TG): In this study, the TG analyses were made in a
Mettler Toledo TGA module “TGA/SDTA851e” from 25 to 500 °C at a heating
rate of 10 °C/min under nitrogen atmosphere (50 ml/min).
Relative density of the foam: Determination of apparent density in flexible foam
of irradiated and non-irradiated LDPE/EPDM/ENDEX samples as ABNT NBR
8537.

Density of foams: the specimens’ densities were calculated by Eq. 1:

q ¼ m
V
; ð1Þ

where q is the density; m is the mass, V is the volume of the samples [13].

Results and Discussion

Tensile Tests Results

Figure 1 shows the diagram stress (MPa) X strain (%) for LDPE/EPDM Blend and
LDPE/EPDM foams. The results presented shows the average values calculated
from the data obtained in tests for five test specimens. The results show a significant

Fig. 1 Diagram stress (MPa) X strain (%) for LDPE/EPDM blend and foams
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reduction on elongation at break of LDPE/EPDM 1.5% Endex irradiated blends
when compared to the LDPE/EPDM and LDPE/EPDM 1.5% Endex.

Table 1 presents the results of tensile tests for LDPE/EPDM Blend and LDPE/
EPDM foams. The Young’s modulus presents an increase in LDPE/EPDM with
addition of 1.5% of foaming agent Endex, and remains almost the same with
increase of irradiation dose. It can be seen that increasing irradiation dose increases
the tensile strength at break for all LDPE/EPDM 1.5% Endex foams, except for
LDPE/EPDM 1.5% Endex 75 kGy that has a lower increase. However, it decrease
elongation at break when compared to LDPE/EPDM blend and LDPE/EPDM 1.5%
Endex. Which means a slight increase in tensile strength occurred with increasing
irradiation dose, and higher decrease in elongation at break for the irradiated foams.

DSC Analysis Results of LDPE/EPDM Blend and LDPE/
EPDM Foams

Figure 2 shows the melting temperature for all irradiated and no irradiated samples
remains almost unchanged even after the different radiation dose.

However, as shown in Table 2, the irradiated foams showed a decrease in
melting temperature according to the received dose, but the melting enthalpy
remains the same in all foams, except for LDPE/EPDM 1.5% Endex 75 kGy that
can be seen a small decrease. For all crosslinked blends, melting temperature is
decreasing due to compact network formation crystallizing efficiencies of chains are
reduced for LDPE and EPDM respectively. So after exposure to electron beam
irradiation, the melting enthalpy and respectively crystallinity of all LDPE/EPDM
foams presented slightly changes with increase of electron beam radiation dose.

Table 1 Tensile test results for LDPE/EPDM blend and LDPE/EPDM foams

Materials Tensile strength
at break (MPa)

Elongation
at break (%)

Young’s modulus
(MPa)

LDPE/EPDM 4.8 ± 0.2 490 ± 67 1.3

LDPE/EPDM 1.5% ENDEX 3.7 ± 0.3 178 ± 15 9.3

LDPE/EPDM 1.5% ENDEX 25 kGy 6.2 ± 0.2 126 ± 9 9.4

LDPE/EPDM 1.5% ENDEX 50 kGy 6.4 ± 0.2 127 ± 5 9.3

LDPE/EPDM 1.5% ENDEX 75 kGy 6.1 ± 0.6 107 ± 10 10

LDPE/EPDM 1.5% ENDEX 100 kGy 6.2 ± 0.2 128 ± 6 9
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Thermogravimetric Analysis (TG) Results

Figure 3 shows the TG of LDPE/EPDM blend and LDPE/EPDM foams. The
LDPE/EPDM blend showed a single step of decomposition. If initial decomposition
temperature at which 10% weight loss were considered were assumed to be a
measurement of thermal stability, LDPE/EPDM decomposes at 410 °C, while, after
foaming agent addition, decomposes at 430 °C.

The decomposition temperatures and weight loss for LDPE/EPDM/ENDEX
flexible foams are presents in Table 3. The table shows that onset temperature of
decomposition, increases for the irradiated samples, indicating higher thermal sta-
bility of the LDPE/EPDM 1,5% Endex after electron beam irradiation which may
be due to cross-linking process. LDPE/EPDM blend decomposes at lower tem-
perature and quicker when its compared to LDPE/EPDM with 1.5% foaming agent.

Fig. 2 DSC analysis results for LDPE/EPDM blend and LDPE/EPDM foams

Table 2 DSC analysis results of LDPE/EPDM blend and LDPE/EPDM foams

Composites Melting temperature
(Tm1, °C)

Melting enthalpy
(DHm1, J g

−1)

LDPE/EPDM 100.48 77.6

LDPE/EPDM 1.5% ENDEX 102.12 71.6

LDPE/EPDM 1.5% ENDEX 25 kGy 95.5 77.8

LDPE/EPDM 1.5% ENDEX 50 kGy 93.9 77.4

LDPE/EPDM 1.5% ENDEX 75 kGy 92.2 78.7

LDPE/EPDM 1.5% ENDEX 100 kGy 90.5 79.0
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The degradation temperature can be observed, as the same at higher and lower
doses indicating the crosslinking were independent of the dose level.

Density of Foams

The density of foams for each sample is shown in Table 4. The highest degree of
foaming was obtained for LDPE/EPDM 1.5% Endex 25 kGy and the samples
irradiated with 50 and 75 kGy showed decreasing of foaming degree and therefore
an increase in foam density.

Fig. 3 TG analysis results
for LDPE/EPDM blend and
LDPE/EPDM foams

Table 3 Decomposition temperature and weight loss of LDPE/EPDM blend and LDPE/EPDM
foams

Flexible films Tonset (°C) Tmax (°C) Weight loss (%)

LDPE/EPDM 401.9 578.6 98

LDPE/EPDM 1.5% ENDEX 406.0 580.0 97

LDPE/EPDM 1.5% ENDEX 25 kGy 419.4 580.0 98

LDPE/EPDM 1.5% ENDEX 50 kGy 416.5 580.1 99

LDPE/EPDM 1.5% ENDEX 75 kGy 417.4 580.2 99

LDPE/EPDM 1.5% ENDEX 100 kGy 416.5 580.2 98
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Conclusion

This work presented the development and characterization of LDPE/EPDM Blend
and LDPE/EPDM foams treated by electron-beam radiation. Analysis of the
mechanical properties of the LDPE/EPDM blend showed that the addition of
foaming agent increases the Young’s modulus and decrease the elongation at break.
Furthermore, the irradiated samples showed increase at tensile strength at break.
Thermal analysis showed a decrease in melting temperature according to the
received dose, but the melting enthalpy remains the same in all foams, except for
LDPE/EPDM 1.5% Endex at radiation dose of 75 kGy that can be seen a small
decrease. In addition, the density of irradiated foams presented a decrease in
comparison with non-irradiated samples. The reduction of foam density was higher
for samples irradiated with 25 and 100 kGy. The melting enthalpy and respectively
crystallinity degree of irradiated LDPE/EPDM foams presented slightly changes
with increase of electron beam radiation dose.
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Influence of the Areal Density of Layers
in the Ballistic Response of a Multilayered
Armor System Using Box-Behnken
Statistical Design

Fábio de Oliveira Braga, Pedro Henrique L. M. Lopes,
Fernanda Santos da Luz, Édio Pereira Lima Jr.
and Sergio Neves Monteiro

Abstract Several works have been dedicated to study the ballistic response of
multilayered armor systems (MAS), including those using natural fiber composites
as second layer. These composites disclosed good ballistic performance, having
economic and environmental advantages. In the present work, the objective was to
investigate the effect of areal densities of each MAS layer, in the overall performance
of a MAS with an alumina ceramic front, a curaua fabric reinforced composite
filling, and an aluminum alloy backing the target. Ballistic “backface signature” tests
were conducted, varying the areal densities of the MAS layers according to a
Box-Behnken design. The results showed a similar influence of the ceramic and
aluminum layers in the MAS “backface signatures”, although deformation and
failure mechanisms were significantly different. The composite also showed sig-
nificant participation in the overall MAS performance. Since the composite is
cheaper and lighter, a balance minimizing the other layers would be advantageous.

Keywords Ballistic test � Multilayered armor system � Natural fiber composite
Box-Behnken design � Areal density

Introduction

Several works have been dedicated to study the ballistic response of multilayered
armor systems (MAS) [1, 2], including those using natural fiber composites as
second layer [3–5]. These composites disclosed good ballistic performance, having
economic and environmental advantages [6, 7]. Among the natural fibers, stand out
a highly resistant natural fiber found in the Amazon Forest, called Ananas
Erectifolius or simply curaua [7].
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An important method to examine the ballistic performance of materials and
structures is the one found in the international standard NIJ-0101.06 (2008) [8]. In
this method, the ballistic target to be examined is fixed in front of a Roma Plastilina
type clay witness, and hit by a high speed projectile. The deformation left in the
clay witness by target is measured and took as an indicator of the ballistic per-
formance of the material. This deformation is often called “backface signature” or
“trauma”. To be considered efficient for a specific type of bullet, the deformation
behind the target shall not pass a standard value. For the 7.62 mm type of bullet,
which is known as level III of protection, the trauma cannot pass 44 mm (1.73 pol).

In a recent work, Braga et al. [9] studied a MAS using an alumina ceramic front, a
curaua non-woven fabric reinforced composite filling, and an aluminum alloy
backing. They found out that this MAS is promising for ballistic applications,
presenting satisfactory performance using inexpensive materials. The trauma was
measured as 28 mm, which is considered efficient for the level III, however, the
areal density 60.26 kg/m2 is still high for MAS applications. The present work is a
development of Braga et al. [9] studies, since the same it is an attempt to optimize
the MAS using those inexpensive materials. Therefore, the objective of the present
work is to investigate the effect of areal densities of each MAS layer, in the overall
performance of the three-layered MAS studied by Braga et al. [9], aiming to reach a
high performance system with optimized properties such as low weight and low
cost.

Materials and Methods

The MAS studied in the present work has three layers: a front ceramic tile (Al2O3-
4%Nb2O5), a second layer using an epoxy composite reinforced with 30 vol.% of
curaua non-woven fabrics, and a backing 5052 H34 aluminum alloy. The origin of
the materials and the specimen preparation can be consulted elsewhere [9].
The MAS plates were produced by bonding the layers with polyurethane adhesive.

All materials were produced, in the case of the ceramic and the composite, or
bought, in the case of the aluminum, with distinct thickness as follows: Ceramic
(8.5, 10.5 and 12.5 mm), composite (8.5, 11.5 and 14.5 mm) and the aluminum (3,
5 and 7 mm).

Ballistic tests were performed following the methodology specified by the
NIJ-0101.06 Standard, by positioning the target in front of a Roma Plastilina type
clay witness, in the configuration shown in Fig. 1. The ballistic tests equipment is
available in the Brazilian Army shooting range facility (CAEx, Rio de Janeiro) [8].
The MAS studied in the present work is intended to be used to protect against level
III types of threats, so 7.62 � 51 mm (9.7 g) NATO commercial ammunition
should be used. The shooting device was a model B290 High Pressure
Instrumentation (HPI) equipment, and the projectile’s velocity was measured by an
optical barrier. The trauma in the clay witness was measured with a special
Mitutoyo caliper with 0.01 mm of accuracy.

The statistical method was the Box-Behnken Design (BBD) in conjunction with
the Response Surface Methodology (RSM), which are multivariate analysis
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methods. The advantages of the BBD are the smaller number of experiments and
the possibility to quantify the correlation of two variables. To apply the method, it is
necessary to code the variables using the Eq. 1 [10]

ci ¼ xi � xm
d

ð1Þ

where for Eq. 1, ci is the coded factor value assumed by the variable xi, xi is the value
assumedby the variable x, xm is the average value of the x variable, and d is the interval
|xi − xm|. The adjusted model with the coded variables is shown in Eq. 2.

yðc1; c2; c3Þ ¼ aþ b1c1 þ b2c2 þ b3c3 þð� � �Þþ bncn ð2Þ

where for Eq. 2, ci is the coded factor value assumed by the variable xi, a is the
linear coefficient of the regression and bi are the angular coefficients of the
regression.

In the present work the thickness of each layer was considered as a single
independent variable in the BBD, and responses of areal density (Dsup), trauma and
cost were analyzed. The model with the original values is represented by Eq. 3.

y ðt1; t2; t3Þ ¼ at1 þ b1t2 þ b2t3 þð� � �Þ þ bntn ð3Þ

where for Eq. 3, ti is the value assumed for the thickness of the layer, a is the linear
coefficient of the regression and bi are the angular coefficients of the regression.

Three responses y were evaluated: the areal density (Dsup), the cost of the
materials and the trauma measured in the ballistic tests. The objective was to study

Fig. 1 Experimental arrangement of the ballistic tests
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the advantages of each layer configuration of the MAS. The values of Dsup were
obtained by calculating the average value of the material densities. The costs were
obtained in the literature [11], and through consultation of the market price. The
experimental configurations followed the 3-factor/3-levels BBD matrix. All ana-
lyzes were done in duplicates, except the central point (000) of the BBD, which was
done in triplicate.

Results and Discussions

Figure 2 show the influence of the layers thickness in the general areal density
(Dsup) of the armor. In all response surfaces of the present work, it was chosen to
fix the thickness of the aluminum in 5 mm, to summary the results.

As expected, in Fig. 2, the response surface is a plane, since the variable Dsup is
linear as function of the coded thickness.

The multiple regression equation for the Dsup with coded factor is shown in
Eq. 4, while the response of original value follows Eq. 5. As expected, the coef-
ficients of the Eq. 4 are the average densities of each layer.

Dsup ðkg=m2Þ ¼ 60:3þ 6:6c1 þ 3:2c2 þ 5:3c3 ð4Þ

Dsup ðkg=m2Þ ¼ 3:30t1 þ 1:07t2 þ 2:66t3 ð5Þ

Figure 3 shows the influence of the layers thickness in the backface signature
(trauma) in the clay witness. The multiple regression equation for the trauma with
coded factor is shown in Eq. 5, and the response of the original value can be
calculated by Eq. 6. The linear adjustment was R2 = 0.9535, which means that 95%
of the trauma variation can be explained by the variation of the thickness.

Fig. 2 Response surface for
the areal density (Dsup) as a
function of the coded
thickness of the MAS
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The standard error of the regression is 5.24. As can be seen in in Eq. 6, the
coefficients b5 and b6 are not null, which means that some interaction between the
layers were detected. It might be attributed to the synergy existing between these
layers. It is known that the ceramic front erodes the projectile’s tip, spreading the
impact pressure in a larger area, and the other layers must collect the fragments and
absorb the rest of the energy through different mechanisms [9]. The absorption
mechanism in the aluminum alloy would be the plastic deformation, since the
ballistic impact promotes a high pressure in the structure. This also contributes to
the non-linearity of the response curve equation (Fig. 3).

TraumaðmmÞ ¼ ð28� 3Þ�ð7:5� 1:3Þc1�ð4:6� 1:3Þc2 � ð9:3� 1:3Þc3
þð4:3� 1:9Þc1c3 þ ð5:8� 1:8Þc2c3

ð6Þ

In all specimens, the ceramic layer was totally fragmented. The behavior of the
other layers varied, depending on the material thickness. When the ceramic layer
was thinner (Fig. 4), typically, the projectile would not totally fragment, and could

Fig. 3 Response surface for
the trauma (Dsup) in the clay
witness as a function of the
coded thickness of the MAS

Fig. 4 Ballistic tested specimen type Ī10: a general front aspect; b detail of the back of the
composite
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be recovered, as shown in Fig. 4b. In the Ī10 configuration, since the composite was
thick (c2 = +1) and the aluminum was intermediate (c3 = 0), the armor was effi-
cient, and the trauma were 20 and 25 mm (two samples).

When the trauma was too high, approaching 40 mm, and the ceramic layer was
thin, as in the ĪĪ0 configuration, the armor tend to fail, as seen in Fig. 5.

The best typical behavior of the armor is shown in the Fig. 6a and b, for the 1Ī0
and 110 configurations. The ceramic was fragmented, and the composite layer was
not perforated. The other specimens followed one of the mentioned mechanisms.

The cost analysis is represented by the response surface in Fig. 7. Together with
Fig. 2 and 7 shows that the composite almost does not influence the cost, since it is
very cheap. Therefore, it can be an interesting advantage to maximize the composite
thickness, and minimize the others, when respecting the minimum performance by
the NIJ-0101.06 [8].

It is important to mention that there analyzes are not valid for the thickness (and
areal densities) outside the studied interval. However, the results have a high
amplitude, since the smaller trauma found was 9 mm, for the 110 configuration, and
the highest trauma was 53 mm the Ī0Ī, resulting in the failure of the MAS.

Fig. 5 Ballistic tested specimen type ĪĪ0: a general front aspect; b general back aspect of the
MAS

Fig. 6 Ballistic tested specimen type: a 1Ī0 and b 110
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Summary and Conclusions

Multilayered armor systems (MAS) composed of a front ceramic tile (Al2O3-4%
Nb2O5), a second layer of an epoxy composite reinforced with 30 vol.% of curaua
non-woven fabric, and a backing 5052 H34 aluminum alloy, were studied by means
of the ballistic tests.

The Box-Behnken Design (BBD), in conjunction with the Response Surface
Methodology (RSM), was used to evaluate the effect of the areal density of each
MAS layer in the overall performance of the three-layered MAS. In the NIJ
“backface signature” ballistic tests, the calculated coefficients of the BBD multiple
regression for the trauma was 7 for the ceramic, 5 for the composite and 9 for the
aluminum, indicating the importance of the aluminum for the energy absorption in
the MAS.

The ceramic is important for the energy absorption, however, as shown by
previous studies, another important feature is its fragmentation, redistributing the
energy over a larger area.

Although the trauma coefficient for the composite is lower, sometimes it is
advantageous to maximize the thickness of this layer, since it is lighter and less
expensive. However, it is important to observe if the other layers are not too thin,
resulting in too high trauma and/or fracture of the aluminum.

Acknowledgements The authors thank the Brazilian agencies CAPES and CNPq for the financial
support, and CAEX for performing the ballistic tests.

Fig. 7 Response surface for
the armor cost as a function of
the coded thickness of the
MAS
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Influence of the Blocks and Mortar’s
Compressive Strength on the Flexural
Bond Strength of Concrete Masonry

Gustavo H. Nalon, Rita de C. S. S. Alvarenga, Leonardo G. Pedroti,
Marcelo A. Alves, Roseli O. G. Martins, Carol F. R. Santos,
Igor K. R. Andrade and Beatryz C. Mendes

Abstract This work presents an experimental investigation of the influence of
concrete blocks and mortar’s compressive strength on the flexural bond strength,
normal to the bed joints, of concrete structural masonry. Third-point beam tests
were performed on concrete prisms, considering two different kinds of concrete
blocks (compressive strength of 5.9 and 8.2 MPa) and six different cement-lime
mortar compositions (compressive strength around 30, 70, and 120% of the blocks’
net area compressive strength). Units’ absorption and mortar’s initial flow and
water retentivity were not varied, but remained within the suitable range for use in
structural masonry. For both types of concrete blocks, it was observed an increase
on the prism’s flexural bond strength with the increase of the mortars’ compressive
strength. A lower mortar’s water-cement ratio led to higher bond strength. When
fixing the ratio between mortar’s and concrete block’s compressive strength, it was
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noticed that the increase on the blocks’ strength contributed to a slight increase on
the masonry’s flexural bond strength, except when using high strength mortar, in
which the increase was significantly greater.

Keywords Masonry structures � Mortar properties � Concrete blocks properties
Flexural bond strength

Introduction

Structural masonry is a construction system in which blocks, mortar, and, even-
tually, grout, are responsible for supporting the acting loads and transferring them
to the foundation elements. Then, this kind of structure is constructed with different
components, each one with its own mechanical and elastic properties. Therefore,
the masonry’s strength, deformability, and failure mode are directly related to the
properties of its basic components. Moreover, all of the masonry’s components are
considerably heterogeneous, so that their mechanical behavior also depends on the
properties of the cement, lime, and aggregates used in their production.

At this point, it is possible to understand the difficulties of correctly predicting
the overall behavior of structural masonry from simplified analytical and numerical
models. Laboratory experimentation is also necessary in order to verify the influ-
ence of the properties of each component on the behavior of the whole structure.

Concrete blocks have a primordial function in the behavior of the structural
masonry. According to Ramalho and Correa [1], the units are the main responsible
for the strength of masonry elements. On the other hand, the main functions of the
mortar are the union of the units, the uniform transmission of loads, and the
accommodation of small deformations, as the same authors point out. The Brazilian
Standard NBR 15961-1:2011 [2] requires that the mortar compressive strength
should be at most 70% of the concrete blocks’ net area compressive strength.
ASTM C 1329 [3] and C 270 [4] classify mortars in various types (M, S, N, and O),
which have different kinds of application.

Masonry elements are not subject only to vertical actions, but also to the lateral
pressure of the wind and earthquakes, or to the effect of eccentric loads. These types
of actions mobilize the elements’ bending and shear strength. Many authors already
studied the occurrence of masonry’s bending due to horizontal actions, which are
responsible for the development of tensile stresses in different directions. According
to Brown and Melander [5], the direction of the stresses (parallel or normal to the
bed joints) determine the failure mechanism of masonry walls. Testing solid clay
masonry walls, the authors found that the flexural strength parallel to bed joints
depends mainly on the shear strength of the bed joints. On the other hand, the
flexural strength normal to the bed joints is very dependent of the bond between
blocks and mortar.

In this respect, Parsekian, Hamid, and Drysdale (2012) [6] state that the flexural
bond strength is related to the block/mortar adhesion mechanism, which depends on
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the chemical adhesion and mechanical interlocking between these components.
Lumantarna et al. [7] tested unreinforced clay brick masonry of existing buildings
in New Zealand, and also concluded that almost all of the field samples presented
bond failures on the mortar joints.

Different properties of blocks and mortar can affect the masonry’s flexural bond
strength. According to Rao et al. [8], increases in the cement mortar’s compressive
strength contribute to increases in the masonry’s flexural bond strength, irrespective
of the kind of block. Low cement content leads to lower values of flexural bond
strength. The same authors also verified that units with higher roughness and
greater wall thickness led to greater masonry’s flexural bond strength. Yuen and
Lissel [9] investigated how the bond strength depends on the bricks’ absorption,
construction methods, and curing methods, and stablished correlations between
these factors. Ajith et al. [10] investigated the flexural bond strength of concrete
masonry with 2 mm polymer glue mortar. They concluded that the flexural bond
strength depends on the type of mortar, the techniques of dispersion, and the
roughness of the blocks. They found that thin bed masonry presents better flexural
bond strength than the conventional masonry.

Flexural tests with simply supported beams or vertical walls can be performed in
order to determine the masonry’s flexural bond strength, normal to the bed joints.
This work aims to experimentally evaluate elements of concrete structural masonry
submitted to flexural stresses. Using different types of concrete blocks and
cement-lime mortar compositions, an experimental program was developed in order
to verify the influence of the concrete blocks and mortar’s mechanical properties on
the masonry’s flexural bond strength.

Materials and Methods

Two different concrete block strength levels were selected for this study. All of the
blocks were produced in Contagem, Minas Gerais, Brazil, and had a nominal size of
(140 � 190 � 390) mm. Experimental tests were conducted in order to determine
concrete blocks’ actual dimensions, water absorption, initial rate of absorption, net
area and compressive strength, as prescribed by NBR 12118: 2013 [11]. The
splitting tensile strength was determined as recommended by the ASTM C1006—
07 [12]. To determine the static modulus of elasticity of the blocks, the Brazilian
standard NBR 8522: 2008 [13] was used. The longitudinal deformation of the
blocks was measured by electrical strain gauges positioned at two points of the
block’s longitudinal walls. The load was applied by an EMIC hydraulic press,
PCE200PLUS model, and recorded by the machine’s load cells. The modulus of
elasticity was calculated between the points of compressive stress of 0.5 MPa and
30% of the estimated blocks’ compressive strength. Images of some of these tests
are presented in Fig. 1.

Different cement-lime mortar compositions were produced, which had com-
pressive strength close to 30, 70, and 120% of the concrete blocks’ net area
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compressive strength. Thus, one of them would have compressive strength close to
the maximum limit stipulated by the Brazilian standard for structural masonry,
another below and the other above this limit. To produce the mortar, the following
construction materials were used: natural sand from Porto Firme, Minas Gerais,
Brazil; Portland cement CP II E-32, produced by Tupi; and hydrated lime CHIII
Supercal, produced by Ical.

The preparation of each mortar composition started by mixing sand, lime, and
water in the appropriate proportions. The mixture was then weighed and allowed to
mature for approximately 24 h. After this time, the cement and the amount of water
lost by evaporation were added, following a new mechanical mixing. The tem-
perature and humidity of the environment at the time of mixing were recorded.
After preparation, the mortar was submitted to experimental tests to determine the
consistency index, according to NBR 13276:2016 [14], and water retentivity,
according to NBR 13277:2005 [15]. The goal was to maintain the mortar’s flow in
the range of (230 ± 10) mm, which is recommended for structural masonry,
according to Parsekian and Soares [16]. As the same authors state that high water
retentivity is desirable, this parameter was maintained in the range of (90 ± 5)%.

Four-block prisms were produced with each kind of block and mortar, according
to the recommendations of NBR 15961-2: 2011 [17], and using full mortar bedding
and joint thickness of (10 ± 3) mm. The production steps of these specimens are
presented in Fig. 2. Before placing the mortar, the concrete blocks were moistened,
since the water retentivity of the mortars was high. For each batch of prisms, six
(40 � 40 � 160) mm mortar prisms and four (50 � 100) mm cylindrical speci-
mens were cast to be tested after 28 days of cure. Table 1 summarizes a couple of
specific characteristics of the batches of prisms. Each batch had three specimens.

The prisms were kept immobile for 28 days, and protected from heat and wind.
The mortar specimens were left inside the environmental room for the same period.
After this time, mortar flexure and compression tests were conducted, according to
NBR 15961-2: 2011 [17]. Mortars` modulus of elasticity was determined with the
cylinder specimens, which was calculated between the points of compressive stress
of 0.5 MPa and 30% of the mortar’s estimated compressive strength. Mortar
characterization tests are shown in Fig. 3.

Fig. 1 Characterization of the concrete blocks
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In order to determine the flexural bond strength, normal to the bed joints,
third-point beam tests were performed on the concrete prisms. The prisms were
horizontally placed under the movable plate of an EMIC universal testing machine,
model 23-600, supported on steel rollers in the positions shown in the diagram if
the Fig. 4. The diagram also shows the position of two other rollers on the central

Fig. 2 Four-block prisms production

Table 1 Characteristics of the batches of prisms

Name of the prisms
batch

Block’s net area compressive
strength

Mortar’s compressive
strength

B1 M < 40 f B1bk fa � 0:40f B1bk

B1 M70 fa � 0:70f B1bk

B1 M > 100 fa � 1:00f B1bk

B2 M < 40 f B2bk fa � 0:40f B2bk

B2 M70 fa � 0:70f B2bk

B2 M > 100 fa � 1:00f B2bk

Fig. 3 Characterization of cement-lime mortars
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blocks of the prism. These rollers work as a support for a plate centralized in the
load axis of the testing machine. The load was applied by displacement control, at a
speed of 0.01 mm/s, until the rupture of the prism.

Results and Discussion

Table 2 shows the properties obtained from the characterization tests of the con-
crete blocks. The net area compressive strength of B2 blocks was 36.7% greater
than that of the B1 blocks. Both types of blocks had a water absorption lower than
the maximum value suggested by the Brazilian standard, 10%. The strongest block
showed a lower water absorption and initial rate of absorption. Splitting tensile
strength was around 15% of the compressive strength of the blocks.

Table 3 summarizes, for each mortar composition, the proportions between
cement, lime, sand, and water; its consistency index and water retentivity. Flow and
water retentivity were within the ranges recommended by Parsekian and Soares
[16].

The flexural bond strength ft of the masonry, normal to the bed joints, was
determined based on the results of the third-point beam tests, with the following
equation:

ft ¼ 6
l� t2

W=Hð Þ � L2

8
þ P� b

2

� �

In this equation, W and H are the prism’s weight and height, respectively; l and
t are the concrete block’s length and width, respectively; P is the failure load; and
L is the distance between the support rollers.

Fig. 4 Third-point beam tests
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Table 4 presents the properties obtained from third-point beam and mortar tests.
The third-point beam tests presented a large dispersion of results, so the use a
greater number of specimens is a suggestion for these types of tests. Despite this, it
was still possible to verify interesting trends in the masonry behavior, which will be
discussed below. All of the batches of prisms presented the desired values for the
ratio between mortar’s compressive strength and block’s net area compressive
strength. The modulus of elasticity of the mortar increased with the increase of its
compressive strength, in proportions similar to those reported by some of the works
cited by Brooks [18].

For any kind of prism, the rupture occurred in a brittle and sudden manner, due
to the loss of adhesion between the face of the block and the mortar joint, most
often in just one of the prism joints. Figure 4 represents this failure mode. It was
noted that the blocks were practically intact at the end of the tests. The factors that
interfere in the adhesion between block and mortar deserve, therefore, more
attention. Comparing all of the prism batches, mortar’s flow and water retentivity
did not change significantly. The AAI of B1 blocks was slightly smaller than the
AAI of B2 blocks. Labor and type of cure also did not vary between the batches.

Table 2 Characterization of the concrete blocks

Property B1 blocks B2 blocks

Average width (mm) 138 140

Average length (mm) 390 390

Average height (mm) 190 190

Water absorption (%) 6.2 5.5

Initial rate of absorption (IRA) [(g/193.55 cm2)/min] 8.27 7.09

Ratio of An/Ag (%) 0.54 0.55

Gross area average compressive strength (MPa) 7.6 9.4

Gross area characteristic compressive strength (MPa) 5.9 8.2

Net area characteristic compressive strength (MPa) 10.9 14.8

Splitting tensile strength (MPa) 0.83 1.28

Modulus of elasticity (MPa) 7,310 15,769

Table 3 Mortar compositions, flow and water retentivity

Mortar Used in the
prisms

Mix proportions (by mass) Flow
(mm)

Water
retentivity
(%)

Cement Lime Sand Water

M1 B1 M < 40 1.00 2.20 8.50 2.25 232 94

M2 B1 M70 1.00 0.39 6.44 1.32 230 91

M3 B1 M > 100 1.00 0.25 4.22 0.90 226 89

M4 B2 M < 40 1.00 0.45 7.48 1.49 218 85

M5 B2 M70 1.00 0.32 5.25 1.07 212 92

M6 B2 M > 100 1.00 0.20 3.39 0.74 231 86
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Then, the main parameters varied were the compressive strength of mortar and
concrete blocks.

The prisms’ flexural bond strength, normal to the bed joints, increased signifi-
cantly when the mortar’s compressive strength increased, either when using the
weakest blocks (B1 blocks) or the strongest blocks (B2 blocks). The use of mortar
compositions with greater amount of cement, in comparison to the other compo-
nents, provided a better mechanical interlocking of the suctioned paste into the
pores of the concrete. When the mortar compressive strength increased by about
four times, the average flexural bond strength increased by 90% when using B1
blocks and 174% when using B2 blocks.

In general, prisms with high strength mortar presented the best performance in
the third-point beam tests. However, it is worth remembering that mortars with very
high compressive strength do not give the masonry a good structural performance in
compression. The experimental results of Alvarenga et al. (2017) [19] showed that
the use of low-strength mortars prevents an excessively brittle rupture of the
masonry under compression, and does not compromise the masonry’s compressive
strength and stiffness. Therefore, it is desirable to choose a mortar that provides a
good structural performance of the masonry under both vertical and lateral actions.

The increase of the blocks’ compressive strength did not increase the flexural
bond strength of the masonry in the prisms whose mortar’s compressive strength
complies with the maximum limit stated by the Brazilian standard (70% of the
block’s net area compressive strength), that is, the batches B1 M < 40, B1 M70,
B2 M < 40, and B2 M70. When the maximum limit is extrapolated (B1 M > 100
and B2 M > 100), a significant increase of the flexural bond strength is verified
when stronger concrete blocks are used. In fact, when using mortars with com-
pressive strength greater than the blocks’ net area compressive strength, there was a
nearly 50% gain in the flexural bond strength of the masonry by increasing the
blocks’ compressive strength by about 40%.

Table 4 Results of the third-point beam and mortar tests

Prisms Average
flexural bond
strength
ft (MPa)

Mortar
strength
fm (MPa)

fm /fbk
Net Area (%)

fm /fbk
Gross Area (%)

Modulus of
elasticity of the
mortar Em (MPa)

B1 M < 40 0.147 3.9 35.8 62.7 5,506

B1 M70 0.210 7.5 68.8 118.6 13,575

B1 M > 100 0.279 14.3 131.2 208.5 17,649

B2 M < 40 0.149 4.3 29.0 52.4 8,145

B2 M70 0.218 10.2 68.9 124.4 14,745

B2 M > 100 0.408 18.4 124.3 224.4 19,769
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Conclusions

In conclusion, the masonry’s flexural bond strength, normal to the bed joints, is
directly related to both the characteristics of its basic components, and the complex
interaction between them. Third-point beam tests were satisfactory to evaluate the
influence of blocks and mortar’s compressive strength on the structural behavior of
masonry subjected to lateral actions. The failure mode typically verified in these
tests was the breaking of adhesion between block and mortar. The use of stronger
mortars ensured better bonding of the mortar’s binder components in the masonry
units. Then, the masonry’s flexural bond strength increased with the increase of the
compressive strength of the mortar, regardless of the block’s compressive strength.
Since the low strength mortars presented a lower flexural bond strength, they should
not be used for structural masonry. The Brazilian standard stablishes a minimum
compressive strength of 1.5 MPa for mortar’s structural masonry. Despite the gains
of flexural bond strength with the increase of the mortar’s compressive strength, it is
not advisable to use very high strength mortars, as they can cause a very brittle
failure of the masonry when it is subjected to compressive stresses. Therefore, the
prisms whose mortar had a compressive strength close to 70% of the concrete
blocks’ net area compressive strength (B1 M70 and B2 M70), presented the
structural behavior that seems to be the most suitable for the concrete structural
masonry subjected to flexure or compression. When the mortar’s compressive
strength is lower than 70% of the block’s net area compressive strength, the
experimental results showed that the use of stronger blocks did not significantly
contribute to the increase of the masonry’s flexural bond strength
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Influence of Two Solubilization Conditions
at 718 Superalloy Hardness
and Microstructure

Fabio da Costa Garcia Filho, Dian Souza de Oliveira
and Sergio Neves Monteiro

Abstract The properties of the nickel based superalloys, in particular 718
nickel-based alloy, are mainly improved by the hardening mechanism, which is
based on precipitation of second phases. This work aimed to compare the evolution
of precipitation hardening in a 718 alloy microstructure for two different solubi-
lization conditions: 1050 °C for 2 h and 970 °C for 2 h, followed by a period up to
120 h of aging at 800 °C and correlated to the values of hardness. The
microstructure was analyzed by optical microscopy. Vickers hardness test was
performed and the grain size was measured. It was verified an increase on the
hardeness of this material up to 15 h of aging, after that the value decreased to a
level that is maintained until 120 h for both solubilization conditions.

Keywords Precipitation hardening � 718 alloy � Optical microscopy

Introduction

The continuous research for materials capable of being put into extreme conditions of
temperature, load and corrosive environments, without significant losses of proper-
ties, resulted in the development of so-called super alloys during the 1950s [1].

Among nickel superalloys, 718 alloy are especially noteworthy once they are the
most manufactured nickel alloy, finding applicability in several industries, such as
aerospace, nuclear or petroleum. The great applicability of this alloy is based on the
combination of excellent mechanical properties, fatigue and creep resistance, as
well as ductility and stiffness, corrosion resistance, good formability and welding
properties [1–4].

The properties of the 718 alloys are due the hardening mechanism which is the
precipitation of the second phases or aging. In the 718 superalloy, the matrix shows
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a face centered cubic (FCC) crystalline structure. The c± phase (Ni3Nb—tetrag-
onal) has a prominent role in the mechanical properties of the alloy, as the main
hardening phase, while the c′ phase (Ni3 (Al, Ti)—FCC) is coherent and ordered
with the matrix and less effective in the hardening of this alloy. On the other hand,
the c″ and c′ phases are metastable and under certain conditions can present
transformations for stable phases, such transformation in the case of c″ results in the
appearance of the d phase, of the same composition (Ni3Nb), with orthorhombic
crystal structure, which may have deleterious effects on the alloy, decreasing the
mechanical properties of the alloy [5–12].

The superalloy is hardened by the precipitate c″ and the degree of hardening is a
function of the amount, size and distribution of c″ in the matrix. In this context, this
paper aimed to verify the hardness of the alloy and to correlate with the
microstructure of the material. So, two different thermal treatments of solubilization
were performed, the first at 1050 °C while the second at 970 °C, both for 2 h,
followed by aging at 800 °C for a period up to 120 h. The difference of this
treatment can lead to a difference in the microstructure and, in this way, results on
the properties of the alloy.

Materials and Methods

The 718 nickel-based alloy used was obtained from the company Multialloy, and
was received in the form of a hot rolled round bar. This bar was cut into several
1.5 cm samples to allow different tests and heat treatment conditions to be ana-
lyzed. The chemical composition of the sample received is shown in Table 1 and it
is in agreement with the percent values of the 718 alloys [1]. Figure 1 shows the
sample as received (in bar form) as well as samples already cut.

After the samples were cut, they were submitted to different aging conditions.
Carbolite CWF 13/23 was used for this purpose. Table 2 presents the summary of
thermal treatments performed.

To perform the Vickers hardness measurement, INDENTEC digital equipment
was used. The equipment Olympus, model GX71 was used for the optical micro-
scopy observation. The chemical attack used in order to reveal the microstructure is
described in Table 3. The average grain size was measure by the software AnaliSIS
Auto.

Table 1 Composition (wt%) of 718 superalloy samples

Ni Cr Fe Nb Mo Ti Al Co V Zr

54.1 17.28 18.65 4.78 3.02 0.87 0.57 0.322 0.022 0.015

C Mn Si P S B Cu W Mg Sn

0.046 0.101 0.09 0.0064 0.0082 0.0049 0.028 0.088 0.024 0.0082
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Results and Discussion

Figure 2 shows the Vickers hardness versus aging time curve for the two solubi-
lization conditions. This result represents an indicator of the microstructural evo-
lution of each of the conditions.

Condition 1 of solubilization presents the minimum value of hardness,
approximately 175 HV. which represents the sample in supersaturated solid solu-
tion condition. In this condition neither c″ nor c′ should be observed as well as the d

Fig. 1 Received bar form (a) and cut samples (b)

Table 2 Summary of thermal treatments

Solubilization Aging

Condition #01 T = 1050 °C t = 2 h Water
quenching

T = 800 °C t = 30 min. 1 h.
2 h. 4 h. 8 h.
15 h. 30 h. 60 h
e 120 h

Water
quenching

Condition #02 T = 970 °C t = 2 h Water
quenching

T = 800 °C t = 30 min. 1 h.
2 h. 4 h. 8 h.
15 h. 30 h. 60 h
e 120 h

Water
quenching

Table 3 Chemical attack used to reveal the microstructure and the procedure

Compounds Volume (ml) Procedure

Acetic acid 10 Immerse the sample into the solution for about 30 s, remove
the sample, clean with alcohol and blow-dryNitric acid 10

Hydrochloric
acid

15

Glycerin 5

Influence of Two Solubilization Conditions … 577



phase. It is possible to see a continuous increase in the hardening of the material
until between 8 and 15 h of the aging treatment where the higher hardness of the
alloy were obtained, approximately 440 HV. This represents two and a half times
the average hardness for the solubilized condition. It was also verified a third stage
in the hardness versus aging curve, in which after the maximum of properties were
obtained, a drop to a plateau of approximately 375 HV is observed, where the
properties remain approximately constant even for long periods of exhibition. The
decline of the properties may be associated with the coalescence of c″ precipitates
as well as their dissolution in favor of d precipitation.

Condition 2 of solubilization, it is observed that under the condition of a
supersaturated solid solution the alloy has an average hardness of about 275 HV.
From then there is a hardness increase up to the maximum value that occurs with
15 h of aging treatment. 400 HV. after this maximum there is a decrease in the
properties until the plateau of approximately 330 HV that remains until the end of
exposure, 120 h.

It is noteworthy that both curves present similar behavior. It is clear the existence
of three distinct stages in the hardness curve of this alloy. The first is the minimum
hardness point, which occurs in the condition of supersaturated solid solution, from
that point there is a continuous increase of hardness until the maximum value of
hardness is obtained in both cases with 15 h of aging. After the maximum, there is a
decline in properties until it reaches a plateau that remains approximately constant
until long periods of exposure 120 h. On the other hand, some differences are
observed and the following discussion tries to explain them.

The hardness of the solubilized condition presents a higher value for condi-
tion 2, approximately 270 HV against 175 HV in condition 1. This difference may

Fig. 2 Vickers hardness versus aging time curve for the two solubilization conditions performed
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be associated with grain size, since in the solubilized condition we do not have the
precipitation of hardening phases (c″ and c′). Figure 3 shows the microstructure of
the solubilized samples for conditions 1 and 2.

The average grain size measurement was performed and the results are sum-
marized in Table 4. It is clear that the higher solubilization temperature of condi-
tion 1 allowed a higher grain growth and consequently lower hardness when
compared to condition 2.

The maximum hardness value found in condition 2 is about 10% lower than that
found in condition 1, which may be related to the fact that the solubilization
temperature of condition 2 is below the solubilization temperature of d (around
1000 °C), and thus the existence of this phase in the condition of “as received”
(previous to the heat treatments performed) would imply the lowest amount of Nb
in solid solution for the precipitation of the hardening phase c″. Cai et al. [13],
presents a study on the kinetics of dissolution of the d phase in 718 alloy, the
authors show that for temperature of 1020 °C there is the total dissolution of d in
the matrix c after 2 h. On the other hand, by maintaining the alloy at 980 °C for up
to 6 h a certain amount of d can still be detected. Thus, solubilization condition 1
(1050 °C for 2 h) would allow the total dissolution of d. but condition 2 (970 °C
for 2 h) would not be able to do so. Figure 4 shows the microstructure of the
solubilization condition 2, and the presence of d phase in the grain boundaries is
observed, which was not observed for the solubilization condition 1, in this way,
agreeing to what was discussed.

The decrease in mechanical properties that occurs after the maximum hardness is
more pronounced in condition 2 than in condition 1, reaching a plateau of 330 and
375 HV. This represents a drop of about 18% for condition 2 and 15% for con-
dition 1. The difference may also be associated with the presence of d in the “as
received” condition and growing of this phase.

Fig. 3 Microstructure of the solubilized samples for conditions 1 (a) and 2 (b). 200�
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Conclusions

• Precipitation of the second phases, such as c″ and c′, is the main hardening
mechanism in the 718 nickel-based super alloy. At both studied condition the
higher value of hardness was achieved after 15 h of treatment, 440 and 400 HV
for each condition.

• The grain size also represents an important hardening mechanism, when there is
the absence of second phases. It was showed that when the material was in the
condition of supersaturated solid solution, the decrease of the grain size
increased the hardness of the material. In this case, an average grain size of
31.025 lm obtained 175 HV while an average grain size of 10.225 lm obtained
270 HV.

• The presence and growth of d phase presents a decrease in the hardness of the
material which could be well observed at hardness versus aging time curve. The
differences between the curve of both solubilized condition was also discussed,
and it was verified that the temperature of solubilization of one of the conditions

Table 4 Grain size measure

Grain size (lm) Standard deviation

Condition #01 31.025 3.685

Condition #02 10.225 0.403

Fig. 4 Microstructure of the solubilization condition 2, and the presence of d phase in the grain
boundaries. 1000�
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was not able to dissolute all d phase of “as received” condition while the other
was able promote the total dissolution of the d phase.
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Irradiation Influence on the Properties
of HMS-Polypropylene Clay/AgNPs
Nanocomposites

Washington Luiz Oliani, Duclerc Fernandes Parra,
Vijaya Kumar Rangari, Nilton Lincopan
and Ademar Benevolo Lugao

Abstract Due to its versatility and low cost, polypropylene (PP) is one of the most
widely used polymers in the world, consequently in research and development of
new products. The polypropylene modified was prepared by gamma irradiation in
acetylene at 12.5 kGy dose, technical polymer also known as
high-melt-strength-polypropylene (HMSPP). It was mixed with montmorillonite
(MMT) clay and silver nanoparticles (AgNPs) for bactericide activity.
HMS-Polypropylene-clay-silver nanocomposites were manufactured using
twin-screw extruders. Those materials were prepared by a melt mixing process via
twin screw extrusion with a wide range of processing conditions. The polypropy-
lene nanocomposites (PPNC) surfaces were exposed to gamma-radiation (60Co)
source in presence of nitrogen as inert atmosphere at 1; 3; 5; 10; 20 and 50 kGy
doses for modified the surfaces in order to enhance biocide activity. The samples
surfaces were characterized by Differential Scanning Calorimetry (DSC), X-ray
Diffraction (XRD), Thermogravimetric Analysis (TGA), Scanning Electron
Microscopy (SEM), Energy Dispersive Spectroscopy (EDX) and evaluated by
determination of bactericide effects. The results indicate the formation of structures
predominantly intercalated of HMSPP nanocomposite. Contact tests for antibac-
terial activity of the hybrid polymer were applied against Escherichia coli
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(Gram-negative) and Staphylococcus aureus (Gram-positive) bacteria. The irradi-
ations on the samples surfaces were insufficient to promote activity on contact
biocide tests.

Keywords Polypropylene � AgNPs � Clay � Gamma irradiation
HMSPP

Introduction

Linear polypropylene (PP) has very attractive properties such as high modulus and
tensile strength rigidity and excellent heat resistance. However, its linear structure
leads to poor processability in processes involving melt stretching, such as extru-
sion coating, foam extrusion and film blowing. Branches are introduced into linear
PP to produce “high-melt-strength polypropylene” having enhanced processability
[1–3].

The radiation induces reactions in polymers and is thus named: crosslinking and/
or scission, and grafting and/or curing. The addition of oxygen with the polymeric
free radical forms the peroxy and hydroperoxides species, which on decomposition
forms smaller molecules and polymer degradation [4].

PP is known to be little resistant to energy gamma-irradiation due to a tendency
to orientation and oxidation embrittlement. The effect of gamma-rays induces chain
scission and degradation effects resulting in a reduced melt viscosity and severe
embrittlement. Phenolic antioxidant application is recommended to avoid degra-
dation in processing [5].

Otaguro et al. [6] studied the degradation of high molecular weight iPP subjected
to gamma radiation in nitrogen atmosphere. They reported that at low irradiation
doses (below 12.5 kGy) the chain scission was the preferential process. As the dose
level was increased above 12.5 kGy, the crosslinking predominated. Recent study
[7] investigated the influence of gamma-irradiation doses from zero up to 50 kGy
on the polypropylene foams, and reported the mainly impact of radiation on their
structural and physical properties. The irradiation was performed under air envi-
ronment and the results were crosslinking when exposed to low doses, 1 and 5 kGy,
while scission occurred at higher doses.

Long-Chain-Branching (LCB) polypropylene obtained by IPEN process [8] adds
specific properties, such as: visbreaking, high extensional viscosity, etc. In this sense
is also desirable to develop polypropylene nanocomposite with the addition of inor-
ganics for obtain the called HMSPP nanocomposites with typical properties [9].

Polymer nanocomposites (PCNs) are polymer based materials that incorporate
filler elements at least one dimension in the nanometer range. Products are
increasingly developed for commercial applications ranging from building
infra-structure of food packaging to biomedical devices among others products [10].
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Silver incorporation in MMT plays an important role due to the possibilities of
creating an antibacterial material with slow release of silver species in order to
obtain a prolonged antibacterial activity [11].

The dispersion of particle clusters is important in productive processes, whose
purpose is to improve properties in products [12]. Sonochemistry offers a simple
route to nanomaterials synthesis with the application of ultrasound [13]. In addition
ultrasound proved to be an important tool for the promotion of inorganic clusters
dispersion, including clay and silver [14].

In recent paper the polypropylene nanocomposite materials were prepared with 5
and 10 wt% Cloisite C20A clay, jointly with 0.6 and 1.2 wt% of maleic anhydride
(MA) for the simultaneous polymer functionalization and clay dispersion in a twin
screw extruder. The greater level of clay dispersion was verified by the displace-
ment of the XRD diffraction peak to lower angles, indicating an intercalated-
exfoliated structure [15].

Polyethylene fibers containing AgNPs were prepared through the chemical
reduction under ultrasound irradiation. The effect of reducing reagent, power of
ultrasound source, reaction time and temperature in growth of the nanometric silver
were studied. Particle sizes and morphology of nanoparticles are depending on
power of ultrasound irradiation [16]. The processing by extrusion of polyolefins
(polyethylene and polypropylene) nanocomposites with acquisition of properties
and biocide activity should be an economically viable method and is has been
intensely researched [17–19].

The aim of this research is to study the influence of surface radiation and
changes in the morphology of HMS-polypropylene nanocomposite with clay/
nanosilver, as well as dispersion of inorganic clusters. It would be desirable if
surface radiation of HMSPP could promote silver exposition for detect biocide
activity in polypropylene films.

Experimental

Materials

The isotactic Polypropylene (iPP) was supplied by Braskem—Brazil in pellets with
MFI = 2.1 dg min−1, Mw = 470,000 g mol−1 and density = 0.905 g cm−3. The
acetylene 99.8% supplied by White Martins S/A, of Brazil, was used to synthesis of
modified polypropylene. The AgNPs were purchased from Sigma Aldrich, and PVP
(average molecular weight = 1,300,000 g mol−1), which acted as a surfactant for
the AgNPs, was Plasdone. Silver nanoparticles (AgNPs) were purchased from
Sigma Aldrich. The commercial nanoclay Cloisite 20 was provided by BYK
Additives Company and antioxidant (BASF Irganox B225ED) was added in small
amount 2.0 wt%, to prevent the polypropylene from oxidizing.
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Radiation Process

The irradiation of the PP pellets was performed under acetylene atmosphere and
used 60Co gamma source at dose rate of 5 kGy h−1. The polypropylene irradiation
was performed at 12.5 kGy dose, monitored by a Harwell Red Perspex 4034
dosimeter. After irradiation, the PP pellets were subjected to heat treatment in order
to eliminate recombination and residual radicals [20, 21].

Preparations of Clay@AgNPs-PP Nanocomposites

The PP0 (HMSPP 12.5 kGy) in pellet was mixed with Irganox B 215 ED in a rotary
mixer and maintained under this condition for 2 h. The mixing Clay@AgNPs was
prepared by sonochemical method. For the preparation the solution of PVP with
ethanol and AgNPs was in first step, sonificated by 3 h and added with clay, in
second step, by one of hour. It was used a Unique ultrasound equipment model
DES 500, with a working frequency of 20 kHz and maximum intensity output of
500 W.

Then the mixture was processed with the addition of silver nanoparticles
(AgNPs 0.5% by weight) with Clay in a twin-screw extruder Haake co-rotating,
model Rheomex PTW 16/25, with the following processing conditions: the tem-
perature profile (feed to die) was 180–210 °C, with a speed of 100 rpm and torque
of 37–40 Nm. After processed, the nanocomposites were granulated in a granulator
Primotécnica W702-3. These masterbatches (PP0 with AgNPs and clay) were
irradiated at doses of (1; 3; 5; 10; 20 and 50 kGy) under an inert atmosphere of
nitrogen. The samples were pressed at 190 °C for 15 min in the mold and then
cooled to 23 °C. Samples of films in the square dimension of 4 � 4 cm2 were
tested. In this work, the samples are presented according Table I and the PPNC
films obtained by extrusion are reported in Scheme 1.

Table 1 Polypropylene
nanocomposites (wt%)
description

Samples Dose (kGy) Irganox Clay AgNPs

PP0 0 2 0 0

PPNC0 0 2 1 0.5

PPNC1 1 2 1 0.5

PPNC3 3 2 1 0.5

PPNC5 5 2 1 0.5

PPNC10 10 2 1 0.5

PPNC20 20 2 1 0.5

PPNC50 50 2 1 0.5

Obs.: PP0 HMSPP 12.5 kGy; PPNC Polypropylene
nanocomposite
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Simplified Scheme 1 of the preparation process of HMS-polypropylene
nanocomposite represents the polymer matrix the iPP being irradiated with
gamma rays in the presence of acetylene gas. Consequent formation of long chains
branched (LCB) is favorable to homogeneous dispersion of nanosilver. The dis-
tribution of the clay is preferably exfoliated and the AgNPs are anchored in PP
matrix favorable by LCB chains.

Characterization

Differential Scanning Calorimetry

DSC 822e (Mettler Toledo) was carried out to investigate the crystallization and
melting temperature. The samples about 10 mg were melted at 280 °C for 5 min,
followed by cooling at a rate of 10 °C min−1. Non-isothermal crystallization were
carried out by cooling samples program of −50 to 280 °C at heating rate 10 °C
min−1 under nitrogen atmosphere with two cycles of heating and cooling.

The crystallinity was calculated according to the Eq. (1):

XC %ð Þ ¼ Px
DHf � 100

DH0
: ð1Þ

Where: DHf is melting enthalpy of the sample, DH0 is melting enthalpy of the
100% crystalline PP which is assumed to be 209 kJ kg−1 [22], and P was the
fraction content of PP in the sample.

Scheme 1 Model illustrates stabilization and distribution of AgNPs and nanoclay-platelet in film
of polypropylene (PPNC)
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X-ray Diffraction

X-ray diffraction measurements were carried out in the reflection mode on a
PANalytical, model X’Pert PRO, operated at 40 kV voltage and current of 45 mA
equipped with an X′ Celerator solid-state linear detector. The diffractometer CuKa
radiation (k = 1.541841Å) and the spectra were recorded in the 2h range of 1.0°–80°.

Thermogravimetric Analysis

The thermogravimetric (TG) measurements were performed using Mettler-Toledo,
SDTA 851, at temperature range from 25 to 600 °C at heating rate 10 °C min−1

under nitrogen atmosphere.

Scanning Electron Microscopy and Energy Dispersive
Spectroscopy

Specimens were examined with a Hitachi TM3000 Table-top SEM coupled with a
Bruker QUANTAX 70 for the collection of EDX data. SEM coupled with
backscattered electron detector (BSE) and energy dispersive X-ray spectroscopy
(EDX). Sample sections for the EDX analysis were taken at Analy Mode, and the
acquisition period was 120 s.

Determination of Antibacterial Activity

An aliquot (400 lL) of a cell suspension of either Staphylococcus aureus ATCC
27853 (106 cells mL−1) or Escherichia coli ATCC 25922 (106 cells mL−1) prepared
using the method described in JIS Z 2801 [23]. were held in intimate contact with
each of the 2 replicates of the test surfaces supplied using a 45 � 45 mm2

polypropylene film for 24 h at 37 °C under humid conditions. The viable cells in
the suspension were enumerated by viable cell counts on MacConkey Agar after
incubation at 37 °C for 24 h using a 100 lL sample taken from the test surfaces.
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Results and Discussion

Differential Scanning Calorimetry

The radiation induces changes in the crystallinity of polypropylene and combina-
tion of two opposing effects: (1) increase caused by chain scission, therefore
degradation and (2) decrease induced by crosslinking of the polymer [24].

The DSC results are summarized in Table 2 and Fig. 1 shows the DSC event of
melting in the second heating run of the PP0, as well as the polypropylene
nanocomposite PPNC.

According to the results showed in Fig. 1 and Table 2, polypropylene
nanocomposite crystallinity is clearly affected by radiation dose. The lower

Table 2 Effects of c irradiation dose on thermal properties of polypropylene nanocomposite

Samples Melting peak temperature Tm2/°C
(±0.1%)

Degree of crystallinity, XC /%
(±0.5%)

PP0 161.1 47.6

PPNC0 161.4 47.3

PPNC1 160.2 44.6

PPNC3 159.7 44.3

PPNC5 158.9 44.4

PPNC10 158.8 45.9

PPNC20 158.8 43.0

PPNC50 157.0 37.6

Fig. 1 DSC curves in the melting of the second heating run of PP with different doses radiation
(kGy)
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crystalline phase percentage was verified mainly in 20 kGy and 50 kGy samples,
therefore the reduction in crystallinity was accompanied by formation of
crosslinking. The occurrence of double endotherms during DSC in samples PPNC
20 kGy and 50 kGy is attributed to the presence of different crystal transformation
during heating, reorganization during heating and segregation of molecules with
irregularities that form crystals with lower Tm [25]. The rise in crystallinity of
polypropylene is attributed to the scission of tie molecules located in amorphous
phase followed by chemicrystallization forming new perfect lamellae of alfa-crystal
chains. However, the reduction in crystallinity at 25 kGy doses was accompanied
by formation of crosslinking, b and gamma-phases [26], corroborating with results
reported in Table 2 and Fig. 1, for PPNC20 and PPNC50 samples.

X-ray Diffraction

The X-ray diffraction patterns of typical PP@AgNPs@Clay films are illustrated in
Fig. 2.

The crystal structure and nature of AgNPs formed were analyzed by XRD.
The XRD profiles show, in Fig. 2, characteristics peaks of scattering angles (2h) of
38.1 and 44.3, 64.4 and 77.3 corresponding respectively to the (111), (200),

Fig. 2 XRD diffraction patterns of the PP0 and PPNC, polypropylene nanocomposites samples.
Highlighted, inset is a framework structure graphic of a Cloisite clay
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(220) and (311) crystallographic planes. Diffraction peaks corresponded to inter-
planar distance of the silver: d(111) = 0.23 nm; d(200) = 0.20 nm; d(220) = 0.14 nm;
d(311) = 0.12 nm. Those diffraction peaks represent the face centered cubic crys-
talline structure of metallic silver [27], respectively (JCPDS file nº 00-004-0783)
[28]. Considering the diffraction peaks related to Cloisite 20, the nanocomposites
showed a value in the range 3.5–4.4 nm. Nanoclay interlayer diffraction peak d(001)
indicated intercalation and exfoliation of the nanoclay platelets owing to dis-
placement of original value from d(001) = 3.2 nm.

Thermogravimetric Analysis

The TG patterns of irradiated PP0 and PPNC films are illustrated in Figs. 3 and 4.

Fig. 3 TG curves of the irradiated samples with different doses radiation
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The influence of ultrasound treatment reflected in better clay dispersion. In
consequence a higher decomposition temperature was observed for PPNC. This
behavior is related with the clay dispersion and this thermal stability is associated
with degree of intercalation/exfoliation, promoting a barrier to the diffusion of
oxygen, similar to the result [27]. The ultrasound improved the dispersion of the
clay and in consequence the thermal stability. It was evident that improved thermal
stability of the material also is associated with gamma radiation to 20 kGy cor-
roborating with the work [29].

Scanning Electron Microscopy and Energy Dispersive
Spectroscopy

The Fig. 5 shows the SEM image and EDX data for film PP with silver nanopar-
ticles and silicon and distribution of the particles.

Fig. 4 Onset temperature values of the decomposition step
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In Fig. 5a, b the evidence of the elemental analysis suggests that the nanofiller
are well dispersed within and throughout the bulk PP matrix, supporting the
observation that the composite processing was effective. SEM/EDX microscopy
showed the one homogeneous distribution of nanoclay and AgNPs in the reposition
of regions. The EDX elemental analysis confirmed the presence of silver, Fig. 5c by
presence of the peak at around 3.40 keV, energy bands of AgL state, and presence
of high concentration of silicon at around 1.75 keV, energy band of SiKa [30–32].

Antibacterial Activity

The antibacterial activity test was performed for all PPNC samples, but the results
were not favorable in direct contact of bacteria with the films, and not expressed
activity against bacteria Escherichia coli and Staphylococcus aureus.

Conclusion

The PPNC crystallinity is affected by radiation dose and the lower crystalline phase
percentage was verified mainly 20 kGy and 50 kGy samples. The reduction in
crystallinity was accompanied by crosslinking and formation of b phase. XRD
showed crystal structure of AgNPs in characteristics peaks of scattering angles at
2h = of 38.1°, 44.3°, 64.4° and 77.3°. The DRX diffraction peak d001 displacement
values for nanocomposites in 2h = 2.2° showed the range 3.5–4.4 nm, in com-
parison to the pure clay indicated intercalation and concomitant exfoliation.
Ultrasonic treatment provided better dispersion and in consequence, higher thermal
stability was obtained for nanocomposite materials (PPNCs). The tendency of
crosslinking of the polypropylene increased with radiation dose of the nanocom-
posite until 20 kGy. After that dose tendency to degrade was observed by scission

Fig. 5 SEM images and EDX mapping of AgNPs dispersed in the film of polypropylene a SEM
film PPNC20, scale = 7 lm; b mapping of the film with Silicon and silver; c EDX data showed
silver and silicon; d semi-quantitative analysis of silver and silicon
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effect. The SEM/EDX showed homogeneous distribution of clay and silver in the
film of polypropylene nanocomposite. The antibacterial activity test with the films
was not favorable in direct contact test of bacteria and no revealed activity against
Escherichia coli and Staphylococcus aureus bacteria. The irradiations of the sur-
faces were insufficient to promote silver activity on contact biocide test.
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Limit Speed Analysis and Absorbed
Energy in Multilayer Armor with Epoxy
Composite Reinforced with Mallow Fibers
and Mallow and Jute Hybrid Fabric

Lucio Fabio Cassiano Nascimento, Luis Henrique Leme Louro,
Sérgio Neves Monteiro, Fábio Oliveira Braga,
Fernanda Santos da Luz, Jheison Lopes dos Santos,
Rubens Lincoln Santana Blazutti Marçal,
Hugo Concolato de Oliveira Freitas and Édio Pereira Lima Júnior

Abstract Epoxy matrix composites reinforced with up to 10, 20 and 30 vol% of
continuous and aligned natural mallow fibers and 30 vol% of mallow and jute
hybrid fabric were for the first time ballistic tested as personal armor against class
III 7.62 mm FMJ ammunition. The ballistic efficiency of these composites was
assessed by measuring the dissipated energy and residual velocity after the bullet
perforation. The results were compared with that in similar tests of aramid fabric
(Kevlar™) commonly used in vests for personal protections. Visual inspection and
scanning electron microscopy analysis of impact-fractured samples revealed failure
mechanisms associated with fiber pullout, rupture and layers delamination. When
compared to Kevlar™, the mallow fiber and hybrid fabric composite displayed
practically the same ballistic efficiency. However, there is a reduction in both
weight and cost, which makes both, mallow fiber and hybrid fabric composites, a
promising material for personal ballistic protection.

Keywords Ballistic test � Mallow fibers � Composites

Introduction

The development of ballistic armor systems, increasing efficiency, appears as a
fundamental element to guarantee personal and vehicle security for military
applications.
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Therefore, a tripod formed by mobility, resistance to penetration and impact
absorption is the main factor that make ballistic armouring efficient. However, the
improvement in one of these factors often negatively influences another. For
example, an increase in penetration resistance may cause a reduction in mobility,
due to the necessary increase of thickness and, consequently, weight in monolithic
steel armours [1]. With this, it becomes necessary to seek new engineering solutions
to improve the targets protection. In this context, armours constituted by ceramic
components associated with other materials, such as polymer composites, are
employed to favor a good ratio between ballistic protection and weight [2]. These
are called multilayer armouring systems (MAS).

However, synthetic materials, such as Kevlar™, present in the composite as the
intermediate layer, have drawbacks, such as high acquisition and processing costs,
as well as environmental damages, due to their degradation time after the service
life. As a result, constant research efforts are looking for new alternative materials
that can efficiently replace synthetic ones and are environmentally friendly. In this
context, natural lignocellulosic fibers (NLFs) can play an important role because of
its advantages, such as: good specific properties (low specific mass), low toxicity,
biodegradability, low cost, etc. In addition, they make it possible to foster the
economic and technological development of Brazil’s less favored regions, such as
the northern and northeastern regions, which are major producers of natural fibers.
Other properties can be found in Table 1.

The goal of this study is to analyze the ballistic efficiency of epoxy matrix
composites with different percentage of mallow fibers (0, 10, 20 and 30 vol%.) and
30 vol% of hybrid fabric mallow and jute (70 wt% mallow/30 wt% jute). The
ballistic test consists in determining the residual bullet velocity after its impact on
the target (specimen). This velocity is related to the energy that the composite
absorbs during the impact—the greater that energy, the more efficient the composite
will be. After, a scanning electron microscopy (SEM) is performed to observe
fracture mechanisms in the composites.

Table 1 Properties of aramid fiber, mallow fiber, jute fiber and epoxy resin [2–6]

Materials Density
(g/cm3)

Tensile
resistance
(MPa)

Young’s
modules
(GPa)

Specific
resistance
(MPa)

Specific
modules
(GPa)

Aramid 1.4 3000–3150 63–67 2143–2250 45–48

Mallow 1.4 160 17.4 116 13

Jute 1.3–1.4 393–800 13–27 271–615 9.3–21

Epoxy 1.1–1.3 60–80 2–4 46–73 1.5–3.6
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Materials and Methods

The mallow fiber and mallow and jute hybrid fabric has been used as reinforcement
in the composite. The fibers were provided by State University of Northern Rio de
Janeiro (UENF) and hybrid fabric commercially supplied by the Brazilian firm
Castanhal Textile Company. Firstly, the fibers were cleaned, aligned and cut in
length of 150 mm. After, they were maintained in an oven for 24 h to reduce the
absorbed moisture. The hybrid fabric was cut in the dimensions of 150 � 120 mm
and kept in an oven for 24 h. The as received bundle of fibers and the mallow and
jute hybrid fabric are showed in Fig. 1.

The composite matrix was diglycidyl ether of the bisphenol A (DGEBA), which
is a commercial epoxy resin, mixed with trietylene tetramine (TETA) hardener in a
proportion of 13 parts of hardener per 100 parts of resin in weight. Both compo-
nents are fabricated by the Brazilian firm Dow Chemical and commercially supplied
by the distributor RESINPOXY Ltda.

Composites with 0, 10, 20 and 30% in volume of mallow fibers and composites
with 30 vol% of mallow and jute hybrid fabric (Fig. 2) were manufactured, in a

Fig. 1 Mallow fibers: a as received bundle of fibers; b mallow and jute hybrid fabric (70 wt%
mallow/30 wt% jute)

Fig. 2 Composite plates of epoxy reinforced with: a 0, 10, 20 and 30 vol% of mallow fibers. b 30
vol% of mallow and jute hybrid fabric
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total of 8 unites for each concentration. A pressure of 5 MPa was applied and the
composite plate, cured for 24 h [2, 7]. It was used, to mallow fibers and hybrid
fabric an initial density reference of 1.40 g/cm3 [8] and for the epoxy resin
(DGEBA-TETA) a value of 1.11 g/cm3 [7].

The ballistic tests were conducted at the Brazilian Army shooting facility,
CAEX, Rio de Janeiro. The tests were carried out according to the NIJ 0101.04
standard, using 7.62 mm FMJ military ammunition (m = 9.7 g—Armor level III).
Figure 3 shows, schematically, the exploded view of the ballistic test
setup. A dashed straight line indicates the projectile trajectory. A steel frame was
used to position the target, which was held in place by spring clips (Fig. 4a). The
gun, located 15 m from the target, was aligned by laser beam. The projectile
velocity was measured at three moments: leaving the gun; immediately before
impacting (Vi); and, after the impact, the residual velocity (Vr) was measured by an
optical barrier and a SL-52 OP Weibel fixed-head Doppler radar system (Fig. 4b).
The Kinetic energy (DEd) dissipated inside the target, could then be estimated by
the Eq. (1):

DEd ¼ 1
2
m V2

i � V2
r

� � ð1Þ

Fig. 3 Schematic exploded view of the ballistic experimental setup [2]
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Results and Discussions

In order to verify the individual ballistic resistance of each component of the MAS,
the residual velocity test was performed, and it was possible to estimate the
absorbed energy (Eabs) and the limit velocity (VL) of each sample with the aid of a
radar (Fig. 4b) and using Eq. (1). In the tests, all the samples were perforated and
crossed by the projectile, fact that allowed the measurement of the energy absorbed
by each component present in the armour. Figure 5 exemplifies the experimental

Fig. 4 a Specimen of composite plate fixed in the metal bracket with spring clips. b Apparatus of
CAEX for ballistic testing with ammunition and doppler radar

Fig. 5 Graph of experimental points of the reinforced epoxy composite with 30% vol. of mallow
fibers
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points obtained from the Doppler radar spectrum of a test specimen of the epoxy
composite mallow fibers (30 vol%) and the adjusted continuous polynomial curve.

It can be seen, that at approximately 840 m/s there was an abrupt drop in velocity,
characterizing the moment of impact on the target. This velocity was defined as the
velocity of impact (Vi) and the minimum velocity reached at that fall defined as the
residual velocity (Vr). Similar graphs were obtained for other components of theMAS
and based on the results extracted from these graphs both the limit velocity (VL) and
the absorbed energy (Eabs) were determined. The results of the average impact
velocity (Vi), mean residual velocity (Vr), absorbed energy (Eabs) and their percentage
in relation to total energy (% Eabs) are shown in Table 2, as well as the estimated limit
velocity (VL). For comparative purposes, data from other authors who also studied
MAS based on natural fibers were also presented in Table 2 [2, 7, 9, 10].

Table 2 Impact, residual velocities and internally dissipated energy data in ballistic tested in
composites reinforced with mallow fibers [2, 7, 9, 10]

Armour
components

Vi (m/s) Vr (m/s) Eabs

(J)
%
Eabs

VL (m/s) References

Aramid fabric
(16 layers)

862 ± 7.00 835 ± 10.00 221.00 6.10 212 ± 23 [10]

Composite
100% epoxy

848.08 ± 6.20 817.01 ± 8.87 250.73 7.20 227.02 ± 12.52 *PW

Composite
hybrid 70 wt%
mallow/30 wt%
jute (30 vol%)
—fabric

845.62 ± 4.67 815.13 ± 4.86 245.59 7.08 224.40 ± 16.83 *PW

Composite
100% mallow
(30 vol%)–
fibers

840.00 ± 11.19 807.96 ± 11.52 256.02 7.48 229.54 ± 10.06 *PW

Composite
100% mallow
(20 vol%)—
fibers

843.39 ± 5.33 807.07 ± 8.57 290.53 8.42 243.81 ± 21.42 *PW

Composite
100% mallow
(10 vol%)—
fibers

845.02 ± 6.78 815.09 ± 9.78 240.72 6.95 220.92 ± 28.77 *PW

Composite
epoxy–jute (30
vol%)—fabric

841.45 ± 6.50 822.81 ± 6.41 150.50 4.40 176.16 [2]

Composite
epoxy–sisal (30
vol%)—fabric

844.91 ± 6.04 817.46 ± 4.82 221.33 6.40 213.62 [9]

Composite
epoxy–curauá
(30 vol%)—
fibers

848.30 ± 6.36 835.29 ± 6.17 106.16 3.00 147.95 [7]

* PW - Present Work.
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The values of the limit velocity (VL) and absorbed energy (Eabs) for epoxy
matrix composites reinforced with hybrid mallow /jute (70/30) or mallow fibers
presented values higher than those found by other authors for aramid [10], epoxy
reinforced with sisal [9], epoxy reinforced with curauá fibers [7], epoxy-jute fabric
[2]. This fact can be explained by the good mechanical properties of mallow and
jute, as shown in Table 1. Besides, the fragile fracture mechanisms of the epoxy
matrix, together with ductile mechanisms such as delamination between layers,
elastic deformation of the composite, shear of the layers and stress at fiber rupture
are responsible for the dissipation of a greater amount of kinetic energy [2].

Regardless of the type of composite tested, SEM images (Fig. 6b, c and d)
clearly demonstrates the similarity in the main fracture mechanisms: layer delam-
ination, fiber fracture and fiber pull-out. As an exception, the image of Fig. 6a
shows a fracture surface of the 100% epoxy plate, which presented complete
fracture after ballistic impact, justifying the high-energy absorption, compatible
with the other groups tested. However, the main working mechanisms were those
corresponding to fragile and catastrophic fracture, typified by the cleavage of planes
and river marks.

Fig. 6 a Composite 100% epoxy (400x); b composite epoxy reinforced with mallow fabric
30 vol% (500x); c composite epoxy reinforced with mallow fibers 30 vol% (400x); d composite
epoxy reinforced with 30 vol% of mallow and jute hybrid fabric (70 wt%/30 wt%) (300x)
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Conclusions

Scanning electron microscopy analysis of the fractured surfaces showed the mal-
low, as fibers or fabrics with jute, contributed in an effective way to increase the
resistance of the epoxy matrix through mechanisms of energy absorption, such as
delamination of layers, detachment and disruption of fibers.

The values of limit velocity (VL) and absorbed energy (Eabs), for epoxy matrix
composites reinforced with mallow fibers or hybrid mallow/jute fabrics (70 wt%/30
wt%) presented higher values than those found by other authors for aramid [10],
epoxy reinforced with jute fabric [2], epoxy reinforced with sisal fabric [9], epoxy
reinforced with curauá fibers [7]. In all cases analyzed by this work, the parameters
obtained for limit velocity and absorbed energy were higher than those found for
aramid fabric, which shows the viability of natural lignocellulosic fibers for use in
ballistic applications as a component of a multilayered armour system.
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Mechanical, Thermal and Electrical
Properties of Polymer (Ethylene
Terephthalate—PET) Filled with Carbon
Black

Anderson dos Santos Mesquita, Leonardo G. de Andrade e Silva
and Leila Figueiredo de Miranda

Abstract This work seeks to understand if PET compounds with carbon black can
be uses to replace polypropylene and polystyrene for anti-static packaging mate-
rials. PET compounds were fabricated containing 10.0; 11.0; 12.0 and 15.0 weight
% of carbon black with a particle size 325 mesh. We determined the thermome-
chanical properties (Dynamic Mechanical Analysis—DMA, Tensile Properties,
Fracture Toughness, and Hardness) and Electrical properties of the compounds. In
conclusion the results show the compound based on PET filled with 15.0% carbon
black might be used in the handling, transportation and storage of electronic
components because their mechanical properties, thermal and resistivity are satis-
factory for this purpose.

Keywords Carbon black � Conductivity � Ethylene terephthalate

Introduction

Some polymers present electric conductivity decrease being this conductivity low in
the organic polymers.

The organic conductive polymers have been widely used due to their properties
and capacity to conduct electricity. Moreover, they allow the addition of doping
agents, which increase the conductivity of these materials [1].

The conductive polymers have a common characteristic, a variance of simple
bonds (r) and double (p) along the chain.
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From the decade of 1960 it is known that the variance of double bonds can show
semi conductive properties in the polymers. The first conductive polymers had little
technological value, since they were infusible and insoluble due to having rigid
chains to be rigid with a conjugated structure [2].

Since their discovery in the middle of the decade of 1970, the conductive
polymers have been developed by several research institutions. These researches
have helped the industry in the development of conductive polymers and have
provided the understanding of the physics, chemistry and of the science of the
materials. The recognition of the importance of these polymers started in the year of
2000 year when the Chemistry Nobel Prize was awarded for three researchers of
conductive polymers: Alan MacDiarmid, Alan Heeger and Hideki Shirakawa [3].

The great economical interest is to mix the properties of a semiconductor with
the characteristics of a polymer.

The carbon black (CB) is a widely used additive as anti-static agent in polymers
such as polypropylene (PP) and also in polystyrene (PS) in the manufacture of
packings in order to increase the conductivity of these packings avoiding electric
unloading and, consequently, damage.

Brady et al. [4] report that usually polymers are conductors of electricity with the
addition of carbon black, fiber of carbon, conductive ceramic, nickel, silver, or other
metal. The resistance of plastics and rubbers, which normally are between
2.5 � 108 V/in (108 X/cm) can be reduced between 0.25 V/in (1021 V/cm) and
2.53106 V/in (106 X/cm) in addition of conducting materials. The CB is the most
used load. The relation added to the material and the resistance in volume is not
proportional. With up to 25% of conductive load, it increases significantly, but it
falls drastically after that. Generally, the addition of CB reduces the mechanical
properties of the polymers. However, the use of fibers of carbon to improve con-
ductivity improves the mechanical properties.

Nowadays due to the economic growth and the consumption of goods and
services there has been an increased consumption of packings.

Materials with mechanical properties and good conductive properties have been
interest of several sectors of industry, especially the automotive and electronic
components.

Despite the use of the anti-static additive in ethylene terephthalate—PET [5],
there are not many studies regarding the usage of this polymer filled with CB and its
features for using in the transport and storage of electronic products.

The standards ASTM-D-257 and the ASTM-D-991 were given out in 1925 and
1948 respectively by the American Society For Testing and Materials (ASTM).
These tests were designed to define and measure the anti-static material [6].

The classification of resistance [7] is shown in Fig. 1.

606 Anderson dos S. Mesquita et al.



Experimental

Materials and Compounds

Table 1 shows the quantity of PET filled with carbon black.
PET compounds were fabricated containing 10.0; 11.0; 12.0 and 15.0 weight %

of CB.
The CB reduces the superficial resistance of polymers such as polyamide and

polypropylene. The reduction of the superficial resistance is observed in concen-
trations up to 10% of the mass of the formed compound [8].

After the separation of thematerials, themixtures were put in a closedmixer, where
the temperature had been taken close to 230 °C, resulting in a black polymer mass.

The polymer compounds obtained after the cooling were broken up in a cutting
mill manufactured by SEIBT and were used in the subsequent process of injection.
To obtain the samples, the materials were dried out in dehumidifier with circulation
of air at the temperature of 100 °C, for 2 h and subsequently they were injected.

The materials and samples are shown in Table 1. The samples can be seen in
Fig. 2.

Fig. 1 Resistance classifications

Table 1 Basic information
of the raw materials used in
this study

Samples Materials

Compound 1—C1 PET + 10% CB

Compound 2—C2 PET + 11% CB

Compound 3—C3 PET + 12% CB

Compound 4—C4 PET + 15% CB
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Characterization

4 types of samples for characterization were obtained (Table 1).
The samples were characterized according to:

Mechanical Properties: Tensile strength, fracture toughness and hardness;
Thermal Properties: Dynamic mechanical analysis (DMA);
Electric Properties: Resistance.

The tensile strength was carried out according to the ASTM D-638 standards.
The equipment used was the Universal Machine of Tests Q-Test, model 65 J. The
samples were kept at a temperature of (23 ± 2) °C, with relative moisture of
(50 ± 5)%, during 72 h before the beginning of the tests. The tests were carried out
at the standard atmosphere, always obeying to the same conditions. In the tests of
tension 10 samples of each composite were used. The speed of dislocation of the
crossbeam for the composites was of 5.00 mm/min.

Elongation at break (%) and tensile strength (MPa) of the samples were ana-
lyzed. The tension (r) corresponds to strength (F) divided by the area of the section
(A) of the sample.

Fig. 2 Images of the samples
after the injection process
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The fracture toughness was carried out in the equipment of the Tinius Olsen,
model 892 and carved in a mountain range model Tinius Olsen 899, following the
ASTM D-256 standards. In the preparation of the samples were used 10 pieces, for
each type of compound of PET filled with CB.

By using a digital caliper rule measurements of thickness of each one of the
pieces were taken. The samples of this test presented thickness from 3.19 to
3.45 mm.

The hardness was measured by using a digital hardness test Shore D, according
to the ASTM D-2240 standards.

The dynamic mechanical analyses were carried in equipment by the Perkin
Elmer Instruments, model DMA 8000 of the ASTM D-4092 standards.

The electric resistance tests were carried by using the surface resistance meter by
POWER, model 386, according to the ASTM D-257 standards.

The samples were kept at a temperature of (23 ± 2) °C, with relative moisture
of (50 ± 5)%, during 72 h before the beginning of the tests. The tests were carried
out at atmosphere standard, following the same conditions.

Results and Discussion

Tensile Properties and Glass Transition Temperature

The basic mechanical properties of the compounds filled with carbon black are
shown in Fig. 3 and summarized in Table 2. It can be observed from Fig. 2 that the
bigger concentration of CB in the compound PET/CB to the great tensile strength of
the compound. Comparing the values of tensile strength of the compounds of PET
containing CB, it verified that in the compound PET/11% CB there was an increase
of the order of 15.46% of the tension regarding the compound PET/10% CB. In the
compound PET/12% CB the increase was of the order of 58.41% regarding the
compound PET/10% CB and in the compound PET/15% CB this increase was
157.39% regarding the compound PET/10% CB, showing that the CB acts like a
load of reinforcement in the compound. The bigger the concentration of CB in the
compound the PET/CB is the biggest very deformation in the break of the
compound.

Comparing the values of elongation at break of the compounds of PET con-
taining CB, it verified that in the compound PET/11% CB there was an increase of
the deformation of the order of 25% regarding the compound PET/10% CB. In the
compound PET/12% CB the increase was of the order of 100% regarding the
compound PET/10% CB. In the compound PET/15% CB this increase was of the
order of 225% regarding the compound PET/10% CB. The bigger the concentration
of CB in the compound the PET/CB least is the module of elasticity of the com-
pound, indicating that the presence of the CB reduces the rigidity of the compound.
Probably, the presence of the CB reduces the crystallinity of the PET. Comparing
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the values of the elasticity module of the compounds of PET containing CB, it
verified that in the compound PET/11% CB there was a decrease in the order of
4.92% in the values obtained for the compound PET/10% CB. In the compound
PET/12% CB the decrease was of the order of 37.24% regarding the compound
PET/10% CB.

In the compound PET/15% CB the decrease was of the order of 170.16%,
showing that the increase in the concentration CB probably causes a decrease in the
crystallinity of the compounds.

The glass transition temperature (Tg) of the compounds is summarized in
Table 2. The mobility of the atoms in the molecules is straightly proportional to the
temperature, so, the chemical-physical knowledge of the characteristics of a poly-
mer is basic for the understanding of his thermomechanical performance [9].

Fig. 3 Tensile properties and glass transition temperature of the PET filled with carbon black
compounds
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The % weight of CB increased the temperature of glass transition (Tg) presented in
the compounds of PET/CB, except in the compound PET/15% CB, where the
considered result (60.8 °C) is lower than PET/12% CB (64.5 °C) the major value.
The presence of the CB increases the interaction between the chains of PET and
reduces his elastic properties. Probably, for concentrations bigger than 12% the CB
reduces the interaction between the polymeric chains.

Fracture Toughness and Hardness

The fracture toughness of the PET filled with carbon black compound is presented
in Table 2. The variation in the energy absorbed under impact was less, except in
the PET/15% CB that increased 13.45% regarding the PET/10% CB, 10.02%
regarding the PET/11% CB and 7.54% regarding the PET/12% CB (Fig. 4).

The % weight of CB increased the resistance to the impact of the compounds to
the base of PET.

The hardness is summarized in Table 2. The % weight of CB increased the
hardness Shore D of the compounds, except for the compounds filled with 10 and
11% CB, where there was no variation in the considered values.

The major hardness value was PET/15% CB (86.4 D) that regarding the com-
pounds PET/10 and 11% CB had a value 3.10 bigger % and only 0.47% regarding
the compound PET/12% CB.

Fig. 4 Fracture toughness and hardness of the PET filled with carbon black compounds
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Resistance

The resistances of the compounds are shown in Table 2 and are plotted in Fig. 5.
The presence of the CB increased the conductivity of the compounds to the PET/
CB and decreased linearly the resistance. Its ability to conduct electricity is based
on the alignment of the polymeric chains [simple (r) and double bonds (p)] due to
presence of CB. The compound 4 filled with 15% of carbon black showed resis-
tance equal to 106 ± 101 Ω that according to the resistance classifications, it would
fit as dissipative, if it was used for electronic transport components.

Conclusions

This work allowed us a better understanding about the PET compounds filled with
carbon black.

In conclusion the results showed the compound based on PET filled with 15.0%
carbon black might be used in the handling, transportation and storage of electronic
components because their mechanical properties, thermal and resistivity are satis-
factory for this purpose. The carbon black besides reducing the resistance of the
compound, acts like filled of reinforcement.

The analysis of the thermal properties showed coherent results.
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Mineralogical Analysis of a Chrome Ore
from South Africa

Ming-Feng Ye and Guang-Liang Wu

Abstract The investigations on chemical composition, mineral composition,
embedded figures, texture and microstructure of chrome ores were conducted
systematically by various analysis methods such as chemical analysis, XRF, SEM,
and MLA 650 system. The results showed that there are 92.66% chromite and a
small amount of chlorite and forsterite as the main mineral compositions, the
content of quartz is very low. Elements as Cr and Fe are almost all present in
chromite. The content of Cr2O3 is 41.84% and Cr2O3/FeO is 2.1. The main ele-
ments in the chromite are Cr, Fe, Mg, Al, O; the main elements in the chlorite are
Mg, Al, Si, O and a small amount of Fe; the main elements in the forsterite are Mg,
Si and O. On the basis of clarifying the mineralogical characteristics, to produce
high-grade alloy, this ore should not be separately put into the submerged arc
furnace without pretreating. However, it also seems to be difficult to separate the
gangue compositions by the conventional physical upgrading methods, such as
magnetic separation and gravity separation. So, chemical mineral processing should
be taken into account.

Keywords Chrome ore � Mineralogy � Mineral composition � Embedded
characteristics

Introduction

Chrome ore is mainly used in metallurgy, refractory and chemical industries, the
proportion consumption of chrome ore in the metallurgy industry accounts for more
than 80% [1, 2], and With the rapid development of stainless steel industry, this
proportion will further increase [3]. In China, the chrome ore is mainly imported
from South Africa, Turkey, Iran and other countries. In recent years, the proportions
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of chromite ore imported from South Africa have reached above 70% comparing
with the total imports [4]. As one of the most important strategic resources, chro-
mite ore is in a short supply in China, therefore, It is of great significance to
strengthen the efficient utilization of chrome resources imported, before which,
detailed process mineralogy research plays a very critical role in the determination
of the characteristics of ore resources and the formulation of mineral processing
conditions [5]. Chrome ore is the basic raw material for the production of chromium
alloy, such as high carbon ferrochrome, medium carbon ferrochrome and low or
micro carbon ferrochrome. In the ore, the higher Cr grade and Cr2O3/FeO are, the
better [6, 7]. Latest researches of chrome ore are usually focused on the formation
of chromite and other gangue minerals in the geology of mining areas [8, 9], the
pretreatment such as mineral processing [10] and agglomeration [11], researches
about process mineralogy of chrome ore are rarely reported. So, to produce high
grade chromium alloy, the mineralogical studies, including the chemical compo-
sitions, the mineral compositions, and the embedded relationships between minerals
of a South African chrome ore were studied by a series of detecting means, such as
optical microscopy, scanning electron microscopy and MLA 650 process mineral
automatic detection system and so on. The identified chrome ore is provided by a
ferroalloy plant in Hunan province, and the samples are well representative.

Macroscopic Characteristics

The macroscopic morphology of the chrome ore is shown in Fig. 1. The block size
of the lump ore ranges in 10–50 mm. The texture is very compact, the specific
gravity is 4.6, the surface is grayish black, mingling with some sporadic light white,
yellow and green materials. There are no specific cleavages appear after breaking
the ore. And the ore has a certain magnetic. After crushing and grinding to almost
100% 150 mesh below, the color of fines become slightly yellowish brown.

Fig. 1 Macroscopic morphology of block chrome ore and grinding fines
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Main Minerals and Their Embedded Characteristics

MLA is currently the world’s most advanced mineral automatic analysis instru-
ment. Samples of fines were tested through MLA 650 mineral automatic detection
system, results in Figs. 2 and 3 showed that the main mineral compositions are
chromite, chlorite and forsterite. Table 1 shows that a total of 13,011 particles in the
sample were analyzed, and the total area of mineral particles is 3,545,364.68 lm2,
according to the counted area ratios, chromite, chlorite, forsterite account for 91.45,
5.66, 1.71% respectively, the rest minerals accounted for 1% or less totally.

Table 2 and Fig. 2 show that chromite particles are in the crystal form, whose
the monomer dissociation is 92.66%, the remaining part of chromite particles are
associated with other minerals. Figure 3 shows that particle shapes are very angular
after grinding. Some chromite particles are wrapped by chlorite, part of the chlorite
exists along the edge of the chromite particles as filling cementation. Although the
origins and deposits of chromite are different according to previous research reports,
but the origins of chromite minerals are similar, it is generally believed that

Fig. 2 Morphology and phase identification of particles before and after grinding

Fig. 3 Phase and structure of chromite particles in chrome fines. a Mono particles of chromite;
b some chromite particles are coated by chlorite; c chromite and chlorite particles are adjacent to
each other
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chromite as a kind of magmatic minerals, often exists in ultra-basic type rocks [12,
13].

Table 3 and Fig. 4 show that most of the chlorite particles are in the form of
monomer dissociation, the monomer dissociation degree of 56.59, and 39.83% of
the chlorite particles are co-symbiotic and adjacent to chromite in the harbor-like
and strip-like states; 1.01% chlorite and forsterite are in the form of metathesis
dissolution and disseminated conjunctive bodies.

Table 4 and Fig. 5 show that after crushing and grinding the ore, forsterite
particles are mainly in the form of monomer dissociation, and the monomer dis-
sociation degree of 73.65%. Most forsterite particles are in the presence of inde-
pendent particles under the scanning electron microscope. There are many cracks
on the surface of the forsterite particles. A small part of forsterite is symbiotic with
chlorite, and there are some regular shape of chromite and forsterite presenting in
symbiosis, there are a small part of forsterite whose edge erosed into chlorite, some
chromite is embedded into the forsterite. Forsterite appears in the form of adjacent
to and wrapping with chromite and chlorite.

Table 1 Mineral percentages in chrome fines

Minerals Ratio of area (%) Area (lm2) Particle number Grain number

Chlorite 5.66 200,813.70 2948 4795

Chromite 91.45 3,242,365.18 11,179 18,351

Calcite 0.05 1702.36 37 39

Diopside 0.70 24,977.27 253 330

Magnetite 0.12 4252.49 243 270

Dolomite 0.18 6340.70 81 86

Forsterite 1.71 60,655.40 412 565

Anorthite 0.04 1282.88 27 28

Quartz 0.04 1271.67 37 38

Kaolin 0.01 192.25 5 5

Fayalite 0.01 496.24 40 41

Total 100.00 3,545,364.68 13,011 24,562

Table 2 Quantitative determination of embedded features of chromite among other minerals (%)

Mineral Chlorite Calcite Diopside Forsterite Magnetite Others

Growing with
chromite

6.11 0.05 0.04 0.66 0.08 0.14

Coated by
chromite

0.12 0.00 0.02 0.08 0.01 0.03

Degree of
chromite’
liberation

92.66
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Table 3 Quantitative determination of embedded features of chlorite between other minerals (%)

Minerals Chromite Dolomite Magnetite Forsterite Quartz Others

Growing with chlorite 39.83 0.34 0.07 1.01 0.05 0.08

Coated by chlorite 1.03 0.14 0.02 0.76 0.00 0.08

Degree of chlorite’
liberation

56.59

Fig. 4 Phase and structure of chlorite in chrome fines. a Chlorite adjacent to chromite;
b metasomatic chlorite eroded by forsterite; c chlorite coating Small particles of chromite

Table 4 Quantitative determination of embedded features of forsterite between other minerals/%

Minerals Chlorite Chromite Diopside Dolomite Others Total

Growing with forsterite 4.54 8.10 6.21 0.00 0.00 18.85

Coated by forsterite 3.32 3.74 0.41 0.03 0.00 7.50

Degree of chlorite’ liberation 73.65

Fig. 5 Phase and structure of forsterite in chrome fines. a Forsterite transformed to chlorite
marginally; b forsterite wrapping chromite particles; c mono particles of chromite
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The Chemical Composition and Main Elements

The chemical compositions of chrome ore are obtained by chemical analysis and
XRF analysis. It can be seen from Table 4 that the content of Cr2O3 is 41.84%, but
the content of element Fe is high, which makes the Cr2O3/FeO smaller than 2.5,
which the minimum requirement of the furnace load’s. If there are no enrichment, it
must charge with other high-grade metallurgical grade chrome ores. The contents of
MgO and Al2O3 in chromite are as high as 15.84 and 16.47% respectively in
Table 5, which means that the content of impurity in ore is high.

The main elements present in different minerals are showed in Fig. 7. Divalent
elements as Ca, Mg and trivalent elements as Al, Cr and both divalent and trivalent
Fe are mainly concentrated in the chromite. In the ore, 97.87% Cr and 97.13% Fe
are rich in chromite. There are a small amount of Mg, Al, Si existing in the chlorite,
Mg and Si are main composing elements in the forsterite in Table 6.

The existing forms of elements in minerals are usually divided into three [14]:
micro inclusion, isomorphism and ion adsorption. Scanning images can show the
distribution of elements in minerals directly. When elements in the mineral pre-
senting a decentralized state and distributing uniformly, they can be initially
identified as isomorphism. Elements that exist in the form of micro-inclusions are
usually distributing very unevenly, which are always enriched in scattered small
areas or points. The distributions of the main elements in the single minerals of
chromite, chlorite and forsterite are shown in Figs. 6, 7 and 8. It can be seen that Fe,

Table 5 Chemical composition analysis of chrome fines wt%

Material Cr2O3 Fe2O3 FeO CaO SiO2 Al2O3 MgO TiO2 V2O5 LOI

Chrome ore 41.84 – 20.09 0.86 2.02 18.47 17.84 0.22 0.31 1.12

Table 6 Distribution of major elements in different minerals (wt/%)

Minerals Ca (%) Cr (%) Fe (%) K (%) Mg (%) Na (%) Si (%) Al (%)

Chlorite 4.96 2.01 1.61 0.00 10.23 0.00 55.82 12.54

Chromite 80.67 97.87 97.13 0.00 84.49 0.00 6.45 87.31

Calcite 0.49 0.00 0.01 0.00 0.01 0.00 0.02 0.01

Diopside 8.10 0.04 0.04 0.00 0.95 72.16 8.93 0.00

Magnetite 0.16 0.01 0.73 0.00 0.02 0.00 0.09 0.00

Dolomite 3.26 0.00 0.00 0.00 0.32 0.00 0.00 0.00

Forsterite 1.59 0.06 0.44 0.00 3.97 0.00 27.25 0.01

Anorthite 0.64 0.01 0.00 0.00 0.00 0.00 0.42 0.01

Quarz 0.00 0.00 0.00 0.00 0.00 0.00 0.79 0.00

Kaolin 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.12

Fayalite 0.09 0.00 0.05 100.00 0.00 27.84 0.08 0.00

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Fig. 7 Distribution of main elements on a single chlorite particle

Fig. 6 Distribution of main elements on a single chromite particle
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Cr, Al, Mg, O elements are almost uniformly distributed in chromite, and there are
almost no Si element in chromite.

Chlorite is composed of Mg, Fe, Al, as an aluminosilicate mineral with structural
water, which is mainly the product of medium and low temperature hydrothermal,
shallow metamorphism and sedimentation. The main constituent elements are O,
Mg, Al, Si with a small amount of Fe, and the distribution of elements is relatively
uniform. The color of the distribution image shows that the iron content in the
chromite is higher than that in the adjacent chlorite.

Forsterite is a magnesium-rich member of the same category as the composition
of the fayalite. Figure 8 shows the distribution of elements in a forsterite mono
layer. The results show that forsterite has a higher content of Mg and Si than
surrounding chromite. And elements O, Mg, Si are evenly distributing in single
mineral particles.

Conclusion

1. The compositions of the South African chrome ore are relatively simple,
chromite is the main mineral, and accounts for more than 91%; chlorite and
forsterite are the main gangue minerals. The main elements in the pyrite are Mg,
Al, Si, O and a small amount of Fe; the main elements in the forsterite are Mg,
Si and O;

2. After grinding to almost 100% 150 mesh below, the dissociation degree of
chromite was 92.66%, the dissociation degree of chlorite was 56.59%, the
dissociation degree of forsterite was 73.65%, which indicating that chromite can

Fig. 8 Distribution of main elements on a single forsterite particle
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be separated from most of the forsterite, but the chlorite is closely intercon-
nected with chromite;

3. The Cr2O3/FeO of the chrome ore is only 2.1, less than 2.5, which is one of
important standards on the compositions of chrome ore used in submerged arc
furnace. However, it can be mixed with other higher Cr grade and Cr2O3/FeO
chrome ores as furnace burden, or be pretreated at first to improve its Cr grade
and Cr2O3/FeO, to meet the production of higher grade chromium alloy
(medium carbon ferrochrome, micro carbon Ferrochromium, etc.). Since more
than 97% of elements Fe and Cr are basically enriched in chromite, it is difficult
to achieve the purpose of improving Cr grade and Cr2O3/FeO in this chrome ore
by using traditional selection and magnetic separation methods. But, the
chemical dressing methods aiming to remove iron should be a choice.
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Pilot Trial of Detoxification
of Chromium Slag in Cyclone Furnace
and Preparation of Glass-Ceramics
with the Water-Quenched Melt

Guizhou Zhao, Lingling Zhang and Daqiang Cang

Abstract Pilot trial of the detoxification of chromium slag in cyclone furnace and
the preparation of glass-ceramics were investigated in a power plant in China.
10 wt.% chromium slag were mixed with pulverized bituminous coal and limestone
as the raw materials of the cyclone furnace. Cr(VI) in chromium slag was reduced
to Cr2O3 inside the cyclone furnace. The melt was water-quenched into frit and then
fired into glass-ceramics with a laboratory ceramic roller kiln. The preparation and
crystallization behavior of glass-ceramics were investigated with differential ther-
mal analysis (DTA), physical and mechanical properties testing, X-ray diffraction
(XRD) and scanning electron microscopy (SEM). The optimal flexural strength
exceeding 90 MPa were achieved in firing temperature zone of 1170–1200 °C.
Anorthite (CaAl2Si2O8) and diopside [Ca(Mg, Fe)Si2O6] can be identified in the
glass-ceramics and CaAl2Si2O8 is the predominant crystal phase. Fine particles with
average diameter of 200 nm distributed uniformly in the glass-ceramics. Granular
crystals are intensively interconnected and constituted a crystal skeleton soaked in
the glass matrix. Leaching toxicity test detected Cr(VI) of 0.016 and 0.010 mg/L of
the water-quenched frit and glass-ceramics, respectively. This method provides an
effective and comprehensive technique for the detoxification and utilization of
chromium slag at low cost and large-scale.
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Introduction

Chromium slag discharged from chromate or metallic chromium manufacturing
industries is one of the most hazardous solid wastes due to its high content of
dissolvable Cr(VI) [1]. Over 6 million tons chromium-containing slag discharged
from chemical industries were accumulated over a span of more than 30 years and
0.2–0.3 million tons are being discharged annually [2]. Hexavalent chromium
[Cr(VI)] is considered as hazardous pollutant due to its severely toxic and
carcinogenic.

The majority techniques of the detoxification of chromium slag are reducing Cr
(VI) into less toxic and easily immobilized Cr(III) [3]. Several physical, chemical
and biochemical methods were proposed to detoxify, solidify or stabilize Cr(VI) in
chromium slag [4–12]. However, high cost, low efficiency and incomplete removal
restricted the application of these techniques. The chromium slag was buried
underground after treatment in many techniques [13], resulting in waste of slag
resources and potential threat of Cr(VI). Therefore, it is pretty urgent to explore an
effective technique for the detoxification and utilization of chromium slag.

In this article, pilot trial of detoxification of chromium in cyclone furnace and
preparation of glass-ceramics from water-quenched melt were investigated.
Chromium slag was mixed with pulverized coal and limestone as the raw materials
of cyclone furnace. The water-quenched melt was prepared into glass-ceramics with
a laboratory ceramic roller kiln. The specific processes and characteristics of the
glass-ceramics were investigated.

Materials and Methods

Materials

Raw materials used in this pilot trial were chromium slag, pre-mixed bituminous
coal and limestone. The chemical compositions of the raw materials and parent
glass were determined by X-ray fluorescence spectrometer (XRF-1800,
SHIMADZU, Japan). Table 1 shows the chemical compositions of chromium slag
and coal ash. Chromium slag and coal ash are mainly constituted of CaO, SiO2,
MgO, Fe2O3 and Al2O3. Chromium slag and limestone (CaO > 50 wt.%) can be

Table 1 Main chemical
compositions of chromium
slag and coal ash
(mass ratio, %)

SiO2 Al2O3 CaO MgO Fe2O3 Cr2O3

Chromium
slag

12.36 8.64 35.86 23.24 10.12 5.68

Coal ash 54.30 21.54 2.21 1.86 5.68 –
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applied as additives to reduce the melting temperature and improve the fluidity of
the melt due to the high content of CaO. Coals were burned into coal ash after
combustion and then formed the melt with additives.

Pilot Trial

Mixture of pre-mixed pulverized bituminous coals with 10 wt.% chromium slag
and 0–10 wt.% limestone was belt transported and then blown into the cyclone
furnace. Chromium slag and limestone were melted at high temperature inside
cyclone furnace due to coal combustion. Cr(VI) in chromium slag was reduced to
Cr2O3 inside the cyclone furnace with reducing atmosphere and high temperature.
The melt (normally 1600–1700 °C) formed by chromium slag and coal ash was
discharged and water-quenched into glass frit by circulating water.

In the pilot trial the processed glass frit was fired to glass-ceramics since the
utilization of chromium slag in cement have been forbidden in China (whether
detoxified or not). The frit was grounded, sieved with 100 mesh sieve and dried at
105 °C for 12 h to prepare parent glass. Table 2 shows the main chemical com-
positions of parent glass. Samples of 500 � 500 � 5 mm were hydraulically
compacted at 15 MPa and then fired to glass-ceramics at different temperature for
45–60 min in a laboratory ceramic roller kiln.

Leaching Toxicity Test

Leaching toxicity test was conducted according to Chinese Environmental
Protection Standard HJ/T 299-2007. Extraction fluid with pH value of 3.20 ± 0.05
was prepared by dissolving sulphuric acid and nitric acid (mass ratio of 2:1) in
distilled water. Extraction fluid mixed with the pulverized sample (liquid to solid
ratio of 10:1) was then rolling-over at 30 ± 2 rpm for 18 ± 2 h on oscillator.
Cr(VI) content of the filtered leachate was detected by 1,5-diphenylcarbohydrazide
spectrophotometric method according to Chinese National Standard GB/T
15,555.4-1995. Hazardous standard of Cr(VI) leaching concentration was deter-
mined according to Chinese National Standard GB 5085.3-2007.

Table 2 Main chemical composition of parent glass (mass ratio, %)

SiO2 Al2O3 CaO MgO Fe2O3 Cr2O3

Parent glass 50.78 14.98 15.20 3.25 3.21 0.96
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Results and Discussion

Detoxification Mechanism of Chromium Slag

Cr(VI) in the filtered leachate of chromium slag is 281 mg/L, which highly
exceeded the Chinese national standard. Cr(VI) in chromium slag mainly existed in
the form of Na2CrO4 or CaCrO4. Na2CrO4 or CaCrO4 can be considered as
Na2O�CrO3 or CaO�CrO3 and decomposed into Na2O/CaO and CrO3 at high
temperature. The instability of CrO3 resulted in the reduction of CrO3 to Cr2O3 by
CO or [C] in the melt with high temperature and reducing atmosphere [14]. The
average residence time of *300 s of the melt inside the cyclone furnace could
ensure the complete reduction of Cr(VI). Cr(VI) in the filtered leachate of the
water-quenched frit is 0.016 mg/L. Fly ashes contained 150 * 200 mg/kg Cr(VI)
were collected by electrostatic precipitator and then sent back into the cyclone
furnace after re-melting. The overall reduction rate of Cr(VI) to Cr(III) exceeds
99.9%.

The detoxification of chromium slag was completely attached to the operation
system of the cyclone furnace. Chromium slag partially replaced the limestone as
additives due to its high CaO and MgO content. The heat balance and power
generation efficiency of the cyclone furnace were not significantly affected and 2–
3 t/h chromium slags can be detoxified in the cyclone furnace.

DTA Analysis

DTA curve of the parent glass at heating rate of 10 °C/min is shown in Fig. 1. A tiny
exothermic peak near 945 °C and a large broad exothermic peak near 1170 °C
can be seen from the DTA curve, respectively. It can be deduced from the DTA
curve that the proper crystallization temperature is 1170 °C. An endothermic dip
near 1280 °C indicating the melting of the samples.

The firing schedule of the glass-ceramics was determined according to the DTA
curve and the operation system of the ceramic roller kiln. In the pilot trial, the
samples were quickly heated to firing temperature at a varying heating rate of
120–300 °C/min and the total heating time was 8–15 min. The firing temperature
was initially selected as 1170 ± 100 °C based on the DTA curve and finally
obtained according to the testing results.

XRD Analysis

Phase identification of the parent glass and glass-ceramics were determined by
X-ray diffraction (XRD, M21X apparatus, Cu Ka radiation, MAC Science Co. Ltd.,
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Japan). The XRD spectra of the parent glass and glass-ceramics fired at 1170 °C is
shown in Fig. 2. The XRD spectra of the parent glass depicted typical scattering
spectra of amorphous glass. The amorphous spectra without crystalline peak

Fig. 1 DTA curve of parent glass

Fig. 2 XRD spectra of parent glass and glass-ceramics fired at 1170 °C

Pilot Trial of Detoxification of Chromium Slag … 629



illustrates the vitreous structure of the parent glass. The melt was fast cooled to frit
during the water-quenching process and thus the vitreous phase was obtained.

Parent glass with binary basicity (CaO/SiO2 mass ratio) of 0.3 were then fired to
prepare glass-ceramics and crystallization occurred during the firing process.
Anorthite (CaAl2Si2O8) and diopside [Ca(Mg, Fe)Si2O6] can be identified in the
glass-ceramic samples and CaAl2Si2O8 is the predominant crystal phase. Silica
forms the main Si-O tetrahedron structure of the glass-ceramics and Al2O3

enhances the glass network structure by forming Al-O tetrahedron as a glass
forming oxide like silica. Trace chrome diopside [Ca(Mg, Cr)Si2O6] detected in the
glass-ceramics indicated that the glass network can immobilize chromium.

SEM Analysis

The glass-ceramics exhibited dark black color and smooth surface without crackles
and deformations. SEM images of the glass-ceramics fired at 1170 °C are depicted
in Fig. 3. It can be seen from Fig. 2a that crystals were precipitated from the glass
phase and then adhered to the glass basis before complete crystallization. Figure 2b
depicted extremely fine particles with average diameter of 200 nm distributed
uniformly in the glass-ceramics. Granular crystals are intensively interconnected
and constituted a crystal skeleton soaked in the glass matrix, which improves the
mechanical properties of the glass-ceramics.

Physical and Mechanical Properties

The samples were kept at the firing temperature for 3–5 min and then cooled down
to room temperature at 30–100 °C/min. The samples were poorly densified below
1500 °C. The flexural strength of the samples fired at 1150 °C reaches Chinese
national standard for building materials (35 MPa). Increasing in firing temperature

Fig. 3 SEM images of glass-ceramics fired at 1170 °C
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increases the flexural strength of the samples. Flexural strength of the
glass-ceramics exceeded 90 MPa in the firing temperature zone of 1170–1200 °C.
Surface swelling, deformation, decrease in flexural strength and even smelting of
the samples occurred with firing temperature exceeding 1200 °C due to the grain
overgrowth and re-crystallization resulted by over firing. This is consistent with the
DTA curve of the parent glass. Liquid phase generated at high temperature (nor-
mally over 1100 °C) promoted the rapid densification and crystallization of the
green samples. The samples can be fired to glass-ceramics with flexural strength
exceeding 90 MPa at firing temperature zone of 1170–1200 °C with short firing
period of 30–60 min.

2–3 t/h chromium slag can be detoxified by the cyclone furnace. The detoxifi-
cation of chromium slag was attached to the regular operation of the cyclone
furnace and the power generation efficiency of the cyclone furnace were not sig-
nificantly affected. China have forbidden the utilization of chromium slag in cement
production and the water-quenched slag were stockpiled or deposited, which
occupied large amount of land and wasted the slag resources. In the pilot trial, the
water-quenched slag was fired into glass-ceramics which can be applied as building
and construction materials. This technique provides an effective and comprehensive
technique for the detoxification and utilization of chromium slag at low cost and
large-scale, which has great significance and prospects.

Conclusions

In the pilot trial, 10 wt.% chromium slag were mixed with pre-mixed bituminous
coal and limestone for the detoxification of Cr(VI) inside cyclone furnace. Cr(VI) in
chromium slag was reduced to Cr2O3 inside the cyclone and the overall reduction
rate of Cr(VI) exceeded 99.9%. Leaching toxicity test detected Cr(VI) of 0.016 and
0.010 mg/L of the frit and glass-ceramics, which is far below Chinese national
standard. The optimal flexural strength exceeding 90 MPa were achieved in the
firing temperature zone of 1170–1200 °C with short firing period of 30–60 min.
Anorthite (CaAl2Si2O8) and diopside [Ca(Mg, Fe)Si2O6] can be identified in the
glass-ceramics and CaAl2Si2O8 is the predominant crystal phase. Fine particles with
average diameter of 200 nm distributed uniformly in the glass-ceramics. Granular
crystals are intensively interconnected and constituted a crystal skeleton soaked in
the glass matrix, which improves the physical and mechanical properties of the
glass-ceramics. This technique provides an effective and comprehensive technique
for the detoxification and utilization of chromium slag at low cost and large-scale,
which has great significance and prospects.
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Preparation of Refractory Materials from
Ferronickel Slag

Foquan Gu, Zhiwei Peng, Huimin Tang, Lei Ye, Weiguang Tian,
Guoshen Liang, Mingjun Rao, Yuanbo Zhang, Guanghui Li
and Tao Jiang

Abstract The amount of slag produced from a typical ferronickel smelting pro-
cess is 4 to 6 times that of the metal product, and handling this slag is a huge
challenge to the ferronickel industry. The feasibility of a technological route for
preparing refractory materials from a ferronickel slag was verified in this study.
Based on the thermodynamics analysis, the effect of the sintering temperature on
the properties of refractory material from the slag was studied in the presence of
magnesia. The results of thermodynamics calculation showed that the reaction of
MgO with SiO2 generated forsterite and enstatite, whereas the reaction between
MgO and Fe2O3/Al2O3 produced corresponding magnesia spinels. The experi-
mental results showed that a refractory material with refractoriness of 1580 °C,
bulk density of 2.88 g/cm3, compressive strength of 106.9 MPa, and apparent
porosity of 5.8% was obtained under the conditions of magnesia addition of 15 wt
%, sintering temperature of 1350 °C and sintering time of 3 h. With increasing
sintering temperature, the bulk density and the compressive strength of refractory
material increased but the apparent porosity decreased, mainly attributed to the
formation of the liquid phase which promoted the densification of the refractory
material.
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Introduction

Ferronickel slag is a waste of ferronickel smelting process with amount of almost 4–
6 times that of the metal product [1, 2]. Compared with other metallurgical slags,
the ferronickel slag is characterized by low activity, low recovery value and large
quantity. Thus handling this slag is a huge challenge to the ferronickel industry.

At present, a majority of ferronickel slag is discarded and sent for landfilling or
dumping [3]. Disposing such a huge quantity of ferronickel production waste
occupies a lot of land resources, leading to potential soil and water contamination. It
is essential to seek feasible and viable applications of the ferronickel slag that
ensure its maximal utilization. Efforts have been carried out in laboratory and
pilot-scale trials for its utilization, among which (i) production of cement and
concrete, as additive in the cement or substitute of aggregates [4–8], (ii) production
of construction materials, as additive in ceramic tiles and bricks, in high strength
concrete, in fre-resistant bricks and in anti-slippery pavement tiles [9, 10],
(iii) synthesis of inorganic polymers [11, 12] are the most commonly used methods.
Although the above applications of the ferronickel slag are technically feasible, the
low activity of ferronickel slag, large contents of hazardous elements (e.g., Cr) and
high operation cost restrain their development. Therefore, more effective tech-
nologies should be built to improve the value of ferronickel slag with low overall
processing cost.

The main mineral phase components of the ferronickel slag are magnesia and
silica, which exhibit similar composition to forsterite refractory materials, charac-
terized by low dielectric permittivity, low thermal expansion, good chemical sta-
bility and excellent insulation properties even at high temperatures, with wide
applications in steel-making as drainage sand, continuous casting tundish,
non-ferrous metal smelting, glassmaking, rotary cement kiln and so on [13, 14].
Developing refractory material from ferronickel slag not only can improve the value
of ferronickel slag, but also avoid potential soil and water contamination. A large
quantity of refractory materials have been produced from high-magnesia and silica
waste, including ferrochromium slag [15] and iron ore tailing [16] by altering their
chemical composition. Hence it is may be possible to prepare a forsterite refractory
material by a similar approach.

In this study, the feasibility of a technological route for preparing refractory
materials from a ferronickel slag was verified by altering its chemical and phase
composition in the presence of sintered magnesia. The effect of sintering temper-
ature on the properties of refractory material was explored based on a detailed
thermodynamic analysis.

634 F. Gu et al.



Experimental

Materials

Ferronickel slag
The ferronickel slag sample was obtained by the Rotary Kiln-Electric Furnace
(RKEF) process of ferronickel smelting. Its chemical composition is shown in
Table 1. The sample was characterized by high contents of silica and magnesia, and
the ratio of magnesia to silica was 0.64. The X-ray diffraction (XRD) pattern
(Fig. 1) shows that the ferronickel slag mainly consisted of olivine. The ferronickel
slag sample was ground to about 89 wt% passing 74 lm.

Sintered Magnesia

Sintered magnesia was used as a source of MgO material in this study. The
chemical composition of the magnesite is given in Table 2.

Methods

Experimental procedure
The suitable molar ratio of magnesia to silica in forsterite refractory material is
0.94–1.33 [17]. According to the chemical compositions of ferronickel slag and
sintered magnesia, the theoretical dosage of sintered magnesia should be in the
range of 14.1–26.31% to ensure the forsterite as the main phase of the refractory
material. In this study, the dosage of sintered magnesia was 15 wt%.

Initially, the mixture of ferronickel slag and sintered magnesia was carefully
mixed in a planetary ball mill for 20 min. Briquettes of 20 mm in diameter and
20 mm in height were produced by manual hydraulic pressing at 100 MPa using
5 wt% of 1.3 g/cm3 magnesium chloride solution as the binder. The briquettes were
then dried in a vacuum drying oven at 105 °C for 4 h. After drying, the briquettes
were placed in a muffle furnace (furnace size: 150 mm � 150 mm � 150 mm) for
sintering. After sintering at a designated temperature for a given period of time, the
briquettes were cooled to room temperature and then taken out for the subsequent
characterization tests.

Table 1 Main chemical composition of ferronickel slag (wt%)

Component FeO NiO SiO2 CaO MgO Al2O3 Cr2O3

Content 7.39 0.06 48.29 2.40 30.95 4.04 2.11
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Instrumental Analyses

The chemical compositions of the sintered samples were examined using an X-ray
fluorescence spectrometer (XRF, PANalytical, Axios mAX, Almelo, The
Netherlands). Their mineral phase compositions were determined by an X-ray
diffraction spectrometer (XRD, Rigaku, D/Max 2500, Tokyo, Japan), using a
Cu-anode target with the wavelength of 1.54056 Å, scan mode for the step scan,
and step length of 0.02°.

Testing Standards

The refractorinesses of the samples were determined by the pyrometric cone
equivalent method according to the Chinese National Standard Test Method (GBT
7322-2007). The bulk density and the apparent porosity of the refractory materials
were measured according to the Chinese National Standard Test Method (GBT
2997-2000). The compressive strength of the refractory materials were method
according to the Chinese National Standard Test Method (GBT 5072-2008).

Fig. 1 XRD pattern of ferronickel slag

Table 2 Main chemical composition of sintered magnesia (wt%)

Component MgO CaO SiO2 Al2O3 Fe2O3

Content 94.51 1.53 0.98 1.13 0.65
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Results and Discussion

Properties of Refractory Materials

The software Factsage 7.0 was used for calculation of thermodynamics associated
with the liquid phase induced by the addition of 15 wt% sintered magnesia to
ferronickel slag (Fig. 2). The results showed that at the sintering temperature of
1200 °C, there was no liquid phase in the refractory material. As the sintering
temperature increased, the liquid phase content gradually increased. At 1500 °C,
the theoretical liquid phase content of the refractory material reached 27.34%. The
appearance of liquid phase could accelerate the reaction, with more complete
reaction and denser material. Hence, the sintering temperature could be reduced.
However, excessive liquid phase will deteriorate the high-temperature performance
of the sintered material. According to Fig. 2 the suitable sintering temperature of
ferronickel slag in the presence of 15 wt% sintered magnesia was 1200–1500 °C.

The effect of sintering temperature on the refractoriness of the refractory material
was studied by fixing the sintered magnesia addition of 15 wt%, the magnesium
chloride solution addition of 5 wt% and the sintering time of 3 h. According to
Fig. 3, when the sintering temperature increased from 1200 to 1500 °C, the
refractoriness of refractory material increased from 1510 to 1600 °C. It demon-
strated that sintered magnesia can react with ferronickel slag more completely and
faster.

The effect of sintering temperature on the bulk density, apparent porosity and
compressive strength of the refractory material was studied by fixing the sintered

Fig. 2 Calculated liquid phase content of refractory material at different sintering temperatures
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magnesia addition of 15 wt%, the magnesium chloride solution addition of 5 wt%
and the sintering time of 3 h. Figure 4 shows that the bulk density of refractory
material increased rapidly with the sintering temperature from 1200 to 1350 °C. At
1350 °C, the bulk density reached 2.88 g/cm3. As the sintering temperature
increased continuously, the bulk density gradually increased. This is because there
was little liquid phase formed at the low sintering temperature. When the sintering
temperature increased, the liquid phase content of the sintered material increased,
contributing to the densification of the material. Increasing the sintering temperature
reduced the apparent porosity. As the sintering temperature increased from 1200–
1500 °C, the apparent porosity of the refractory material decreased considerably
from 26.66 to 1.25%. The compressive strength of refractory material gradually
increased with sintering temperature, similar to the variation of bulk density.
Correspondingly, the porosity of refractory material declined.

According to the above results, a refractory material with refractoriness of
1580 °C, bulk density of 2.88 g/cm3, compressive strength of 106.9 MPa, and
apparent porosity of 5.8% could be obtained under the conditions of sintered
magnesia addition of 15 wt%, sintering temperature of 1350 °C and sintering time
of 3 h.

Sintering Mechanism

The reactions between olivine and the magnesia under sintering conditions are
given by:
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Fig. 3 Effect of sintering temperature on the refractoriness of refractory material
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2 Mg � Feð ÞO � SiO2 !Oxidizing atmosphere

800�C
2MgO � SiO2 þ SiO2 þ Fe2O3: ð1Þ

2MgO � SiO2 þ Fe2O3 ! MgO � SiO2 þMgO � Fe2O3 ð2Þ

MgO � SiO2 þMgO ! 2MgO � SiO2 ð3Þ

SiO2 þ 2MgO ! 2MgO � SiO2 ð4Þ

At first, the FeO in olivine will be oxidized to Fe2O3, as given by Reaction (1).
Fe2O3 will react with 2MgO�SiO2 to generate MgO�SiO2 and MgO�Fe2O3. The
MgO�SiO2 may further react with MgO to form 2MgO�SiO2. According to reaction
(4), the SiO2 generated by olivine decomposition reaction can also react with MgO to
form 2MgO�SiO2. As shown in Fig. 5, the melting point of 2MgO�SiO2 is 1890 °C,
and the eutectic temperature of 2MgO�SiO2 and MgO is 1850 °C. Conversely, the
eutectic temperature of 2MgO�SiO2 and MgO�SiO2 is only 1557 °C. Also, the
presence of 2FeO�SiO2 can form an infinite solid solution with 2MgO�SiO2, which
will reduce the liquid phase formation temperature of the system. In other words, the
presence of MgO�SiO2 and 2FeO�SiO2 will decrease the refractoriness of the re-
fractory material. The addition of sintered magnesia not only converts MgO�SiO2 to
2MgO�SiO2 to improve the refractoriness of the refractory material, but also
decreases the adverse effect of FeO on the refractoriness. This claim can be con-
firmed by the XRD patterns in Fig. 6. In the presence of 15 wt% sintered magnesia,
the peaks of olivine and fayalite in the refractory material obtained at different

Fig. 4 Effects of sintering temperature on the bulk density, apparent porosity and compressive
strength of refractory material
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sintering temperatures were not observed. As the sintering temperature increased, the
peak intensity of forsterite gradually increased and the intensity of enstatite dimin-
ished. At the sintering temperature above 1400 °C, the enstatite peaks disappeared.

Conclusions

The feasibility of a technological route for preparing refractory materials from a
ferronickel slag was verified. A refractory material with refractoriness of 1580 °C,
bulk density of 2.88 g/cm3, compressive strength of 106.9 MPa, and apparent
porosity of 5.8% was obtained under the conditions of sintered magnesia addition of
15 wt%, sintering temperature of 1350 °C and sintering time of 3 h. With increasing
sintering temperature, the bulk density and the compressive strength of the refractory
material increased but its apparent porosity decreased, due to the densification-
promoting effect of liquid phase formed in the refractory material. The olivine phase
in the ferronickel slag would decompose under the oxidizing sintering conditions,
and the decomposition products could react with the additive to generate
high-melting-point phases, such as 2MgO�SiO2 and MgO�Fe2O3, which restrained
the adverse effect of FeO on the refractoriness of the refractory material.

Fig. 5 Phase diagram of MgO–SiO2 system

640 F. Gu et al.



Acknowledgements This work was partially supported by the Guangdong Guangqing Metal
Technology Co. Ltd., the Open Fund of Key Laboratory for Solid Waste Management and
Environment Safety (Tsinghua University) under Grant SWMES2017-04, the Innovation-Driven
Program of Central South University under Grant 2016CXS021, and the Shenghua Lieying
Program of Central South University under Grant 502035001.

References

1. Dourdounis E, Stivanakis V, Angelopoulos GN, Chaniotakis E, Frogoudakis E,
Papanastasiou D, Papamantellos DC (2004) High-alumina cement production from
FeNi-ERF slag, limestone and diasporic bauxite. Cem Concr Res 34(6):941–947

2. Balomenos E, Panias D (2013) Iron recovery and production of high added value products
from the metallurgical by-products of primary aluminum and ferronickel industries. In:
Proceedings of the 3rd International Slag Valorisation Symposium. Belgium, Leuven.
pp 161–72

Fig. 6 XRD patterns of the refractory materials sintered at different temperatures (F—forsterite, P
—periclase, E—enstatite, M—magnesite-chrome spinel, A—magnesia spinel)

Preparation of Refractory Materials from Ferronickel Slag 641



3. Lemonis N, Tsakiridis PE, Katsiotis NS, Antiohos S, Papageorgiou D, Katsiotis MS,
Beazi-Katsioti M (2015) Hydration study of ternary blended cements containing ferronickel
slag and natural pozzolan. Constr Build Mater 81:130–139

4. Kirillidi Y, Frogoudakis E (2005) Electricarc furnace slag utilization. In: Proceedings of the
9th international conference on environmental science and technology, Rhodes, Greece,
pp 768–772

5. Saha AK, Sarker PK (2016) Expansion due to alkali-silica reaction of ferronickel slag fine
aggregate in OPC and blended cement mortars. Constr Build Mater 123:135–142

6. SahaA K, Sarker PK (2017) Sustainable use of ferronickel slag fine aggregate and fly ash in
structural concrete: mechanical properties and leaching study. J Clean Prod 162:438–448

7. Rahman MA, Sarker PK, Shaikh FUA, Saha AK (2017) Soundness and compressive strength
of Portland Cement blended with ground granulated ferronickel slag. Constr Build Mater
140:194–202

8. Katsiotis NS, Tsakiridis PE, Velissariou D, Katsiotis MS, Alhassan SM, Beazi M (2015)
Utilization of Ferronickel slag as additive in Portland Cement: a hydration leaching study.
Waste Biomass Valoriz 6(2):177–189

9. Fidancevska E, Vassilev V, Milosevski M, Parvanov S, Milosevski D, Aljihmani L (2007)
Composites based on industrial wastes III. Production of composites from Fe-Ni slag
and waste glass. Journal of the University of Chemical Technology and Metallurgy
42(3):285–290

10. Vassilev V, Fidancevska E, Milosevski M, Parvanov S, Milosevski D, Aljihmani L (2007)
Composites based on industrial wastes IV. Production of porous composites from Fe–Ni slag
and waste glass. J Univ Chem Technol Metall 42(4):369–376

11. Maragkos I, Giannopoulou IP, Panias D (2009) Synthesis of ferronickel slag-based
geopolymers. Miner Eng 22(2):196–203

12. Komnitsas K, Zaharaki D, Perdikatsis V (2009) Effect of synthesis parameters on the
compressive strength of low-calcium ferronickel slag inorganic polymers. J Hazard Mater 161
(2–3):760–768

13. Othman AG, Khalil NM (2005) Sintering of magnesia refractories through the formation of
periclase-forsterite-spinel phases. Ceram Int 31(8):1117–1121

14. Hossain S, Mathur L, Singh P, Majhi M R (2017) Preparation of forsterite refractory using
highly abundant amorphous rice husk silica for thermal insulation. J Asian Ceram Soc 5
(2):82–87

15. Sahu N, Biswas A, Kapure GU (2016) Development of Refractory Material from Water
Quenched Granulated Ferrochromium Slag. Miner Process Extr Metall Rev 37(4):255–263

16. Li J, Qi W, Liu J, Li P (2009) Synthesis process of forsterite refractory by iron ore tailings.
J Environ Sci Suppl 21(S1):S92–S95

17. Xue Q, Xu W (2013) Refractory materials. Metallurgical Industry Press, Beijing

642 F. Gu et al.



Process Improvement on the Gradation
Uniformity of Steel Slag Asphalt Concrete
Aggregate

Can-hua Li, Ming-sheng He, Huo-guo Pang, Xiao-dong Xiang
and Hong-bo Jin

Abstract The specification of the steel slag aggregate will be mutated if the ag-
gregate is prepared by a single type crusher. The specification stability of the steel
slag improved significantly when the jaw crusher and the cone-crusher are com-
bined in the crushing process. The combination of the crusher and screen is applied
to produce steel slag aggregate while the roller washing process for removing the
dust from the surface of aggregate. A pilot production line has been established by
this technology. The specification stability and the road performance indicators of
the steel slag aggregates have been greatly improved by this pilot production line as
compared with the traditional production line. The particulate of the steel slag
aggregate is decreased by 81% compared to the traditional line.
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Introduction

Overseas scholars had done much earlier research on the use of steel slag paving
materials, and made many important conclusions [1–5]. The steel slags were
applied as coarse aggregate to asphalt concrete by Ahmedzade P, and it was showed
that steel slag asphalt concrete had excellent mechanical properties and water
damage resistance [6]. At present, the steel slag has a very high utilization rate,
almost 100%, in Europe and the United States, and Japan, and 40–60% of them
used in road paving. China has also carried out a lot of research on the steel slag
used as a road aggregate [7–9]. The studies have also shown that steel slag asphalt
concrete had excellent road performances [10, 11]. However, there are a few sys-
tematic researches on the production of steel slag aggregate. There is no mature
control technology of the performance index of steel slag in china, so the enterprise
has not formed the technology or experience to produce steel slag aggregate of
stable uniformity. How to control the variability of steel slag aggregate becomes the
key to ensure the use of the steel slag asphalt concrete.

Variation of Steel Slag Aggregate Gradation and Its Causes

The process has a direct effect on steel slag specifications and performance. At
present, steel slags are broken only by jaw crusher in most iron and steel enter-
prises. The process is shown in Fig. 1. The steel slags are transported by the feeder
to the jaw crusher for crushing. They are taken into magnetic separation after
broken, to remove the slag blocks containing more iron. Then they are graded into
different size directly through the vibrating screen.

The poor specification stability of steel slag aggregate is mainly caused by the
process of a single crushing and screening equipment. The steel slags are a

Fig. 1 Substitution of counterattack crusher to cone crusher in aggregate preparation:
a Traditional aggregate preparation system, b New aggregate preparation system
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byproduct in the process of steel making and have complex and changeable
composition, which result that the steel slags in different batches and different parts
have different damage resistance capacity. When with a single crusher, it is difficult
to obtain a variety of steel slag aggregates, but easy to bring out interrupted grading
phenomenon. In the other hand, specification instability of the broken steel slag
aggregate will be caused by the changing hardening capacity of the steel slag. The
steel slag blocks are broken easily and sometimes difficultly. Some steel slag blocks
contain much of parts easy to be broken. However, some steel slag blocks contain
relatively little. This result the output of steel slag aggregate are very unstable, and
change in a wide range, which caused that the workload of the shaker are heavy and
sometimes light, and the steel slag aggregates of different specification are unable to
separate quickly and mix with each other. The unstable specifications of steel slag
aggregates are related to the mechanical properties of them. The slag crushing
specifications are related to the ability of impact resistance. The mechanical
properties of the different aggregates are different. Its agglomeration caused
unstable mechanical properties. The crushing values of different broken steel slags
broken by jaw crusher in a steel slag pile of a steel mill are tested. The results are
shown in Fig. 2. It can be seen from Fig. 2 that the crushing values of different parts
of the same steel slag aggregate pile are very different, so the performance of them
are not stable.

The surface of the steel slag coarse particles produced by the traditional steel
slag crushing line due to the lack of coarse aggregate separation of equipment, are
wrapped with a thick fine particles (fine steel slag, sludge, etc.) layer. In the wet
environment, it is difficult to remove this fine particles layer because of its
cementation with steel slag surface. As a result, the steel slag aggregates turned into
ellipse, and the angularity of them has changed significantly (Fig. 3). It is not
conducive to the formation of intercalation between coarse aggregate particles,
when they are used as coarse aggregates of asphalt concrete.

Fig. 2 Crushing value of
steel slag based traditional
line
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Study on the Crushing Equipment and Combination
Configuration

Study on Variability of Different Single Crushing Equipment

The road aggregate are mainly produced with jaw crusher, impact crusher, cone
crusher and other crusher at present. In order to ensure good specification and grain
of the aggregates, road aggregate are produced by multi-stage crushing process in
most of the aggregate processing enterprises. In this paper, the variabilities of steel
slag aggregates are studied when the steel slag crushed with single crusher. The
steel slag coarse aggregates are processed with jaw crusher, impact crusher, cone
crusher respectively, and the steel slag coarse aggregates (particle size greater than
10 mm) are screened for samples. The results are shown in Fig. 4.

From the large sample screening results, it can be seen that the steel slags
crushed with a single device and multiple screens had poor consistency, especially
when using jaw crusher and counterattack crusher. However, the steel slags crushed
with single cone crusher have better consistency than the single jaw crusher and the
single impact crusher. It can not achieve the purpose of producing stable specifi-
cations of steel slag, when using single jaw crusher, or single impact crusher or
single cone crusher.

Fig. 3 Appearance topography of the steel slag coarse aggregate

Fig. 4 Steel slag prepared by different single crushing equipment: a by jaw crusher, b by impact
crusher, c by cone crusher
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Study on Variability of the Combination of the Jaw Crusher
and the Cone Crusher

The jaw crusher is selected for crushing large-size slag block in most enterprises.
The choice of jaw crusher for its early break has a significant advantage. So the jaw
crusher can be used as the first piece of steel slag equipment. Cone crusher is
currently more advocate for crushing steel slag. Cone crusher can crush steel slag
selectively. In this study, cone crusher is used as a fine crusher.

In this study, the jaw crusher is used to crush steel slag firstly, and the cone
crusher is used to fine crush. The specification stability of the coarse steel slags is
analyzed, after being screened out the particle size less than 10 mm. Three batches
of steel slag are analyzed and compared with the steel slag coarse aggregate (di-
ameter greater than 10 mm) produced in the traditional production line. The test
results were shown in Figs. 5 and 6, respectively. The results show that the stability
of the coarse particles has been improved significantly when the steel slag crushed
by the combination of the jaw crusher and the cone crusher.

Study on the Screening Process of Steel Slag

Usually the aggregates are crushed firstly, and then screened. Steel slag contains
many fine particles when it is crushed. The proportion of diameter less than 10 mm
is about from 40 to 50% of the total steel slags, which are produced by the jaw
crusher production line. In this study, the steel slags are processed in combinations
of the crusher and screen, as shown in Fig. 7. The steel slags first pass through the
vibrating screen. The fine particles of diameter less than 10 mm are removed. They
are primary milled by the jaw crusher, and then fine-broken by the cone crusher.
The steel slag aggregates, which fine-broken by the cone crusher, again passed

Fig. 5 Sieving of steel slag
based on production line of
WISCO
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through the vibrating screen to remove the fine particles of diameter less than
10 mm. Finally the steel slag aggregates are graded into different specifications by
different-sized vibrating screens.

Study on the Cleaning Process of Steel Slag

It is difficult to remove the fine steel slag particles coating on the surface of the slag
aggregate when they had been stored for a long time. The fine steel slags particles
will changes the surface morphology of the slag aggregate. The XRD analysis is
shown in Fig. 8. It is shown that the steel slag contain tri-calcium silicate (C3S) and
dicalcium silicate (C2S) [12, 13]. The silicate minerals can hydrate in humid con-
ditions [14]. The cementation of the fine particles on the surface of the steel slag is
mainly due to the hydration of silicate minerals. Silicate minerals are hydrated to
produce Ca(OH)2 and C-S-H gels. The C-S-H gels have gelling properties and
make the hydrated product to bind to the surface of the steel slag aggregates. The
degree of cementation increases with time. Therefore, it should be promptly
removed the fine steel slag particles coating on the surface of the slag aggregate,
and make to ensure the steel slag aggregates a good angularity.

In this study, water is used to clean the steel slag aggregates, and take away with
the dusts at the same time. The sewage goes into the sedimentation tank for filter

Fig. 6 Sieving of steel slag
based on jaw crusher and
cone crusher

Fig. 7 Multi-stage process of slag aggregate preparation
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dust. The water can be recycled. It indicates that there is a unique advantage for
cleaning steel slag with a drum sieve. The steel slag aggregates are conveyed by the
belt to the tail of the drum sieve. The drum sieve has a certain inclination angle. The
steel slag aggregates move to the head of the drum screen while the high pressure
water is injected from the head of the drum screen. The effluent containing fine
powder and mud are discharged from the holes in the side wall of the drum screen
and collected into the sedimentation tank (Fig. 9).

Study on The Steel Slag Pilot Plant

Process Introduction

The process flow of the pilot production line is as follows. The steel blocks are sent
into the feeder with a truck. The iron of the steel slag is pick out with the drum
magnetic. In order to improve the efficiency of jaw crusher, the steel slags are

Fig. 8 XRD result of steel
slag

Fig. 9 Cleaning technology of BOF slag aggregate
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sieved with a vibrating screen to remove the small particles (particle size less than
10 mm) before they are sent into the jaw crusher. The steel slags are fine-broken by
the cone crusher after being primary milled by the jaw crusher. After being
fine-broken, recovering iron has done again. Because the broken steel slag con-
tained more fine particles, the fine particles are removed from it again using a
circular vibrating screen. Finally the steel slag aggregates cleaned by water are
graded into different specifications by different-sized vibrating screens.

Performance Test of Steel Slag

The specification variation and the road performance of the slag aggregate produced
by the pilot production line are tested. The screening results for the slag aggregate
samples of different batches are shown in Fig. 10. It can be seen from the results
that the screening results of each material are consistent with each other, which
indicate that the stability of steel slag has a significant improvement as compared
with the traditional line. It Indicate that the improved technology can achieve to
produce particle size controllable steel slag aggregate.

The road performance tests of the steel slag aggregate include apparent relative
density, Los Angeles abrasion, water absorption, ruggedness, needle-like content,
crushing value, dust (mud) content. The tests are carried out in accordance with
Highway Engineering Aggregate Test Code and Highway Engineering Asphalt and
Asphalt Mixture Test Code. The road performance indicators of the steel slag
asphalt concrete should meet Highway asphalt pavement construction technical
specifications, JTG F40-2004. The test results are shown in Table 1.

It can be seen from Table 1, all road performance indicators of steel slag ag-
gregate in the production process meet the requirements, and the crushing value and
Los Angeles wear value are much smaller than the code limits. This indicates that
steel slags have good wear resistance and good performance.

Fig. 10 Screening result of slag aggregate with size variation: a 25–16 mm, b 16–10 mm
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Compared with the traditional production line, the new production line had done
a lot of changes. Multi-stage magnetic separation device and washing process with
drum screen have an effect on iron content, density, dust content of the steel slag
aggregate. We have made a comparison with the new line and the traditional
line in these indicators. The results are shown in Table 2. The results show that the
multi-stage magnetic separation device reduced the iron content in the steel slag to a
certain extent. The decrease of the iron content also reduced the density of the slag
aggregate. The dust content of the steel slag reduced significantly by 81% due to the
washing process as compared to the traditional line.

Conclusion

(1) Multiple screening results for steel slags crushed by a single crushing device are
very bad consistency, and specification variation of steel slag aggregate is great.
However, the stability of the steel slag coarse aggregate is improved signifi-
cantly, when the steel slag is crushed by the combination of the jaw crusher and
the conical crusher.

Table 1 Property test of steel slag in the pilot line

Item Result Requirement

Density test >25 mm Apparent relative density 3.396 >2.6

Adsorption rate (by mass)/% 1.15 <3

Dust content (by mass)/% 0.8 <1

16–25 mm Apparent relative density 3.354 >2.6

Adsorption rate (by mass)/% 1.353 <3

Dust content (by mass)/% 0.8 <1

10–16 mm Apparent relative density 3.261 >2.6

Adsorption rate (by mass)/% 1.958 <3

Dust content (by mass)/% 0.9 <1

Crushing value (by mass)/% 13.6 � 26

Los Angeles abrasion (by mass)/% 13.2 � 28

Flakiness content
(by mass)/%

4.75–9.5 mm 5.1 � 18

>9.5 mm 4.3 � 12

Adhesion level 5 � 4

Table 2 Indexes comparison
between old slags and new
ones

Index Traditional line Pilot line

Iron content (by mass)/% 12.2–22.6 9.6–15.5

Apparent relative density 3.386–3.505 3.261–3.396

Dust content (by mass)/% 2.5–4.6 0.8–0.9
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(2) The steel slag aggregates can efficiently be produced with good variability
when using the combination of crusher and screen. The drum washing process
can improve the performance of the steel slag aggregate by removing the dusts
from their surface.

(3) Compared to the traditional production line, the new pilot production line
adopts combination of the jaw crusher and the cone-crusher, screen and
washing process. The steel slag aggregate produced by the new pilot production
line have better specifications stability and road performance indicators, com-
pared with the traditional process.
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Research on the Interaction of Humic Acid
with Iron Minerals

Guihong Han, Shengpeng Su, Yijun Cao, Yanfang Huang
and Xiangyu Song

Abstract Binder is indispensable in the production of iron ore pellets and the
quality of pellets seems to be related to the interactions between binders and iron
minerals. Humic acid is proved a suitable binder for iron ore pelletizing. In this
paper, the interactions between humic acid and iron minerals were investigated by
adsorption experiments and molecular dynamic simulations. Adsorption experi-
mental results show that the adsorption of humic acid on hematite is easier than that
on magnetite, and the maximum adsorption capacities of humic acid on hematite
and magnetite reach 17.1, 7.39 mg/g, respectively. The results of adsorption iso-
therms indicate that the Langmuir model provides the best correlation of the
experimental data, while the thermodynamics results demonstrate that the adsorp-
tion process is a spontaneous exothermic process. Molecular dynamic simulations
reveal that the interaction between hematite and humic acid is stronger than that
between humic acid and magnetite.

Keywords Humic acid � Iron minerals � Adsorption � Molecular dynamics
simulation

Introduction

Iron ore pellets, with advantages of high Fe content and good metallurgical per-
formance, are considered to be suitable for blast furnace. Simultaneously, the
production of iron ore pellets also complies with the desire of energy conservation
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and environmental protection in iron and steel industry [1, 2]. Binder is indis-
pensable in the production of iron ore pellets, which can significantly influence the
quality of finished products.

A large number of binders have been developed in recent decades, such as, lime,
bentonite, asphalt, papermill sludges and so on [3, 4]. So far, bentonite is still the
most commonly used binder in pellet production. However, because of the poor
bonding properties of bentonite in China, the usage amount of bentonite is much
higher than that in foreign pellet plan [5].

Humic acid, extracted from poor lignite, is a kind of organic macromolecule
polymer consisted of carboxyl groups and hydroxyl groups [6]. Theoretically,
humic acid should be a better alternative because of their ideal adhesive molecular
conformation. A few of researches have been carried on humic acid used as binders
for pelletizing. The detailed adsorption characteristics of humic acid onto iron ore
particles has been investigated by Han guihong et al. [7] and adsorption of humic
acid onto natural magnetite, hematite and quartz surfaces as a function of initial
humic acid concentration has been comparatively investigated by Zhou youlian
et al. [8]. It was found that humic acid has a good adsorption property with iron ore.

In this paper, hematite and magnetite were used as raw materials while humic
acid was used as iron mineral binder. Adsorption experiments and molecular
dynamic simulations were conducted to research the interaction between humic acid
and iron minerals

Experimental

Materials

In this paper, two typical iron ore minerals (hematite and magnetite) were used as
raw materials. Single crystal hematite and magnetite samples obtained from Tianjin
province, China, and the XRD patterns of hematite and magnetite were shown in
Fig. 1. These samples were kept in a dryer to prevent further surface oxidation and
ensure reproducibility of the tests. Humic substances based binders are extracted
from lignite coals. All the other reagents used in this study were analytical grade
and were used without further purification.

Adsorption Experiments

Adsorption experiments were conducted by adding a certain amount of adsorbent to
a series of 100 mL conical flasks filled with 25 mL diluted solutions (0–100 mmol/
L). The conical flasks were then sealed and placed in a shaker and shaken at
150 rpm with a required adsorbent time at 25 °C and natural pH. After equilibrium,
the solution was centrifuged for 3 min at 3500 rpm. All the concentrations were
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measured at the wavelength corresponding to max absorbance, kmax = 254 nm,
using a UV/vis spectrophotometer (PUXI, TU-1901). The amount of humics at
equilibrium qe (mmol/g) on hematite and magnetite was calculated from the fol-
lowing equation:

qe ¼
ðC0 � CeÞV

m
ð1Þ

where C0 and Ce (mmol/L) are the liquid phase concentrations of humics at initial
and equilibrium, respectively. V is the volume of the solution (L) and m is the mass
of adsorbent used (g).

Molecular Dynamics Simulations

All simulations were performed with the commercial Materials Studio software
package [9]. The process of humic acid adsorption on hematite (010) and magnetite
(111) surface was investigated by performing molecular dynamics (MD) using the
Forcite module. MD was conducted in a simulation box with periodic boundary
conditions (PBC) using the universal force field, which is a full periodic table force
field for molecular mechanics and molecular dynamics simulations [10]. The
minimization was performed using the Smart algorithm that automatically combi-
nes appropriate features of the other available methods in a cascade. Simulations
were carried out in the NVT ensemble using the Nose algorithm for a run time of
4 ns with a 1 fs time step at 298 K. The simulations were initialized with the
minimum energy structures and random initial velocities. The non-bonded inter-
actions were calculated using the Ewald [11] method.
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Fig. 1 XRD patterns of hematite (a) and magnetite (b)
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Results and Discussion

Adsorption Isotherms

In order to determination of equilibrium adsorption isotherm, the equilibrium
experimental data for adsorbed data humic acid on hematite and magnetite were
analyzed using the Langmuir, Freundlich isotherms in this study. Figure 2 shows
that the equilibrium adsorption of humic acid (qe vs. Ce) onto hematite and mag-
netite. The results show that adsorption capacities of humic acid on hematite and
magnetite reach 17.1, 7.39 mg/g, respectively.

The Langmuir isotherm is most widely used for the adsorption process [12]. The
Langmuir isotherm is represented as follows:

qe ¼ KLCe

1þ aLCe
ð2Þ

where qe (mg/g) and Ce (mg/L) are the amount of adsorbed humic acid per unit
weight of adsorbent and humic acid concentration in solution at equilibrium,
respectively. The KL (L/g) and aL (L/mg) are the Langmuir isotherm constants.

Equation (2) can be rearranged to obtain a linear form:

Ce

qe
¼ 1

KL
þ aL

KL
Ce ð3Þ

The Freundlich isotherm is expressed by the following equation [13]

qe ¼ KFC
1=n
e ð4Þ
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Fig. 2 Equilibrium
adsorption of humic acid on
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where KF (mg1−1/n L1/n g−1) is the Freundlich constant related to the bonding
energy, and n (g/L) is the heterogeneity factor. A linear form of the Freundlich
isotherm can be obtained by taking logarithms of Eq. (4):

log qe ¼ log KF þ 1
n
logCe ð5Þ

The Langmuir, Freundlich isotherm constants for humic acid adsorption are
summarized in Table 1, and the adsorption isotherms were found to be linear over
the entire concentration range studies with a good linear correlation coefficient
(R2 > 0.995), which indicate that data correctly fit the Langmuir isotherm.

Adsorption Thermodynamics

The thermodynamic parameters such as change in standard free energy (ΔG),
enthalpy (ΔH) and entropy (ΔS) were determined by using the following equations
[14]:

DG ¼ DH � DS � T ð6Þ

lnk ¼ DS
R

� DH
RT

ð7Þ

where R (8.314 J/mol K) is the gas constant, T (K) the absolute temperature and k
(L/g) is the standard thermodynamic equilibrium constant defined by qe/Ce. The
values ΔH and ΔS can be estimated from the slopes and intercepts in the graph of
lnk versus 1/T.

Table 1 Langmuir, Freundlich isotherm constants for humic acid adsorption

Langmuir Freundlich

KL (L/g) aL (L/mg) R2 KF (mg1−1/n L1/n g−1) n (g/L) R2

Hematite 26.1 1.51 0.997 9.10 5.13 0.957

Magnetite 16.1 2.01 0.999 4.42 5.03 0.930

Table 2 Thermodynamic parameters of humic acid adsorption on hematite and magnetite

Temperature
(K)

Hematite Magnetite

ΔG (kJ/
mol)

ΔH (kJ/
mol)

ΔS (J/
mol�K)

ΔG (kJ/
mol)

ΔH (kJ/
mol)

ΔS
(J/mol�K)

298 −6.11 −25.42 0.059 −6.11 −55.50 −0.17

308 −2.24 −2.41

318 −2.84 −2.84
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Thermodynamic parameters of humic acid adsorption on hematite and magnetite
are reported in Table 2, and the negative values of ΔG and ΔH obtained demon-
strate that the adsorption is a spontaneous exothermic process. The positive value of
ΔS suggests increased randomness at the solid/solution interface occur in the
structure of the adsorption of humic acid onto hematite surface.

Molecular Dynamic Simulations

The structure of humic acid adsorbed on hematite (010) or magnetite (111) surface
were constructed using MD simulation in an attempt to understand the interactions
between humic acid and hematite or magnetite surface. Figure 3a, b show the initial
and equilibrium configuration of humic acid molecule on hematite surface, and
Fig. 4a, b show the initial and equilibrium configuration of humic acid molecule on
magnetite surface. According to the initial and equilibrium configuration of the
humic acid molecule adsorbed on hematite (010) or magnetite (111) surface, A
conclusion can be drawn that that the humic acid molecule can be parallelly
absorbed on the hematite (010) or magnetite (111) surface.

The interaction energies between the hematite or magnetite surface and humic
acid were calculated according to the following equation [15]:

DE ¼ Etotal � Esurface � Ehumic ð8Þ

where Etotal was the total energy of the iron minerals crystal together with the
adsorbed humic acid molecule; and Esurface;Ehumic was the total energy of the
hematite or magnetite crystal and free humic acid molecule, respectively.

Fig. 3 Configurations of humic acid molecule adsorbed on hematite (010) surface, a initial,
b equilibrium
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The adsorption energies of the humic molecule on hematite (010) and magnetite
(111) surface are shown in Table 3. The high absolute value of the adsorption
energies show that strong adsorption of these humics occurs on the iron ore surface.
It can be seen that the adsorption energies of humic acid with hematite and mag-
netite were −1201.86, −200.96 kJ/mol, respectively, which demonstrate that the
adsorption of humic acid on the hematite surface is easier, which is consistent with
experiments results that we observed.

Conclusions

The interactions between humic acid and iron minerals were investigated by
adsorption experiments and molecular dynamics simulations in this paper. The
results indicate that the adsorption of humic acid on the hematite surface is easier
than that of magnetite, and adsorption capacities of humic acid on hematite and
magnetite reach 17.1 and 7.39 mg/g, respectively. The results of isotherms show
that the Langmuir model provides the best correlation of the experimental data,
whereas the thermodynamics results demonstrate that the adsorption is a sponta-
neous exothermic process. Molecular dynamic simulations reveal that the

Fig. 4 Configurations of humic acid molecule adsorbed on magnetite (111) surface, a initial,
b equilibrium

Table 3 Adsorption energies of humic acid acid on the surface of iron ore

Mineral Humic acid

Etotal (kJ/mol) Esurface (kJ/mol) Ehumic (kJ/mol) △E (kJ/mol)

Hematite −330.54 859.53 11.79 −1201.86

Magnetite −59,438.65 −59,191.86 −45.83 −200.96
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interaction between hematite and humic acid is stronger than that between humic
acid and magnetite, which is consistent with results of the performed adsorption
experiments.
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Study of Different Process Additives
Applied to Polypropylene

Patricia N. S. Poveda, Juliana Augusto Molari,
Deborah Dibbern Brunelli and Leonardo G. A e Silva

Abstract There are several additives aimed on improving the processing charac-
teristics as well as mechanical properties of the plastic materials. Being
polypropylene is one of the main polymers used in the plastic processing industry
due to its easy processability and application versatility, was chosen as the base
resin for this study. Additives can aid the processing of polypropylene, either by
promoting a better slip between the chains (lubricants), or by contributing to
nucleation and crystallinity (nucleating). In this study, the raw materials copolymer
polypropylene, lubricant (internal and external action), organic nucleating agent
(metallic salt) and inorganic nucleating agent (metallic oxide) were considered.
Mechanical tensile tests, Charpy impact and spiral flow to verify melt index were
performed to characterize the samples with additives and standard (copolymer
polypropylene). The interference of these additives with polymeric matrix was
observed.
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Introduction

Nowadays, polymers available on the market have a wide variety of properties.
There are polymers capable of replacing metals, ceramics, and even glasses for
certain applications [1].

The purpose of add an additive in a polymer is to obtain synergy between the
constituents and to produce a material with superior properties when compared to
original polymer. Additivation may also provide other results such as cost reduction
of the final polymer and achievement of stability during processing and final pro-
duct life cycle [2].

Polymers have high molar mass, thus, become viscous when melted. The higher
the molar mass, the greater the viscosity. The high viscosity makes it difficult to
process, especially in injection process, since the plastic must often pass through
injection channels with narrow diameters. Therefore, it is necessary to reduce the
viscosity of the polymer mass to ensure less wear of the machines and molds,
higher productivity (faster cycles) and, consequently, electrical energy savings [3].

There are two different ways to achieve lower viscosity in a molten mass:

• By increasing processing temperature (which is not recommended, as the rate of
degradation of the molecules will be higher, as well as the cooling time of the
product and, consequently, the cycle time);

• By introducing auxiliary processing additives.

Lubricants facilitate the processing of polymers by increasing flow properties
and decreasing the interaction of the melting with the walls of the machine [2].

When the polymer is processed, the melting temperature is higher than the
temperature of the lubricant; thus, it fuses before than the polymer. The lubricant
penetrates the plastic, and the level of penetration will depend on its solubility [3].

The nucleating agents may not significantly affect the rate of crystallization of all
polymers. In order to a polymer be sensitive to nucleation during its crystallization
process, the growth rate of the crystal must not be extreme (too high or too low). In
case of polypropylene (PP), the rate of crystalline growth is intermediate, being one
of the easiest polymers to form nuclei [4].

The physical or chemical nature of the nucleating agents may be quite diverse.
A nucleating agent may be:

• an impurity, for example, a catalyst residue;
• an organic compound, such as benzoic acid;
• an inorganic compound, such as talc or a pigment.

For this study, a lubricant based on fatty acid ester, an organic nucleating of the
metallic salt type and an inorganic metal oxide nucleating were used.
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Experimental

The following raw materials were used:

• polypropylene Copolymer (PPC) with flow index of 40.0 g/10 min;
• internal and external lubricant;
• organic nucleating agent of the metal salt type;
• inorganic nucleating agent of the metal oxide type.

The proposed formulations are presented in Table 1.
In order to obtain test samples, an injection standardized test Type I tool was

used according to ASTM D-638-10 [5], obtaining 20 test samples without additive
(A—standard sample) and 20 test samples with each additive, characterizing
samples B, C and D.

Tensile test provides information on the mechanical properties of the materials,
such as tensile strength, elongation at break and modulus of elasticity. ISO 527-1
[6] specifies the general principles for determining the tensile properties of plastics
and plastic composites under defined conditions.

Results and Discussion

Figures 1, 2, 3 and 4 show the behavior of the samples for the mechanical assays.
Table 2 presents the results of the tests.

Charpy impact strength test may be used to investigate the behavior of certain
sample types under defined impact conditions and to estimate the fragility or
hardness of samples within the limitations inherent to the test condition. The results
of this test are shown in Table 3.

In order to identify how much the fluidity index of the polymer is changed with
the addition of the additives, this material characteristic was measured according to
the method described in Table 4.

In this method, the molding flow of the thermoplastic material was evaluated. It
was injected into a constant trapezoidal section spiral with subdivisions in cen-
timeters or inches. The mold was filled from the center of the spiral and the pressure
was maintained until the flow stops, indicating the flow distance. The results for the
spiral flow test can be seen in Fig. 5.

Table 1 Formulations with
different process auxiliary
additives (%, by mass)

Components A B C D

PPC 100.0 99.5 99.5 99.5

Lubricant – 0.5 – –

Metal salt – – 0.5 –

Metal oxide – – – 0.5
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Fig. 1 Tensile properties of sample A (PPC)

Fig. 2 Tensile properties of sample B (lubricant)

Fig. 3 Tensile properties of sample C (metal salt)
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Fig. 4 Tensile properties of sample D (oxide)

Table 2 Results of the tensile strength test

Tensile properties A
�x

A
s

B
�x

B
s

C
�x

C
s

D
�x

D
s

Modulus of elasticity
E (MPa)

889.00 31.80 1020.00 34.90 982.00 25.90 933.00 35.70

Maximum tensile
strength d (MPa)

26.70 0.38 26.90 0.11 27.80 0.24 27.10 0.29

Tensile elongation e
(%)

13.00 0.15 12.40 0.15 12.50 0.19 12.30 0.18

Table 3 Results of the charpy impact strength test (kJ/m2)

Charpy impact A
�x

A
s

B
�x

B
s

C
�x

C
s

D
�x

D
s

Without notch (kJ/
m2)

99.81 0.00 99.80 0.00 87.68 20.02 99.81 0.00

Notched (kJ/m2) 7.09 0.72 6.62 0.46 6.32 0.55 4.64 0.54
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Conclusions

In general, samples B (lubricant) and D (metal oxide) presented different perfor-
mance when compared to standard sample A (PPC).

Concerning the results of the tensile properties, it was observed that the sample
B (lubricant) showed higher elastic modulus result when compared to the other
samples, it had similar results in maximum tensile stress and elongation at maxi-
mum force.

For the Charpy impact test, sample D (metal oxide) presented the most out-
standing result in relation to the notched test, being 30.43% lower than the other
samples, on average. This can be explained by the greater fragility caused by the
increase of the degree of crystallinity in this sample.

In relation to possible interferences with the melt index of the base polymer and /
or standard A (PPC), it was observed that sample B (lubricant) showed a spiral flow

Table 4 Spiral flow method

Parameter Unit Value

Toll temperature °C 50

Dosing cm2 20

Injection pressure bar 700

Pack and hold pressure bar 700

Pack and hold time s 10

Cool time s 10

Molding temperature °C 200

Injection speed cm2/s 20

Fig. 5 Spiral flow test results
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result about 3% higher than the average of the other samples. Thus, it is concluded
that sample C (metal salt) was interfered less with the base polymer, keeping the
results very close to the standard sample. Sample D (metal oxide) presented a more
interfering character, since it increased the crystallinity and made the sample more
fragile. Sample B (lubricant) was considered an interesting alternative for the
processing facilitation of the studied polymer due to the promotion of higher flow,
without presenting losses in the mechanical properties evaluated.
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agement in carrying out this work.
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Study of Durability of Mortars
with Effluent Sludge from Paper Industry
Exposed to Salt Spray

A. R. G. Azevedo, J. Alexandre, G. C. Xavier, E. B. Zanelato,
M. T. Marvila, N. A. Cerqueira, B. C. Mendes and S. N. Monteiro

Abstract Mortar is a widely used building material and has its application in
buildings in extremely vulnerable environments and susceptible to degradation,
such as facades. The objective of this work was to evaluate the loss of mechanical
resistance to compression and flexure and the loss of mass of the mortars with
effluent sludge from paper industry, when exposed to saline environments. The
specimens were done with 0, 5, 10 and 15% of incorporation in lime paste and
subjected to saline mist equipment that sprays salt solution in cycles simulating
natural degradation conditions using literature data. It can be concluded that mortars
with a 15% incorporation obtained a significant loss of mass and a decrease in their
mechanical resistance, which impairs their use in civil construction and influence in
other properties of the material, with a level of incorporation of 10% the results
within Brazilian standards.
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Introduction

The civil construction sector has shown considerable growth in the last decades,
having great influence in social and economic terms, proof of this are the sector’s
employability indicators. This sector is the activity with the greatest consumption of
natural resources of the planet [1], both in the manufacturing of applied materials,
as in the construction processes (water, sand, clay, limestone and energy are highly
consumed in different stages). Thus, cement is the second most consumed product
in the world today, second only to water [2]. In addition, it is important to highlight
the environmental pollution caused by the construction sector. The cement industry
itself is highly polluting because of the high levels of carbon dioxide released in the
production of cements and other binders.

With the aim of reducing the use of Portland cement and the natural materials
used in the manufacture of mortar, the civil construction industry has been incor-
porating industrial waste into the building materials. These residues, previously
presented as a material to be discarded and an environmental problem to be solved,
must be incorporated in a way that does not harm the properties of the materials, for
this, it is essential the characterization of the material and verification of its influ-
ence when incorporated to its destination, since the durability of the mortar cov-
erings is essential for a reduction in the consumption of the materials in the long
term.

Among the residues available for use is the waste from the paper industry. The
pulp and paper industry has great economic and social importance in generating
income and resources. It is estimated that the papermaking industry has grown
steadily in recent years, however, this increase has traditionally been linked to a
myriad of problems. It can exemplify as serious environmental problems the great
consumption of natural resources such as wood, generation of a considerable
amount of solid waste, in the case of effluents and pollution of the atmosphere with
the emission of gases.

Checking the durability of a mortar with addition of a new residue is important
because even if it achieves suitable properties, the mortar must be durable.
A coating with little life beyond financial losses, will also consume more natural
resources in its replacement. Among the environments where the durability is most
affected are environments exposed to high salinity, which justifies the verification
of this work regarding the behavior of mortar with effluent of the papermaking
sludge in contact with salt spray [3]. The contact with saline environment promotes
the penetration of chlorine in saline environment and promotes multiple interactions
of deterioration depending on the property of the cement material, w/c ratio [4], age
[5] and addition of alternative materials such as minerals [6] and fly ash [7].

The objective of this work is to evaluate the durability of mortars with incor-
poration of effluent sludge from the paper industry instead of lime. Replacements of
5, 10, 15% were made in addition to the reference with 0% of sludge. The eval-
uation of durability was carried out in saline exposure through the salt spray per-
formed and the weight loss test, the compressive strength and tensile strength.
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Materials and Methods

Effluent Sludge from Paper Industry

During the production of paper are generated several residues, among the various
wastes generated was chosen the sludge for study, however, it can be divided into
three classes, primary, secondary or tertiary. Primary sludge is the material that
sediments in the primary decanters in the effluent treatment system, consisting of
sand, cellulose, fibers and other minerals. Secondary sludge is composed of soluble
organic material, with a large amount of nutrients such as phosphorus and potas-
sium. However, the tertiary sludge is composed of chemical precipitation, usually
with aluminum sulphate and polyelectrolyte.

Figure 1 is illustrates the location of waste collection in the paper industry.

Mortars

The mortars were measured in Trace 1: 1: 6 (cement, lime and sand). Table 1
indicates the quantity of materials for each replacement. The amount of water was
changed to maintain consistency according to NBR 13276 [7]. The test is per-
formed in order to measure the spreading of the mortar on a table of consistency
with application of strokes by height of fall, where the spreading is potentiated.

In addition to the sludge from the paper industry, the following materials were
used in the manufacture of mortar:

• Cement (CPII—E—32)
• Lime (CH III)
• Small aggregate (Sand removal of river)
• Water (Provided by the distributor).

Fig. 1 View of an effluent treatment plant from a pulp paper industry. Source own author
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Salt Spray

The salt spray test will be performed using Equilam brand equipment (Fig. 2),
which meets the specifications of NBR 8094 [8] for the exposure of coated and
uncoated metal material to salt fog corrosion. A 5% NaCl solution will be used for
the salt spray test by spraying the plates tested. The specimens were arranged in the
apparatus so that the entire surface is exposed to the mist. Within the chamber the
saline solution is sprayed as a thin mist over the samples where the internal tem-
perature remains constant. The test should last 300 h.

After exposure of the test specimen in the saline fog chamber, they will be
submitted to two types of tests: mass loss and mechanical resistance. The mass loss
consisted of placing the test body in a balance with adequate precision and com-
paring the mass found before the exposure with the measurement after, thus being
able to find how much was lost.

In order to perform the flexural strength test, the prepared specimens were placed
in the support devices of the test equipment so that the shallow face is not in contact
with the supporting devices or with the devices of load. Subsequently, a load of

Table 1 Traits developed in the work

Residue (%) Cement (g) Lime (g) Sand (g) Residue (g) Water (g)

0 150 150.0 900 0 240.00

5 150 142.5 900 7.5 245.00

10 150 135.0 900 15.0 250.00

15 150 127.5 900 22.5 255.00

Fig. 2 Salt spray equipment. Source own author
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(50 ± 10) N/s was applied until the specimen was ruptured. For the compression
resistivity test, the two halves of ruptured specimens were used. The specimens
shall be positioned so that the shallow face does not come into contact with the
support device or the loading device. A load of (500 ± 50) N/s was applied until
the specimen was ruptured.

Results

For the preparation of the specimens, the consistency test was first carried out to
verify the amount of water to be added. After successive attempts with different
amounts of water added for each trait, the values presented in Table 2 were
obtained.

After the preparation of the mortar specimens and exposure to the saline mist,
tests of mass loss, compressive strength and tensile strength were performed, as
described in the methodology described above.

The mass loss test, as shown in Fig. 3, indicates a decrease in the amount of
mass lost due to exposure to the saline mist with increasing amount of sludge,

Table 2 Consistency test

Trait (% residue) Amount of water (g) Mortar spreading (mm)

0 240 258

5 245 261

10 250 260

15 255 258

Fig. 3 Result of mass loss after exposure to saline mist
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however, with 15% incorporation the results indicate a growth, therefore, it is
verified that 10% of incorporation achieved the lowest mass loss.

The results obtained in the flexural tensile strength test, as indicated in Fig. 4,
showed a tendency to decrease the resistance with increasing amount of residue.
The loss of strength 15% corporate residue was significant, whereas incorporation
of 5 and 10% showed no significant reduction compared to the reference.

Fig. 4 Results of tensile strength in flexion

Fig. 5 Results of compressive strength
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Similar to that obtained in the flexural tensile strength test, the results of the
compression test, according to Fig. 5, indicate a decrease in the compressive
strength with increased residue incorporation. However, the decrease in strength
was significant for all residue incorporations [9].

Conclusion

It can be concluded from this work that the incorporation of paper waste presented a
reduction in the mass loss when exposed to the salt mist, which is generally ben-
eficial to the mortar. However, in relation to the resistance, there was decrease when
incorporating the paper residue.

Among verified embodiments, embodiments with values above 10% have
marked loss trend important properties for mortar, therefore, incorporation of 5 and
10% despite the loss less pronounced resistance can be used as a target for these
rejects, provided that they meet the minimum requirements of the final application.

Durability is an important parameter to be analyzed in building materials,
especially those exposed to the environment, as the mortar. The loss of mass
influence on mechanical resistance and compactness of the mass in the hardened
state, working for example on penetration of CO2 that can be harmful to cemen-
titious matrix due to formation of portlandite, because it reacts with the substrate
that can trigger damage to the buildings. In addition, excess portlandite can cause
damage to the existing reinforcement, in some cases, causing the formation of
oxides and their deterioration.
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Study of the Incorporation of Residue
of Ornamental Rocks in Ceramic Tiles

M. T. Marvila, J. Alexandre, A. R. G. Azevedo, E. B. Zanelato,
S. N. Monteiro, G. C. Xavier, M. Goulart and B. Mendes

Abstract The incorporation of industrial waste into ceramic tiles is a major trend
in the search for alternative raw materials, and also in the search for environmen-
tally correct disposal of waste. In order to evaluate the effect of the incorporation of
residues from the ornamental stone industries, in the properties of ceramic tiles,
incorporations of up to 40% by weight of the residue in ceramic mass were studied.
It is noteworthy that this residue is constituted basically by limestone and its
characterization was performed by grain size analysis, Atterberg boundaries, grain
density and chemical analysis by X-ray fluorescence. The specimens were burned at
800 °C and the following properties were evaluated: linear retraction, water
absorption and bending rupture stress. The results indicated that the residue of
ornamental rocks is a material with potential to be used as a component in the mass
of red ceramic tiles.
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Introduction

The large clay reserve of the municipality of Campos dos Goytacazes motivated the
advance of the red ceramics market in the region. However, even though it is a
sector of great reach, the technological advances of the sector are still stationed and
consequently the processes used since the beginning of the activities continue being
used in great part of the ceramics.

It can also be verified a predominance of the exclusive manufacture of ceramic
blocks, being the manufacture of tiles restricted to some ceramics of the region. The
lower availability of tiles is justified by the inferior quality of the region [1], which
provide ceramic pieces with a not so high quality and therefore, due to the high
quality requirements of the tiles [2], these clays are not indicated for manufacture
thereof.

In order to improve the quality of the ceramic pieces manufactured, in order to
be able to produce tiles with the clay of the region, the incorporation of
non-conventional materials becomes an alternative. Among the available materials
in the region is the ornamental rock residue from Cachoeiro de Itapemirim, Espirito
Santo.

The municipality of Cachoeiro de Itapemirim in the state of Espirito Santo, has
one of the largest poles of ornamental stone production in Brazil and stands out by
the beneficiation. The beneficiation is carried out by the cutting and polishing of the
rock, however, these processes generate a residue of great potential pollutant and
with great environmental impact, as Fig. 1.

In order to improve the properties of the ceramic pieces produced in the city of
Campos dos Goytacazes, in addition to providing a suitable destination for the
ornamental rock industry residue, this work aims to evaluate the properties of the
ceramic pieces with substitution of clay by the residue in the incorporations of 0,
10, 20, 30 and 40%. With the addition of the residue it is expected that suitable
properties for the production of ceramic tiles are obtained.

Fig. 1 The residue cutting
rock ready for use
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Materials and Methods

The materials to be used in the work are clay and the ornamental rock residue.
The clay used in the work was collected in one of the ceramics where tiles are

already made with the clay in question. To characterize the clay, the granulometry,
chemical analysis, Atterberg limits and actual grain density tests were performed.

The ornamental rock residue used in the work was collected in one of the
industries responsible for the ornamental rock processing and where the residue is
generated. The residue is composed of a slurry of high humidity, therefore, for use
of the material at work, the material was dried at room temperature exposed to the
sun and subsequently in an oven. To characterize the residue, the granulometry,
chemical analysis and actual grain density tests were performed.

After the characterization of the materials was carried out, the ceramic specimens
were prepared with 10, 20, 30 and 40% in addition to the reference with 0%
substitution of the clay for the residue. The specimens were prepared by extrusion.
Burning of the specimens was done in an oven at 800 °C.

Ceramic specimens were analyzed by linear variation, water absorption and
flexural strength tests as recommended by NBR15310 [3].

Results and Discussion

The granulometric distribution has similarities between the materials, the sum of the
silt + clay fraction for the soil used corresponds to 93.7%, whereas for the residue it
corresponds to 98%. However, the residue presents bigger grain size since its main
composition is of silt whereas the one of the soil is of clay (Table 1).

Table 2 indicates the results obtained in the chemical analysis of the clay and the
residue. There can be great disparity between the materials in relation to the
chemical elements.

Table 3 shows the results obtained by the Atterberg limits for clay and the actual
density of the grains for the clay and the residue.

After the characterization of the materials and preparation of the test specimens,
the tests were carried out on them. Figure 1 shows the results obtained for linear
variation. It can be observed that the increase of the incorporation causes the
decrease of the linear variation, however, the 40% content presented values sig-
nificantly higher compared to the reference with 0% of incorporation (Fig. 2).

Table 1 Granulometric distribution

Samples Boulder Sand Silte Clay

Thick Medium Fine Thick Medium Fine

Clay – – – 0.5 0.8 5.0 35.1 58.6

Residue – – – – 1.1 0.9 58.9 39.1
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The substitution of clay by residue also showed a decrease in water absorption,
as well as in linear variation, the substitution of 20% of the clay by residue obtained
the best results, besides, the incorporation of 40% also presented water absorption
results expressively higher to reference (Fig. 3).

The flexural strength test also indicates the behavior of the other tests, where the
incorporation of 20% obtained the highest strength and the incorporation of 40%
resistance lower than the reference (Fig. 4).

Table 2 Chemical characterization

SiO2 Al2O3 Fe2O3 CaO K2O MgO TiO2 SO3 Na2O Others

Clay 60.02 11.94 8.65 3.57 2.26 5.12 0.89 0.27 3.14 4.14

Residue 7.21 9.23 0.75 80.26 – 1.08 0.33 0.97 – 0.17

Table 3 Atterberg boundaries and actual grain density

CLAY RESIDUE

LL 72.6 –

LP 28.7 –

IP 43.9 –

Yg 2.62 2.09

USCS CH SC
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Conclusion

The use of ornamental rock residue in the production of ceramics is feasible,
however, the amount of residue should be limited by up to 30% so that the prop-
erties of the tiles are not precarious.

Among the incorporations tested for use, the incorporation of 20% of residue
presented the best results and is the most indicated to potentiate the properties of the
tiles, however, all the results obtained by the water absorption test were higher than
the NBR 15270-1 [4] requires, where the maximum value that a tile can have of
water absorption is 20%.
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It can thus be concluded that even with the improvement of tile properties due to
incorporation of the residue, an increase is still necessary in order to further reduce
the water absorption of the tiles so that they can be made in the standards required
by the standard.
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Study of the Incorporation of Smectite
in Powder Coating

Simeão Lopes Ferreira, Mathilde Julienne Gisele Champeau Ferreira,
Francisco Rolando Valenzuela-Díaz and
Maria das Graças da Silva-Valenzuela

Abstract The use of clays to formulate powder coating can improve physical prop-
erties, besides a final product with more sustainable characteristics due to the elimi-
nation of some additives, which may be substituted for the clay. We investigate the use
of a modified smectite clay to formulate powder coating based on polyester resin. Four
compositions of incorporated claywere evaluated (0, 4, 7, and 10wt%). Powder coating
were prepared in a twin-screw extruder at 105 °C, and characterized byXRD,FTIRand
SEM. Tests of flexibility, adhesion and impact strength in accordance to ASTM stan-
dards were performed. Diffractograms of the samples showed the characteristic peak of
the modified smectite in d(001) * 37°(2h), indicating exfoliation of the clay.
Micrographs by SEM showed the presence of lamellar structure for the clay-based
powder coating.Mechanical assayswere found for all analyzed coatings, indicating that
sample containing 7% of clay presents the best performance.

Keywords Powder coating � Nanocomposite � Smectite � Organoclay

Introduction

Bentonites are important industrial clayswith a high number of applications [1]. There
are twomain types of industrial bentonites. Those that swell in water and those that do
not swell in water. Those that swell in water have sodium as the preponderant inter-
lamellar cation, may exhibit water swellings greater than 20 mL/g and may provide
viscous and thixotropic aqueous dispersions at low clay concentrations. Those that do
not swell in water exhibit water swells in the order of 2 mL/g and do not provide
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viscous and thixotropic aqueous dispersions even at high concentrations of clay. The
main uses of water-swelling bentonites are as rheological additives of water-based
drilling fluids such as sand binders in metal casting molds, mineral fines binders,
binder component of animal feed, activematerial or rheological additive for cosmetics
and pharmaceuticals, and as gelling, thixotropic and suspending agents inwater-based
paints [2]. The organophilic bentonites, obtained from the treatment of crude ben-
tonite with quaternary salt, for example, show swelling (delamination, with formation
of thixotropic dispersions at low concentrations of clay) in specific organic liquids [3].
Organophilic bentonites are obtained by the ionic exchange of cations present in
sodium smectite clays with organic cations mainly from quaternary ammonium salts
[4]. The main uses of organophilic bentonites are as thixotropic additives in oil-based
oil drilling fluids, adsorbents of toxic substances, components of cosmetics, and
components of inks and enamels based on organic solvents [3]. Nanocomposite
materials based on polymers and clays have, generally, some improved properties, in
relation to the original polymer, due to the reinforcement of the clay acting as
nanometric charge. Smectites are widely used to form nanocomposite systems. These
clays have a lamellar structure which favors the dispersion of the polymer between
their lamellaewhile they intercalate or exfoliate to form the structure of a polymer/clay
nanocomposite. The montmorillonite clay (MMT) is the most used smectite in the
formation of these nanocomposites. Powder coating is obtained without the use of
solvents from basic formulation which may include polyester resin as the main raw
material, besides to other chemical agents having the function of catalysts, acceler-
ators and fillers. Modifications in the formulation of such polymer coating by the
addition of clay, substituting some components of the formulation, may result in a
powder coating presenting improved properties due to the formation of a polyester
resin/clay nanocomposite. Such improvement generally is described through barrier,
mechanical, and thermal properties. Moreover, anticorrosive properties for powder
coating has been observed by incorporating 2 and 4 wt% of montmorillonite to the
formulation of a polyester-based powder coating [5]. In the present work, we inves-
tigate the synthesis and characterization of a polyester-based powder coating, and the
influence of a organophilic clay (OMMT) on its mechanical properties.

Experimental

Materials

The materials utilized to obtain the powder coating were polyester resin, kindly pro-
vided by Clean Coat Chemical, from São Paulo, Brazil, a commercial organophilic
montmorillonite of trade name HP-PLUS®, triglicidilisocyanurate (TGIC), 2-hydroxy
1,2-diphenylethanone (Benzoin), and polysiloxanes/polyacrylates special mix.
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Methods

Powder Coating Preparation

The powder coating was prepared in five basic formulations containing different
quantities of OMMT. Four formulations, F1, F2, F3, and F4, were prepared with 0,
4, 7, and 10 wt% of the organophilic clay, respectively, and other materials were
not used as charge; one formulation, F5, was prepared with calcium carbonate 10
(wt%) substituting the clay as charge material. Table 1 list the composition of the
five formulations, where it is observed that the amount of resin decreases as the
amount of clay increases.

The components of each formulation suggested in Table 1 were placed in a
plastic bag and sealed with excess of compressed air. The mixture was then
homogenized for 60 min on a seesaw shaker at 300 rpm. After the time under
stirring, the material was transferred to a twin-screw extruder, where it was melted
at 105 °C, and after compressed through cooled calenders to obtain slides which
were first processed into chips and then milled and sieved through a 170 mesh to
produce a powder material with an average particle diameter of approximately
90 lm, the powder coatings.

X Ray Diffraction (XRD)

X ray diffraction was used to determine the structures of the clay, polyester resin
and powder coatings (F1–F5). XRD patterns were recorded by a Rigaku X-ray
diffractometer, model MiniFlex 600, for angular range 3°–90° (2h), and counting
time 10 s per step of 0.02°.

Table 1 Formulations used
to obtain the powder coatings

Components Formulations (wt%)

F1 F2 F3 F4 F5

Polyester resin 91.2 87.6 84.8 82.0 82.0

TGIC 6.9 6.6 6.4 6.2 6.2

Benzoin 1.2 1.2 1.2 1.2 1.2

Polysiloxanes/
polyacrylates

0.6 0.6 0.6 0.6 0.6

OMMT 0 4 7 10 0

Calcium carbonate 0 0 0 0 10
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Scanning Electron Microscopy (SEM)

Morphology of samples of the clay, polyester resin and powder coatings (F1–F5),
were analyzed by a SEM (FEI INSPECT F50).

Fourier-Transform Infrared Spectroscopy (FTIR)

Absorption spectra by FTIR were recorded for the clay, polyester resin and powder
coatings (F1–F5) samples by using an apparatus from Thermo Nicolet, model iS5,
in the wavenumber range 4000–400 cm−1.

Mechanical Strength Analysis

Mechanical strength analysis was performed for all powder coating samples. A thin
layer of each powder coating was applied onto small steel panels measuring
12 � 9 � 0.1 (cm), using a corona electrostatic gun, forming a film, then the
panels were taken to the oven for drying at 200 °C for 10 min. After cooling to
room temperature, the mechanical strength tests were performed for each panel to
observe the behavior of the films, which presented average thickness of 77 lm.

Adhesion

Adhesion tests were performed as described in ASTM D3359:2017 standard, for
F1–F5 samples. Cuttings were made in grid shapes with the aid of a stylet.
Thereafter, fibrous adhesive tape was placed over the cuts and then removed,
verifying if parts of the applied powder coating were withdrawn.

Flexibility

Flexibility was observed for F1–F5 samples following the ASTM D522 M-13
standard. In this test, the panel was folded into a conical mandrel and the presence
or absence of cracks in the film was analyzed.

Impact Resistance

Impact resistance tests were realized as described in ASTM D2794: 2010, where a
ball-point with 1.0 kg was inserted into a dropped column and launched on the
panel of a given height, generating a rapid deformation on the panel, what can cause
alteration in the applied film.
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Results and Discussion

Figure 1 shows the XRD patterns for the clay and the F1–F5 samples. The clay
diffractogram presents two main peaks, one attributed to the organophilic smectite
in the intercalated form in d(001) = 23.5 Å, and another peak in d(001) = 12.08 Å
attributed to the crude smectite. The XRD curves of the powder coating samples F2,
F3 and F4 have a peak in d(001) * 37 Å attributed to the organophilic smectite in
the intercalated form and the peak in d(001) * 18.00 Å attributed to the crude
smectite. These results indicated the formation of the polyester resin/smectite
nanocomposites where the clay was exfoliated.

The FTIR spectra of the clay, polyester resin, and F1–F5 samples, shown in
Fig. 2, reveals changes in the spectra of F2, F3, and F4 samples in the region
between 1100 and 1000 cm−1, presenting a little peak around 1040 cm−1,
indicating interaction of the resin with the clay and complementing the results of
XRD [6].

Differences in the surface structure among analyzed sample were observed by
scanning electron microscopy (Fig. 3), which showed that the F2, F3, and F4
samples, in comparison with F1 and F5 samples, presented lamellar surface
structure, what were acquired by incorporation of the clay in the polyester resin.
This characteristic is more visible in Fig. 3d that shows the distribution of the clay
minerals lamellae in the polymer matrix in higher magnification (10,000�), where
it is possible to observe a rough surface structure, while the Fig. 1b shows a
predominantly smooth surface structure.

Tests of mechanical resistance were carried out based on international standards.
They are important to observe deformations caused after application of the material
on the panel and consequent manipulation, as well as the exposure to the weather.

Fig. 1 XRD patterns for clay
and polyester resin/clay
samples
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Fig. 2 FTIR spectra of the clay and F1–F5 samples

Fig. 3 Micrographs by SEM for F1 (a, b) and F4 (c, d)

688 S. L. Ferreira et al.



In general, the purpose of these tests is to observe and evaluate the appearance of
cracks causing peeling of the powder coating on the applied surface.

Adhesion tests were performed to evaluate the surface adhesiveness among
powder coating samples on the panels. The results of these tests showed that the
five formulations analyzed showed adequate adherence, that is, the applied powder
coating did not detach from the panels, as shown in Fig. 4.

Flexibility and impact resistance assays were realized for all samples. Samples of
the formulations F1–F3 and F5 presented good results, showing that homogeneity
of the films on the panels was conserved after the tests, which is an indication that
the reticulation process was complete. However, for F4, changes related to cracks
suffered by the powder coating film on the panel were observed for both tests,
flexion and impact tests, indicating that this formulation, which uses 10% of clay,
presents less mechanical resistance compared to the other formulations analyzed.
Figures 5 and 6 shows illustrative images of that tests.

A special characteristic observed for the powder coatings containing clays (F2,
F3, and F4), analyzed in this present work, is texture appearance in comparison to
the samples containing no clay, as can be observed in the Figs. 5 and 6.

Fig. 4 Images of the adhesion tests for F1–F5 samples

Fig. 5 Images of flexibility tests for analyzed samples, showing cracks for the F4 sample (red
arrow) (Color figure online)
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Conclusion

In the present work, the synthesis and characterization of polyester resin/clay
nanocomposites as powder coating were evaluated from formulations containing
different concentrations of clay, which were compared to formulations without clay.
It was observed that the clay-based powder coatings presented texture aspect, and
tests indicated that 4 and 7% concentration appear more suitable for the formulation
of powder coating because showed more mechanical strength. In these materials
clay replaces charges generally used in the formulations, such as barium sulfate,
dolomite and calcium carbonate, besides others, forming a nanocomposite with the
polyester resin. We conclude that 7% concentration it is the most viable analyzed
formulation, and can contribute to obtain a lower cost and environmentally friendly
material. However, further studies should be performed to evaluate structures,
processes for obtaining, and quantifying the mechanical strength.
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Study of the Mineralogical Composition
of the Tailings of Coscotitlán, Hidalgo,
México

R. Aislinn Michelle Teja, T. Julio Cesar Juárez, P. Martín Reyes,
C. Leticia Hernández, G. Mizraim Uriel Flores, D. Iván Alejandrox Reyes,
L. Miguel Pérez and T. Raúl Moreno

Abstract This study shows the characterization of tailings from the mining district
of Coscotitlán, State of Hidalgo, Mexico. Chemical analysis by Spectroscopy of
atomic absorption (AAS) allowed to quantify the concentration of Fe, Mn, Zn, and
Pb as the most abundant elements in the mineral sample; in addition to the presence
of Sn, Te, Bi, Ni, Co, and Cd. The presence of precious metals as the Ag (64 g
ton−1) and Au (0.65 g ton−1) were identified. The greater distribution of Ag was
detected in particles with diameter of 74 lm. Species as pyrite (FeS2), galena
(PbS) and hematite (Fe2O3) were observed in a matrix of quartz (SiO2) by Polarized
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Optical Microscopy (POM), these species were also identified by X-ray Diffraction
(XRD). Both the elemental and mineralogical composition of tailings was cor-
roborated by the technique Scanning Electron Microscopy - Energy Dispersive
Microanalysis (SEM-EDS).

Keywords Tailings � Silver � Thiosulfate � Characterization

Introduction

In Mexico, mining is one of the most traditional economic activities, which has
been developed for nearly five centuries. Due to this, the mining industry faces
environmental problems such as the accumulation of tens of millions of tonnes of
mining waste known as tailings. In the State of Hidalgo, the tailings produced by
the Pachuca-Real del Monte mining district Were generated like wastes from three
technologically different periods: milling-amalgamation, milling-cyaniding and
milling-flotation-cyaniding [1, 2]. The state of Hidalgo has been a major producer
of lead, zinc, copper, gold and silver. Most of the metals of economic interest of this
region are associated to a complex and variable mineralogy constituted by cal-
cosilicates, sulfosales, oxides and sulfides like pyrite, chalcopyrite, galena and
blenda. Some refractory gold and silver minerals are also part of the regional
mineralogy, this characteristic makes them difficult to extract by conventional
hydrometallurgical processes [3, 4].

Currently, the benefit of metals from mining waste represents an important sec-
ondary source of recovery, which is considerably profitable due to the tonnage and
concentration of various elements such as Cu, Pb, Zn, Fe, Mn, Mg, Sb, As and Ni, as
well as the content of precious metals and rare earths. The process of cyanidation has
been used for more than a hundred years for the extraction of metallic values of gold
and silver from its minerals; however, one of the disadvantages of this process is its
high degree of toxicity and its inefficiency to the dissolution of refractoryminerals. For
the treatment of this type of complex minerals or the use of secondary sources,
leaching alternatives have been studied. The leaching with thiosulphates (S2O3

2�) is
currently considered as a non-toxic alternative to the cyanidation process [5, 6]. This
system has been developed as means for dissolving precious metals immersed in
quartzmatrices since one of the advantages of the processwith respect to the cyanide is
the selectivity in the silver extraction.

The addition of metallic ions to the system like copper and zinc [7] has favored
the process, reaching higher percentages of dissolution of precious metals and
reducing the times of leaching to different temperatures [8–10].

In the present study, the chemical and mineralogical characterization of the
Coscotitlán tailings was developed, with the purpose of identifying the metallic
values and the species that contain them, paying special attention to the concen-
tration of silver, due to the intention to generate a proposal of recovery of this metal,
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through the leaching with thiosulphate in the presence of oxygen and adding Ni2+

ions as oxidizing agent of the precious metal, trying to improve the percentages of
dissolution with respect to the conventional process.

Experimentation—Experimental Methods

The sample of the jales comes from the Ex-hacienda of Coscotitlán and was pro-
vided by the Real del Monte and Pachuca Company, the state’s most important
mining and productive company located in the cities of Pachuca de Soto and Real
del Monte, in Hidalgo, Mexico.

The mineral sample was totally dried, homogenized and repeatedly chopped up
to obtain a representative 200 g sample. The mineral tailing were mounted in epoxy
to know their morphology and to identify the mineral species present in the ore by
using Scanning electron microscopy-Energy-dispersive X-ray spectroscopy
(SEM-EDS). The dust in the sample was also mineralogicaly analyzed through the
X-ray diffraction technique (XRD). The chemical analysis was performed in trip-
licate using 1 g of mineral digested with aqua regia (3 parts HCl for 1 part HNO3)
and heated until dry. A smaller volume of aqua regia was then added, the insoluble
was filtered and the remaining solution was gauged at 0.1 L. The identification and
quantification of the elements present in the mineral sample was conducted by
Atomic Absorption Spectrophotometry (AAS), using a spectrophotometer Perkin
Elmer-Analyst 200.

The equipment used for the mineralogical study was the following:
INEL EQUINOX 2000 X-ray diffractometer, with a Cu-Ka1 radiation of 1.540598Å,
operation at 30 mA and 20 kV, 220 V and a resolution of 0.095 FWHM. JEOL JSM
6701F scanning electron microscope, with a voltage of 25 kV and a depth of field of
16.5 mm at different magnifications with secondary electrons. In order to determine
the viability of dissolution of the silver in the S2O3

2��O2�Ni2þ system, two pre-
liminary experiments were performed under the following experimental conditions:
Particle diameter = 53–74 lm, mineral sample amount = 40 gL−1, pH = 9, volume
of solution = 0.5 L, stirring speed = 670 min−1, [S2O3

2�] = 40 gL−1, oxygen partial
pressure = 1 atm, [NiSO4] = 2 gL−1, temperature = 298 K and leaching
time = 300 min

Results and Discussion

In accordance to the conditions described in the experimental method, the samples
of tailings were chemically and mineralogicly characterized using the following
techniques.
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Chemical Analysis by Chemical Analysis by Atomic
Absorption Spectrometry (AAS)

In the Pachuca-Real del Monte Mining District, a large volume of mining waste
(tailings or dumps) has been generated, produced by the exploitation and benefit of
the most common deposits in the country. These deposits are of the epithermal type,
which contain precious metals related to sulfides of Ag–Au paragenesis (Pb–Zn).
Table 1 shows the elemental content of the Coscotitlan tailings, where a significant
concentration of Ag (64 g ton−1) is observed. The Teluro is an element that is
related to the gold content in the Mexican deposits, which sustains the presence of
0.65 g of Au per ton. In Fig. 1, Fe, Mn, Zn, Cu and Pb are observed as the most
abundant elements in these samples, in addition to the minority content of As Cr,
Sb, Se, Hg, Sn, Bi, Ni, Ce, Co and Cd. The elemental chemical analysis focused on
the metallic content of the tailings, the remaining percentage of the reading of the
samples corresponds to gangue species.

Table 1 Chemical analysis of Coscotitlán tailings

Element Cu Pb Zn Fe Cd Mn Ni Co Cr As

Weight (%) 0.156 0.132 0.227 2.685 0.001 0.675 0.002 0.001 0.018 0.042

Element Sb Te Bi Se Hg Sn Cu Ce Au Ag

Weight (%) 0.017 0.006 0.006 0.010 0.030 0.008 0.156 0.001 64 g ton−1 0.65 g ton−1

Fig. 1 Elemental content of Coscotitlán tailings
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Polarizing Light Microscopy (PLM)

The quartz (SiO2) is the most abundant mineral in the gangue of typical minerals of
the mining district of Pachuca-Real del Monte, followed by calcite (CaCO3) and
albite (NaAlSi3O8). Rodonite (MnSiO3) and bustamite [CaMn5(SiO3)6] are found
in small amounts and usually associated with silver-rich ores. After careful
observation in the optical polarization microscope, it was identified that part of the
metal mineralization of the tailings consists of sulphides and oxides. Figure 2a
shows the pyrite (FeS2) which is present as metallic inclusions in the quartz matrix
(SiO2) [JCPDS No. 99-101-1684], while in the micrographs of Fig. 2b, c, metal
particles corresponding to iron oxides in form of hematite (Fe2O3) [JCPDS
No. 99-200-4059] and lead sulfide in form of galena (PbS) [11, 12] are observed.
Quartz (SiO2) was identifed like the most abundant non-metallic mineral phase was
corroborated by XRD, in addition to the presence of silicates such as orthoclase
(KAl1.02Si2.98O8) [JCPDS No. 99-101-0311], which is considered part of the
gangue. The elemetal composition of the species identified by MOP was corrob-
orated by the results obtained using XRD and the elemental chemical analysis.

Fig. 2 Optical micrograph of the tailings de Coscotitlán where the presence of metallic particles is
observed in a majority phase of quartz. Image obtained at 10�. a Inclusion of pyrite in quartz
matrix; b hematite; c galena
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Scanning Electron Microscopy with Energy Dispersion X-Ray
Spectroscopy (MEB-EDS)

The obtained results show that the mineral has an irregular morphology where
quartz particles predominate, being observed also other nonmetallic species less
abundant in the form of silicates. Figure 3 shows a micrograph obtained with
backscattered electrons, in which the presence of quartz is observed as a
non-metallic mineral phase more abundant with metallic inclusions (bright white
particles) corresponding to oxides of titanium and potassium silicoaluminates [13,
14] as confirmed by the X-ray dispersive energy microanalysis of Fig. 4.

Fig. 3 Identification of metallic particles contained in the sample of the Coscotitlán

Fig. 4 Energy-dspersive X-ray Spectrum obtained by spot analysis. a Elemental content
corresponding to potassium silicoaluminates. b Elemental content corresponding to titanium oxide
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However, although several meticulous sweeps were performed, the species or
species containing silver were not identified. Part of the mineralization of these
specimens, that was also identified in the chemical analysis, is the presence of rare
earths detected by means of spot microanalysis made to several particles of irregular
morphology of the order of 5 lm as shown in Fig. 5a. Finding that these bright
particles correspond to Cesium as demonstrated by the spectrum obtained by X-ray
energy dispersion of Fig. 5b.

Granulometric Analysis

To determine if the silver content is present at a specific particle diameter, the ratio
between the silver law and the retained weight of the tailings at different particle
size ranges with respect to the series of Tyler sieves was calculated as presented in
Table 2. The results of the granulometric distribution of silver in the tailings of

Fig. 5 a Micrograph with backscattered electrons showing the presence of rare earths.
b Energy-dispersive X-ray spectrum showing characteristic peaks of cesium

Table 2 Granulometric analysis of the tailings of Coscotitlán

Número
de malla

Apertura
(micras)

Peso
retenido
(g)

Porcentaje
retenido (%)

Ley de Ag
(g ton−1)

%
distribución
Ag

Plata
(g) por
malla

80 177 24.88 21.14 66 31.64 13.95

100 149 9.77 8.30 33.1 6.23 2.75

140 106 21.18 18.00 37.2 15.18 6.70

200 75 28.78 24.46 36.9 20.46 9.03

270 53 18.24 15.50 40.7 14.31 6.31

325 45 6.36 5.40 44 5.39 2.38

400 38 8.46 7.19 41.6 6.78 2.99
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Coscotitlán are presented graphically in Fig. 6. The graph shows a distribution of
monomodal form, where the largest distribution of silver is found in the particles
corresponding to 177 lm (31.64% Ag), after which the graph shows a drop to the
diameter of 149 lm (6.23%). However, from 105 lm, the silver distribution
increases until reaching a 46.6% present in the 74 lm, particle size that was
selected for the study of the silver solution in the system S2O3

2��O2�Ni2þ . The
coarser particle sizes were discarded because they require a pre-leaching grinding
process, in order to increase the contact area of the mineral sample with the leaching
solution, however, this process would increase considerably the costs of the
process.

The results obtained from the fraction of silver diluted in relation to the time are
shown in Fig. 7, where it is observed that for particles to 149 lm maximum
recovery values of 44.8% of Ag in the loaded solution are reached (Fig. 7a), while

Fig. 6 Distribution of silver to different particle sizes

Fig. 7 Graphical representation of the silver solution in the system S2O3
2−
–O2 –Ni

2+. a Delimited
mineral sample at 149 lm. b Delimited mineral sample at 74 lm
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74 lm was obtained 60.7% of silver diluted (Fig. 7b). Although both experiments
were performed at room temperature and under the same conditions of additive
concentration, the solution made with particles delimited to 149 lm shows a
solution of silver 16% smaller than the solution where particles with 74 lm of
diameter were used. This behavior is attributed to the fact that the silver distribution
is lower in the 149 lm particles, in addition to that the surface area in contact with
the leaching solution decreases as the particle size increases.

In both disolutions is observed that, as the time advances, the reaction increase.
So it is suggested to increase the reaction times, in order to obtain better recoveries
and to determine the time at which the reaction ends.

Conclusions

The chemical composition of the mineral studied revealed the presence of silver in
economically profitable quantities reporting 64 g ton−1 of the precious metal. The
majority mineral phase determined by MOP, MEB-EDS and XRD was quartz
(SiO2), which demonstrates the metallogenic nature of the deposit (quartz matrix
veins), in addition minor minority species such as silicoaluminates. We suggest the
exhaustive search for silver particles by means of SEM analyzes, to identify the
elemental content of the silver-containing species.

It was observed the presence of pyrite and hematite, the latter confirmed by the
MOP; technique in addition to the presence of galena, a mineralogical species
commonly related to the presence of Ag. The punctual analyzes performed on the
metal particles identified by MEB-EDS allowed us to confirm the presence of
titanium oxides and rare earths in these mining residues. By means of the granu-
lometric analysis and the preliminary tests it has been determined that the ideal
particle size for the study of the silver solution is 74 lm, besides confirming the
viability of the system as an alternative treatment for these mineral residues.
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The Influence of Clay Reinforcement
on the Properties of Recycled Polymer
Foams

Mariane Y. T. Oide, Julyana Satana, Renate Wellen,
Francisco Valenzuela-Díaz, Olgun Guven and Esperidiana Moura

Abstract Poly [(ethylene)-co-(vinyl acetate)] (EVA) is a thermoplastic copolymer
composed of randomly distributed polyethylene and polyvinyl acetate sequences
within the molecular chain. EVA combines toughness with excellent flexibility,
impact and puncture resistance. Because of these properties, this material is largely
used for foam production as padding in equipment for various sports and as a shock
absorber in sport’s shoes. This work aims to study the influence of clay rein-
forcement on the performance of recycled polymer foams. The blend containing
recycled HDPE (high density polyethylene) and recycled EVA (70/30 wt%,
respectively) reinforced with 2 wt% of clays were prepared by melt extrusion, using
a twin-screw extruder to obtain the composites. The composites and foaming agent
were fed into a special single screw extruder for foaming. The samples of HDPE/
EVA/Clay foams were characterized by tensile test, Field Emission Scanning
Electron Microscopy (FE-SEM), Thermogravimetric Analysis (TG), Differential
Scanning Calorimetry (DSC), X-ray Diffraction (XRD), density measurement and
the correlation between the results was evaluated.
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Introduction

Polymer composites have commercially attracted a lot of attention, principally in
automotive and aerospace industries due to their improved mechanical and physical
properties over pristine polymers. Nanocomposite is a new class of material that
basically consists on composite in which the filler has one of its dimensions smaller
than 100 nm (graphene, clay, e.g.). Studies have found that a small ratio of clay (3–
5 wt%) like montmorillonite in a polymeric matrix is sufficient to raise their
mechanical properties due to the enhancement of the tension transference from the
polymeric matrix to the mineral [1]. In addition, nanocomposites have a great
advantage over conventional composites. They can save weight because it is nec-
essary smaller quantity of filler to reach the same modulus reinforcement than a
conventional composite (glass fiber, e.g.) [2]. Montmorillonite is one of the widest
used natural clay as nano-fillers from smectite group and it is basically formed by
stacking plane of “SiO2” (tetrahedron) and “AlO6” (octahedron) units in ratios 2:1,
respectively covalently bonded, forming platelets [3]. In this mineral some alu-
minum atoms are replaced by magnesium and the difference between the valences
of these elements creates negative charges through the plane of the platelets which
attract positive counter ions, typically sodium ions which are located in the gallery
(interlayer) [2].

Clay also has been used for polymeric foams’ production and their properties
depend on bubble size and its distribution, the fillers’ size, morphology and their
distribution as well. Polymer foaming is a strategic technique used to create
materials with low density, high shock absorbing, thermal and acoustic insulating
properties [4]. These nanoparticles can modify the cellular structure and contribute
for its improvement due to their capacity to act as a center of bubble nucleation and
modify the rheological behavior favoring gas retention [5]. Cellular structure is very
important for determining the foam’s properties and it strongly depends on
nucleation of embryos cells. Adding clay induces heterogeneous nucleation which
has lower free energy barrier, as consequence, it is preferred over homogenous
nucleation as the classical nucleation theory states [6, 7]. Wang and co-workers
have showed that increasing the amount of montmorillonite (MMT) into a MMT/
carbon foam the pore walls became thicker and the pore size decreased.

Although these advantages, it is difficult to disperse clays into a polymeric
matrix because they are formed by layers of hydrous aluminum phyllosilicates with
strong interlayer covalent bound within the sheet and each platelet is attracted by
secondary bonds. Therefore it is necessary to modify them by a process called
organophilization to produce nanocomposites. This process consists basically on
changing the interlayer spacing by adding long chains or by grafting with a proper
functional group by exchanging the interlayer cations with a cationic surfactant as
primary, secondary, tertiary and quaternary alkylammonium which has a good
interaction with the polymeric matrix, changing the hydrophilic property of the clay
to hydrophobic character. Thus polymer will be able to be interleaved between
clays’ sheets or exfoliated and raise the polymers’ properties [3]. In the current
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work, recycled HDPE (high density polyethylene) and EVA were used for blend
production. Two types of organophilized bentonite clays were used to produce
nanocomposites and their respective foams. The samples were characterized by
tensile test, FE-SEM, TG, DSC, XRD, density measurement and their morphology,
mechanical and thermal properties were compared.

Experimental

Materials

Recycled HDPE (MFI = 0.13 g/10 min at 190 °C and a preload of 2.16 kg,
Braskem), recycled EVA (MFI = 20.14 g/10 min at 190 °C and a preload of
2.16 kg, Braskem) and two thermal antioxidants, Irganox 1010 (Basf) and Songnox
1680 (Songwon), were used for blend production. An organophilized Brazilian
bentonite clay from Cubati and commercially available organophilic bentonite clay
(Rheotix VP provided by Rheotix) were utilized as nano-fillers. For foam pro-
duction, Endex 2650 (Endex), an endothermic foaming agent was used. All
nanocomposites and HDPE/EVA blend were produced by melting process using a
flat die single screw extruder (HAAKE Rheomex P332, Thermo Scientific) and a
co-rotating twin screw extruder (HAAKE Rheomex P332, Thermo Scientific), L/
D = 25. The temperature profile used during processing was 145/150/170/190/195/
195 °C for single screw extruder and 140/155/175/185/195/200 °C for twin screw
extruder and the screws’ rotation were 50 rpm.

Clay Preparation

Brazilian bentonite clay from Cubati was firstly modified with sodium carbonate
(Na2CO3). In this process, calcium (Ca2+) counter ions were exchanged by sodium
(Na+). Secondly, quaternary ammonium salt was added into the resulting product
and mixed. Finally, the dispersed organophilized clay mixture was filtered, washed
with deionized water and dried at 60 °C.

HDPE/EVA Blend, Nanocomposite and Foam Preparation

Recycled HDPE and EVA in 70/30 wt% proportion and the thermal antioxidants
(0.1 wt%) were fed into a twin screw extruder for homogenization and blend
production. The product was cooled down with air jet at room temperature and cut
for pellets’ production. For sheet production, the blend was added into a flat die
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single extruder. Nanocomposites were prepared adding 2 wt% of clay and HDPE/
EVA blend into a twin screw extruder for homogenization. The resulting material
was cooled down by air jet at room temperature and it was cut for pellets’ pro-
duction. Then the material produced was fed into a flat die single extruder for sheet
production. Foam was produced adding the nanocomposite/blend pellets with the
endothermic foaming agent (1.5 wt%) into a flat die single screw extruder.

Characterization Methods

The specimens’ densities and their degree of foaming were calculated by Eqs. 1 and
2, respectively:

q ¼ m
V

ð1Þ

Degree of foaming ð%Þ ¼ ð1� qf
qm

Þ � 100 ð2Þ

where q is the density (qf is the foams’ density and qm is the solid sheet’s density);
m is the mass, V is the volume of the samples [8].

Tensile tests were performed on INSTRON 5567 testing machine at room
temperature. For tensile tests the samples were produced according to ASTM
882-91 and the moving rates used were 200 mm/min (foam) and 500 mm/min
(solid).

XRD patterns were obtained for each nanocomposite sample produced and for
the clays using Siemens—D5000 diffractometer operated at 40 kV and 40 mA,
with copper Ka radiation (k = 15.4 Å). The interlayer spacing (d) was calculated
through Bragg’s equation:

d ¼ k
2senh

ð3Þ

where k = 1.514 Å is the incident radiation’s wavelength and 2h is the diffraction
angle [9].

TG curves were obtained using TGA/SDTA851e (Mettler Toledo). The samples
were heated from 30 to 580 °C under a nitrogen atmosphere (50 ml/min) at heating
rate of 10 °C/min.

DSC analysis for each sample was performed using Mettler Toledo DSC 822e
differential scanning calorimetry. Firstly, the thermal history of each sample was
eliminated heating them from 25 to 250 °C at a scanning rate of 10 °C/min.
Subsequently, the samples were cooled down to room temperature at rate of 10 °C/
min. Finally, DSC curves were obtained heating them from 25 to 250 °C at a rate of
10 °C/min. The samples’ melting temperature was determined as the temperature at
which the endothermic peak occurred and the fusion enthalpy was obtained
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integrating the peaks at the melting temperature. The crystallinity degree of the
samples was calculated using Eq. 3:

v % crystallinityð Þ ¼ DHm

DH0
� 100

x
ð4Þ

where ΔHm is the enthalpy of fusion which is acquired by integrating the area of
DSC curve; ΔH0 is the enthalpy of fusion for 100% crystalline HDPE at equilibrium
temperature which corresponds to 293 J/g; x is the weight fraction of HDPE in the
sample [10].

FE-SEM: The samples’ fracture morphology was studied using a Quanta FE 650
scanning electron microscope at 15 kV. The specimens were fractured in liquid
nitrogen.

Results and Discussion

XRD

Figure 1 shows XRD patterns. As it can be observed in Fig. 1, all nanocomposite
samples exhibited reminiscent basal peak of the organoclay but shifted which
indicates the formation of intercalated structure. Adding Cubati’s clay into the
blend decreased the interlayer spacing from 1.8 to 1.4 nm for solid sample. This
behavior was also observed for HDPE/EVA/Rheotix foam. The Rheotix clay
interlayer spacing reduced from 2.3 to 1.5 nm when added into the blend as
nano-fillers. Thus in these samples, despite the high processing temperature
(reaching 200 °C) the quaternary ammonium salt was efficient to stabilize the clay
avoiding the layers to collapse with each other. On the other hand, for solid HDPE/
EVA/Rheotix and HDPE/EVA/Cubati foam the clays’ basal peak shifted to 2h < 3°
(3 degree) which is equivalent to interlayer spacing above 3 nm. This expansion
may be caused by the polymer chains with low molecular weight that have inter-
leaved into the gallery [2]. In addition, the basal peak intensity of solid and foam
Cubati’s clay nanocomposites decreased in relation to pristine Cubati’s clay.
However, the solid Brazilian nanocomposite basal peak intensity was significantly
lower than observed in its respective foam. Therefore, it suggests that the exfoli-
ation degree in the solid sample was higher than in the foam. It’s known that when
clays are added into a polymeric matrix besides the clays’ XRD basal peaks shift for
intercalated structure, their intensity decrease in relation to pristine clay either
because the platelets become dispersed into the polymer, forming a low intensity
and wide basal peak. This behavior might be evidence that exfoliation also
occurred.
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Degree of Foaming

The degree of foaming for neat blend, HDPE/EVA/Cubati and HDPE/EVA/Rheotix
were 36.3, 46.5 and 32.6%, respectively. The highest degree of foaming was
obtained for HDPE/EVA/Cubati and enhancement of 28% was reached compared
to neat blend. However, addition of Rheotix clay decreased the degree of foaming in
10% compared to neat blend and 30% compared to Brazilian clay nanocomposite
foam. As observed in Fig. 1, Rheotix nanocomposite foam showed intercalated
structure with interlayer spacing of 1.5 nm. On the other hand, HDPE/EVA/Cubati
foam showed an intercalated/exfoliated structure with interlayer spacing above
3 nm. Therefore, the Brazilian clay’s dispersion was more effective than Rheotix’s
one, enabling higher number of available bubble nucleation sites and reaching
higher foaming degree than Rheotix clay nanocomposite.

DSC and TG

As it is seen in Table 1, the melting temperature for both foam and solid samples
remains almost unchanged. However, the foams’ and solid sheets’ enthalpy of
fusion increased with addition of clay, as consequence, the crystallinity as well. The
solid samples showed lower crystallinity than the foams for all compositions. For

Fig. 1 XRD patterns of all nanocomposites and clays
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neat HDPE/EVA solid sample, the crystallinity was 31.4%. Adding 2 wt% of
Brazilian clay it raised to 32.4% but adding 2 wt% of Rheotix clay, the increase was
more significant and it was 42.7%. For neat HDPE/EVA, HDPE/EVA/Cubati and
HDPE/EVA/Rheotix foams, the crystallinities were 40.9, 41.4 and 43.2%,
respectively.

Figure 2 shows the thermograms obtained for foam and solid samples by TG.
All samples showed one-step thermal degradation. Meanwhile, in the literature,
besides the degradation of ethylene at 460 °C, there are reports that between 350
and 400 °C occurs the decomposition of vinyl acetate to acetic acid and poly-
acetylene in HDPE/EVA blends which wasn’t observed in these samples [9, 11].
Moreover, addition of clay into a HDPE/EVA blend catalyses the deacylation of
EVA due to the presence of acidic sites in the organoclay structure, decreasing the
thermal stability of the polymer [9]. However, for all samples, the thermal degra-
dation of the nanocomposites were higher than pristine blends and using Rheotix
clay as nano-filler showed to be more efficient than using Cubati’s one because,
probably, Rheotix clay was more effectively incorporated into the polymeric matrix,
increasing the barrier effect which hinders the diffusion of harmful molecules and
retards the blend degradation [9]. It can be also observed that for solid specimens,
Rheotix clay showed to be more efficient either than Cubati’s clay between 400 and
440 °C but in higher temperatures its thermal degradation became more expressive
than Cubati’s one.

Table 1 Melting characteristics of foams and solids samples

HDPE/EVA Foam Solid

Tm (°C) ΔHm (J/g) v (%) Tm (°C) ΔHm (J/g) v (%)

Neat 127.4 171.1 40.9 126.8 131.5 31.4

Cubati 126.9 173.5 41.4 127.4 135.8 32.4

Rheotix 126.4 180.8 43.2 126.9 178.7 42.7

Fig. 2 TG thermograms of all samples a foams and b solid
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Tensile Test

Mechanical behavior in tensile of HDPE/EVA blends and nanocomposites for both
foam and solid samples are shown in Table 2. HDPE/EVA/Rheotix obtained the
highest Young’s modulus (E) for both foam and solid samples. These results are
coherent with DSC analysis. The crystallinity degrees of these samples were the
highest observed and their values were 43.2 and 42.7%, respectively. It’s known
that the crystalline region, where molecular chains are closely packaged, the sec-
ondary bounds are more relevant than in amorphous region. Then it’s more difficult
to move the chains, enhancing the polymers’ mechanical properties and also
decreasing their total elongation. Thus, for solid specimen due to the higher crys-
tallinity degree of Rheotix nanocomposite than Cubati’s one, its strain at break
(845%) was lower than observed for the Brazilian clay nanocomposite (877%).
However, the tensile strain at break (ebreak) for foams decreased with addition of
clay, probably, due to low incorporation of clay into the polymeric matrix, and also
due to the existence of areas with higher concentration of tension. Moreover, the
tensile stress at break (rbreak) for HDPE/EVA/Cubati foam was smaller than
observed in the others foam samples which the values were close due to its higher
degree of foaming that decreased the transversal area during mechanical tests.

FE-SEM

Figure 3 shows the FE-SEM micrographs obtained for foam samples. As it is
observed, all specimens showed heterogeneous macrocellular foam structure and
clay aggregation for both nanocomposite foams. In addition, the Brazilian and
Rheotix clay nanocomposites obtained microcellular structure. However, HDPE/
EVA/Cubati foam obtained more defined cells than HDPE/EVA/Rheotix foam.
Thus, Cubati’s clay showed to be more efficient as bubble nucleating agent than
Rheotix clay, as discussed above.

Table 2 Young’s modulus, tensile stress at break and tensile strain at break for all samples

HDPE/
EVA

Foam Solid

E (MPa) rbreak

(MPa)
ebreak (%) E (MPa) rbreak

(MPa)
ebreak (%)

Neat 38.4 ± 0.8 7.6 ± 0.2 250 ± 24 58.4 ± 2.0 18.5 ± 0.6 818 ± 279

Cubati 30.1 ± 2.9 5.8 ± 0.2 104 ± 9 59.7 ± 3.4 19.7 ± 1.4 877 ± 62

Rheotix 41.1 ± 2.5 7.4 ± 0.3 66.5 ± 5.2 62.0 ± 2.7 18.3 ± 0.9 845 ± 51
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Conclusions

Addition of clay into HDPE/EVA blend produced with recycled raw materials
enhanced the thermal properties and the degree of crystallinity for all samples.
Adding Rheotix clay showed the best thermal stability for foams and solid speci-
mens. This stability was observed at temperatures between 400 and 440 °C but in
higher temperatures its thermal degradation became more expressive than
Brazilian’s one. Moreover, HDPE/EVA/Rheotix nanocomposite for both foam and
solid samples presented the highest crystallinity degree, as a consequence, their
mechanical properties were superior than foam and solid neat blend and HDPE/
EVA/Cubati nanocomposites. In addition, Brazilian clay facilitated the bubble
formation in the polymeric matrix more than Rheotix clay. All nanocomposite
samples obtained intercalated morphology and for solid HDPE/EVA/Cubati spec-
imen, high exfoliation degree was observed. Furthermore, despite the high pro-
cessing temperature, the quaternary ammonium salt demonstrated to be efficient to
stabilize the clays avoiding the layers to collapse with each other.
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The Quality of Tiles in Red Ceramic
in Northwest of Rio De Janeiro
and Southeast of Minas Gerais
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Mairyanne S. S. Souza and Sergio Neves Monteiro

Abstract Clay is used in the production and manufacture of materials for the
construction of buildings from remote periods. Advances and improvements of its
properties have allowed several applications to this raw material. In this work the
quality of four types of ceramic tiles manufactured or used in the northwest of the
state of Rio de Janeiro and in the southeastern state of Minas Gerais was evaluated.
Geometric, physical and mechanical aspects were evaluated according to the
Brazilian standard NBR 15310:2009. The results indicate numerous nonconfor-
mities with highlights for geometric parameters, surface flatness and yield tests. The
nonconformities found in the samples indicate that there was a failure in the pro-
duction control of the product and in the approval of the control of the lots.
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Introduction

According to data from the IBGE [1], the region studied in this research have as
main sources of income agriculture and livestock, and mining activity can be
considered as the third level. Among the exploited mineral assets are those that are
applied as building materials, mainly decorative rock, mahogany and granite, and
components for the cement industry that serves the states of Rio de Janeiro, Minas
Gerais and Espírito Santo Holy. In the municipality of Itaperuna there is only one
mine along the river Muriaé [2]. In the municipality of Bom Jesus do Itabapoana
there is a terrace-alluvial deposit on the Itabapoana river. In the record of the
DNPM [3], there is a mine in activity in quaternary sediments of the river Muriaé in
Italva. In this region there is a group of companies that exploit the marble to
manufacture cement. These clays can be derived from the change in ball wear.

The local ceramic industry has low-productivity, high-cost and non-standard
products. Thus, the mining activity and the production of red ceramics were
increasingly withdrawn in the state of Rio de Janeiro, putting pressure on the
market for imports from other regions.

This study had as objective to evaluate the results of the characterization of
several types of tiles commercialized regionally according to the current technical
standard NBR 15310 [4].

Materials and Methods

In the present research, four models of tiles commercialized in the northwest of the
state of Rio de Janeiro and southwest of the state of Minas Gerais, as defined in the
scope of the work, were evaluated. Six specimens were tested for each model and
the following properties were evaluated: audible and visual; geometric; imperme-
ability; and water absorption.

The determined properties were compared to the quality parameters of ABNT’s
Brazilian standards [4, 5].

Among the tiles used in the market, the four models found were:

(a) Paulista ceramic tile: it is characterized by having the cover slightly less than
the channel width. It provides a differentiated plastic movement to the rooftops;

(b) Plan tile: it is a variation of cover and canal, which has straight way;
(c) Roman tile: it presents low cost and it’s one of the most popular models.

A characteristic shape that fits lengthwise and crosswise. This type of tile has
recently been standardized in 1996;

(d) Portuguese tile: not yet normalized by the standard, “has become a classic in the
building world thanks to its attractive design and easy dispose of rainwater.
Ensures a very short in the implementation, even for very large extensions, in
perfect alignment and, consequently, high economy in the laying” [5].
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The tiles were purchased in specific regional stores and analyzed in the labo-
ratory of Redentor University Center, Campus Itaperuna/RJ.

The tests were performed following the specifications of the standard NBR
15310 [4].

These aspects were analyzed:

(a) Audible and visual;
(b) Geometric: manufacturing length (L), width (W), pin position (Lp), pin height

(Hp), yield (Ym) and surface flatness.
(c) Functional and technological: impermeability and water absorption.

Visual Analysis and Sound

The ABNT [5] defines that the ceramic must present some aspects perceivable to
the naked eye from a distance one meter, such as fine and smooth edges, brightness,
uniformity of color, proper and uniform burning, texture and absence of burrs,
cracks, breakages and body scrubs.

In the sound test, the samples were suspended and held at its widest end as a
metal object beats on its opposite side. The sound of the beat must have a metallic
character, otherwise it is not in compliance.

Geometric Analysis

According to ABNT [4], the samples were placed on flat surface and supported at
its ends. With the help of caliper and squares each side of the tile must be measured.
The average length and width of an oblong tile consists in the average of the
measurements of two opposite sides.

The flatness is determined by the largest deviation in function of the obtained
measure of the three point of the tile surface.

For the yield test, five samples of tiles are arranged, one set in the center and the
other set around. The central tile must be replaced four times. With average values
for width and lengths, calculate the useful area (Au) tile, obtaining the average yield
(Ya).

Ya ¼ 1
Au ð1Þ
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Functional and Technological Aspects

Impermeability
The specimens were placed in a horizontal position, elevated by their extremes.

It was placed in its surface a sealed frame occupying 65% of the tile surface along
with a constant column of water in its interior.

The samples remained for a day in this state. Finally, we checked the appearance
of droplets in the lower face. The emergences of moisture spots are tolerated.

Water absorption
To perform the test, the ceramic tiles were placed in a 100 °C oven temperature

for 24 h and removed after they had a dry weight measured. Continuing the pro-
cedure, they were submerged in a water tank for one day. The Percentage of water
absorption is obtained by increasing the mass of the specimens after submerged, in
accordance with the formula:

W% ¼ M2 �M1

M1
� 100 ð2Þ

where:

M2 wt. of the specimen after 24 h immersion in clean water;
M1 wt. of the dry specimen.

Results

Visual Analysis and Sound

The NBR 15310 [4] appoints that “tile can display events such as scrubs, breakage,
chipped and burrs that do not harm your performance.”

Table 1 shows the results for visual analysis and sound.
Only the Roman type models were disapproved by the visual test. In the sound

test, every specimen has the sound of the beat as metallic character, so they were
approved.

Table 1 Surface quality

Specimen Conforming Non-conforming % of tiles in the lot

Plan 40 0 100.0

Paulista 38 2 95.0

Roman 37 3 92.5

Portuguese 38 2 95.0

% of acceptable tiles in the lot 95 minimum
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Geometric Analysis

The dimensional tolerance permitted is ±2.0% for the manufacture dimensions. For
the tiles pressed the pin must have a minimum height (Hp) of 7 mm.

For extruded tiles pin must have a minimum height (Hp) 3 mm. The accepted
tolerance for the value of the yield (Ya) is ±1% [4].

Table 2 shows the results for geometric aspects of extruded ceramic tiles.
Only one specimen of “Plan ceramic tile” was non-confirming in accord to the

standards specifications, therefore, the type approved.
The ceramic tiles of Paulista type presents four samples exceeding the stipulated

deviation. The average of size of specimens also was non-conforming. So, the
geometric aspects of this type were reproved.

Table 3 shows the results for geometric aspects of extruded ceramic tiles.
The dry-pressed samples showed the measurements of length and width as the

existing standard. However, the pin height found is lower, reproaching them.

Flatness

The values found in the measurement of flatness must not exceed 5 mm, regardless
of the type of ceramic tile [4].

Table 4 shows the results for surface flatness verification.
Only the roman ceramic tiles were approved by this test.

Table 2 Geometric aspects of extruded ceramic tiles

Tiles Plan Paulista

L W Lp Hp L W Lp Hp

Specimen 1 465.0 130.0 434.0 5.0 450.0 160.0 416.0 6.0

2 463.0 124.0 434.0 5.0 450.0 161.0 415.0 7.0

3 464.0 128.0 433.0 5.0 445.0 162.0 413.0 6.0

4 464.0 128.0 434.0 5.0 450.0 160.0 418.0 6.0

5 465.0 130.0 435.0 5.0 446.0 152.0 412.0 6.0

6 466.0 128.0 435.0 5.0 450.0 161.0 418.0 7.0

Average of
specimens
(mm)

464.5 128.0 434.2 5.0 448.5 161.0 415.3 6.3

Average of
size (mm)

460.0 130.0 434.0 8.0 450.0 160.0 424.0 8.0

Allowable
deviation of
the average
size

2% � 3 mm 2% � 3 mm

The Quality of Tiles in Red Ceramic in Northwest … 717



Yield

The yield is expressed in roof tile unit per m2. It allows a 1% coefficient of variation
from the standard [5]. The extruded ceramic tiles were not examined for this test.

Table 5 shows the yield results of dry-pressed ceramic tiles.
All samples showed the yield higher than the specified.

Functional and Technological Aspects

Impermeability
All the ceramic roof tiles were accepted by the impermeability test.

Table 3 Geometric aspects of dry-pressed ceramic tiles

Tiles Portuguese Roman

L W Lp Hp L W Lp Hp

Specimen 1 400.0 230.0 370.0 5.0 403.0 232.9 380.0 5.0

2 405.0 235.0 374.0 6.0 402.0 232.0 380.0 5.0

3 404.0 232.0 374.0 5.0 403.0 232.0 380.0 5.0

4 400.0 233.0 370.0 6.0 401.0 232.1 381.0 5.0

5 400.0 230.0 370.0 6.0 402.0 231.0 381.0 5.0

6 400.0 230.0 370.0 6.0 400.0 232.0 376.0 5.0

Average of
specimens
(mm)

401.5 231.7 371.3 5.7 401.8 232.0 379.7 5.0

Average of size
(mm)

400.0 232.0 377.0 8.0 400.0 230.0 365.0 8.0

Allowable
deviation of
the average size

2% � 7 mm 2% � 7 mm

Table 4 Surface flatness

Specimen (6 units) Average (mm) Non-conforming tiles in the lot (units)

Plan 4.83 3

Paulista 6.17 3

Roman 3.,00 –

Portuguese 7.00 5

% of acceptable tiles in the lot 95 minimum
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Water absorption
In temperate or tropical climates (as the study area), the water absorption limit of

20%.
Table 6 shows the water absorption results.
All specimens are approved.
The following chart (Fig. 1) describes the number of non-compliances detected

in each of the tests.

Conclusion

The results indicate that there is a large number of nonconformities, thus there is a
low quality trend of ceramic tiles in the market that does not meet the current
parameters by the Brazilian standard.

As can be seen the geometric tests indicated the highest number of noncon-
formities, with only the flat tiles having the results approved, indicating the ten-
dency of the existing ceramic tiles not to conform to this geometry requirement.

As for surface flatness and yield, many deviations were also observed in relation
to the standard acceptable by Brazilian standards [4, 5].

The results indicate failures in the manufacturing control of the tiles and the
release of lots from the different factories responsible for producing these products.
Therefore, it is concluded that consumers find products on the market without
standardization, which leads to the future appearance of pathologies in buildings.

Table 6 Water absorption

Specimen (6 units) Dry mass M1 (g) Wet mass M2 (g) Absoption W%

Average Plan 2.029,87 2.477,27 18.06

Paulista 1.875,03 2.295,97 18.33

Roman 2.407,10 2.954,53 18.53

Portuguese 2.540,70 3.050,87 16.72

0
1
2
3
4
5
6

Plan Paulista Roman Portuguese

Surface quality

Sound test

Geometric aspects

Surface flatness

Yield

Impermeability

Water absorpition

Fig. 1 Number of non-compliances detected in each of the tests
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