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Preface

Characterization of properties and microstructure are important elements in deter-
mining critical processing parameters. Recent advances in characterization instru-
ments have contributed, in a significantway, to an in-depth understanding ofmaterials
properties and structure that enabled much precise process control.

The Characterization of Minerals, Metals, and Materials Symposium is spon-
sored by the Materials Characterization Committee under the Minerals, Metals
& Materials Society (TMS). The main focus of this symposium includes, but is
not limited to, advanced characterization of extraction and processing of minerals,
process-microstructure-property relation of metal alloys, ceramics, polymers, and
composites. New characterization methods, techniques, and instrumentations are
also emphasized.

The Characterization ofMinerals,Metals, andMaterials Symposia are among one
of the largest in the TMSAnnualMeetings that attract researchers in the field ofmate-
rials, minerals, mechanical engineering, chemistry, and physics. In the TMS 2021
Virtual AnnualMeeting&Exhibition, this symposium received 168 abstract submis-
sions, of which 78 submissions were accepted for oral presentation in 8 technical
sessions, and 83 were accepted as poster presentations. This proceedings volume
includes 62 peer-reviewed manuscripts from original research.

This proceedings publication is a valuable reference for academia and industry
that includes advanced characterization methods and instrumentations that cover a
wide range of research fields. Readers will enjoy the diversity of topics in this book
with novel approaches to process and characterize materials at various length scales.
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vi Preface

The editors of this proceedings volume are very grateful to the authors for their
contribution and willingness to share their research findings. The editors would also
like to thank TMS for providing this valuable opportunity to publish this stand-alone
volume. Appreciations also extend to the Materials Characterization Committee and
Extraction andProcessingDivision (EPD) for sponsoring the symposium.The editors
also thank the publisher, Springer, for their timely publication of this book. Last but
not least, the editors would like to thank the contribution and support from the
members of the Materials Characterization Committee.

Jian Li
Lead Organizer
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Insights into the Formation of Al–Cu
Intermetallic Compounds During
the Solid–Liquid Reaction
by High-Resolution Transmission
Electron Microscopy

Jie Chen, Yongqiong Ren, and Bingge Zhao

Abstract During Al/Cu solid–liquid reaction, different intermetallic compounds
(IMCs) are expected, which can affect the mechanical and electrical properties of
Al/Cu joints. To tackle this challenge, it is then necessary to tune the interface struc-
ture, which requires an insight into the formation mechanism of IMCs. In the current
study, Al/Cu liquid–solid reaction was used to fabricate different IMCs. With the aid
of a focused ion beam (FIB) and high-resolution transmission electron microscopy
(HRTEM), the distribution of IMCs along theAl/Cu interfacewas determined.Mean-
while, the orientation relationship among different IMCs and Cuwith coherent struc-
ture was identified. This study provides a fundamental understanding of the mecha-
nism behind the Al/Cu reaction, which may guide the performance improvement of
Al/Cu dissimilar weld.

Keywords Al/Cu interface · Solid–liquid reaction · Intermetallic compounds ·
HRTEM · Crystallographic orientation

Introduction

Materials with different physical and mechanical properties can be combined with
dissimilar welding, and the advantages of each material can be fully utilized [1–3].
Al/Cu dissimilar welding has been widely used in power generation and transfer
fields [4, 5]. This approach can produce a satisfying effect in lowering cost without
much expense in transmission efficiency with respect to pure Cu. However, the phys-
ical, chemical, and mechanical properties of Al and Cu are significantly different [6,
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7], which can cause defects during dissimilar welding. Among these issues, inter-
metallic compounds (IMCs) are essential in influencing the property of Al/Cu joints.
According to the Al–Cu binary phase diagram [8], a large number of IMCs are
expected in this system. Up to now, many studies have paid attention to this area. In
work by Garg, Al2Cu, and Al4Cu9 are the dominant IMCs during the friction stir spot
welding of AA6061-T6 and Cu [9]. Nevertheless, Al2Cu, AlCu, andAl3Cu4 were the
main phases in Pierpaolo’s research, where AA2024-T3 and Cu were joined by fric-
tion stir welding [10]. Hwang, on the other hand, utilized cold rolling to join Al and
Cu,whereAl2Cu,AlCu,Al3Cu4, andAl4Cu9 were produced after annealing [11]. In a
recent work byWang, a high-temperature phase, Cu15Al, was deemed to form during
Al/Cu solid–liquid reaction [12]. These studies suggest that the formation of IMCs is
rather complex. To tune the interface and optimize the property ofAl/Cu joints, under-
standing the structural evolution duringAl/Cu reaction becomes the impending issue.

In this study, Al/Cu interface structure with different IMCs was prepared by a
solid–liquid reaction. To reveal the structural evolution during this process, a focused
ion beam (FIB) was used to machine the interface, which was then followed by
the structure characterization with high-resolution transmission electron microscopy
(HRTEM) .With these efforts, the distribution of IMCs along theAl/Cu interfacewas
determined, and the crystallographic orientation among Cu and IMCs was revealed.

Materials and Methods

Al and Cu, with the purity of 99.99%, were used in Al/Cu solid–liquid reaction.
Pure Al ingot was loaded in an Al2O3 crucible and then melted in a muffle furnace
(SXL-1200C, Shanghai Jujing) by heating it to 780 °C and holding for 5 min. A
copper rod with a diameter of 6 mm was ground by sandpaper and then washed by 4
vol.% HCl solution to remove the contaminant and oxide. After that the Cu rod was
treated by KF aqueous solution with a concentration of 4 wt% for 60 s to improve
the wettability of Al on Cu. After drying in air, Cu was dipped into Al melt for 60 s,
which was quenched by water to prepare Al/Cu solid–liquid reaction specimen.

FIB (FEI Helios Nano 600i) was then used to machine the Al/Cu interface. The
interface structure was then characterized by HRTEM (JEOL-2010F) equipped with
an energy dispersive spectrometer (EDS, Oxford).

Results and Discussion

As revealed in our previous study, IMCs can form in the area close to Cu during
the Al/Cu solid–liquid reaction. Figure 1 displays the morphology of the Al/Cu
interface. Two different IMCs are expected to form based on the image contrasts. To
demonstrate this hypothesis, the interface containing different phases was machined
by FIB, as schematically indicated by the yellow frame.
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Figure 2 is the bright-field (BF) TEM image of the specimen. Three different areas
are obviously identified. The contrast of BF image is related to the structure orien-
tation. Accordingly, the orientation relationship between these three areas should be
different.

It was reported that diffusion plays the dominant role in the Al/Cu solid–liquid
reaction, suggesting the composition discrepancy in Al/Cu interface. As a result, a
high-angle annular dark-field (HAADF) image whose contrast is associated with
atom number was employed to reveal this phenomenon. Figure 3 displays the
HAADF image of the interface as well as the EDS line scanning results. In agreement
with Fig. 2, three different layers are observed in Fig. 3a, suggesting the composition

Fig. 1 Scanning electron microscopy (SEM) image of the Al/Cu interface. (Color figure online)

Fig. 2 Bright-field image of the Al/Cu interface. (Color figure online)
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Fig. 3 HAADF image and EDS line scanning results of the specimen. (Color figure online)

difference in the specimen. As suggested by the EDS result in Fig. 3b, the area I is the
Cu matrix with minor Al. During Al/Cu solid–liquid reaction, intensive diffusion of
Al into Cu can occur. According to Al–Cu binary phase diagram [8], the maximum
solubility of Al in Cu can reach 19.7%. That means the Cu matrix can be replaced
by Cu solid solution with Al. With the distance away from Cu, the concentration of
Cu decreases while it increases for Al. Meanwhile, different IMCs can form with the
interdiffusion of Cu and Al.

As mentioned above, the formation of IMCs in Al/Cu system is significantly
varied. Although current research uncovers the composition discrepancy in Al/Cu
interface by HAADF and EDS, structure characterization is still essential to demon-
strate the phase evolution. Figure 4 is the selected area electron diffraction (SAED)
pattern (Fig. 4a) and HRTEM image with Fast Fourier Transformation (FFT) pattern
(Fig. 4b) of area I. With the help of the SAED pattern, the area I is identified as
Cu (PDF card number: 65-9743) without any IMC. Additionally, the interplanar
spacing is nearly the same as that of pure Cu. Although the solid solution of Al in Cu
is deemed to occur in this area, its determination is hindered by the error of SAED,
which can be figured out by X-ray diffraction in our on-going work.

The structure characterization result of area II is displayed in Fig. 5. In contrast
to Fig. 4a, two sets of diffraction spots with different brightness are observed: there
are two weak diffraction spots between the bright ones. This phenomenon can still
be detected with another incident axis (Fig. 5b). This seems like the occurrence
of the superlattice, which is, however, seldom reported in the Al–Cu system. In
our previous work, the kinetics of AlCu formation cannot be depicted by a single
diffusion mechanism. Together with the current result, different IMCs may form in
area II rather than the formation of the superlattice. By indexing the SAED patterns
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Fig. 4 Structure characterization of area I. a SAED pattern of area I. b HRTEM image with FFT
pattern

Fig. 5 SAED patterns of area II. Two sets of diffraction spots are detected. (Color figure online)

in Fig. 5a, the bright spots denote the AlCu phase with orthogonal structure (PDF
card number: 39-1371) while the weak spots come fromAl4Cu9 with primitive cubic
structure (PDF card number: 65-7542). Moreover, these two IMCs are completely
coherent in the microstructure. Although the Al4Cu9 IMC layer has been observed in
Al/Cu solid reaction [13, 14], its orientation relationship with AlCu is rarely reported
in solid–liquid reaction.

To further evidence this result, HRTEM image of area II is presented in Fig. 6.
Based on the HRTEM image, FFT and inverse FFT patterns are obtained. By
estimating the interplanar spacing, this area is identified as Al4Cu9.
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Fig. 6 Structure characterization of area II. a HRTEM image. The upper inset is the FFT pattern.
The bottom inset is the crystal structure of Al4Cu9 IMC. b and c is the inverse FFT patterns with
respective interplanar spacing shown in (b’) and (c’). (Color figure online)

Another HRTEM image of area II is displayed in Fig. 7. In contrast to Fig. 6,
AlCu is identified here. Together with Fig. 6, the coexistence of Al4Cu9 and AlCu
IMCs in area II is further demonstrated. With the diffusion of Al and Cu, both AlCu
and Al4Cu9 IMCs form in the area adjacent to the Cu matrix. According to Fig. 5a,
their crystallographic orientation can be expressed as

(
300

)
Al4Cu9

//
(
021

)
AlCu, [111]Al4Cu9//

[
136

]
AlCu (1)

The coherence could decrease the interfacial energy during the phase transition,
which facilitates the formation of Al4Cu9 IMC. That is why Al4Cu9 IMC is generally
observed in solid-state reactions [11, 13].

Fig. 7 Another HRTEM characterization case in area II. a HRTEM image. The upper inset is the
FFT pattern. The bottom inset is the crystal structure of AlCu IMC. b and c is the inverse FFT
patterns with respective interplanar spacing shown in (b’) and (c’). (Color figure online)
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Fig. 8 The interface between Cu and IMC. a HRTEM image and FFT patterns of Cu and IMC.
b FFT pattern of the interface, by which the orientation can be determined. (Color figure online)

It has to note that both AlCu and Al4Cu9 form from the Cu matrix, which may
produce a particular orientation. The interface between areas I and II is presented
in Fig. 8. The FFT pattern in the low inset suggests that both AlCu and Al4Cu9 are
detected in this image. Moreover, FFT pattern of Cu is also contained (Fig. 8b).
Accordingly, the crystallographic orientation of these three phases are illustrated as
follows:

(
111

)
Cu//

(
300

)
Al4Cu9

//
(
021

)
AlCu,

[
011

]
Cu//[111]Al4Cu9//

[
136

]
AlCu (2)

Moreover, they are coherent, suggesting the high potential in forming IMCs in
the Al/Cu system.

The structure characterization of area III is shown in Fig. 9. Only Al2Cu IMC
with body-centered orthogonal structure (PDF card number: 65-2695) is identified
by the SAED pattern. The HRETM image in Fig. 9b as well as the inverse FFT
patterns in Fig. 9c and d further evidences the absence of any nano-scaled precipitates.
Meanwhile, there is no obvious orientation among Al2Cu, AlCu, and Al4Cu9 phases
by an insight into the interface between them.

Conclusions

In this study, the formation of intermetallic compounds during Al/Cu solid–liquid
reaction was revealed with the help of FIB and HRTEM.During this reaction, Al2Cu,
AlCu, and Al4Cu9 are the dominant IMCs. With the diffusion of Al and Cu, Al2Cu
forms in the area contacting with Al melt while AlCu and Al4Cu9 form in the area
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Fig. 9 Structure characterization of area III. a SAED pattern of this area. The bottom inset is the
crystal structure of Al2Cu IMC. b is the HRTEM image. c and d are the inverse FFT patterns. (Color
figure online)

adjacent to the Cu matrix. AlCu, Al4Cu9, and Cu share coherent structure with each
other, and their orientation relationship is determined as

(
111

)
Cu//

(
300

)
Al4Cu9

//
(
021

)
AlCu,

[
011

]
Cu//[111]Al4Cu9//

[
136

]
AlCu

This coherent structure can decrease the formation energy of IMCs, which is
beneficial to the formation of IMCs during Al/Cu welding.
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Applying Stereological Characterisation
to the Solidification Structure of Single
Crystal Alloys to Deduce the 3D
Macroscopic Solid/Liquid Interface
Shape

Joel Strickland, Bogdan Nenchev, Karl Tassenberg, Samuel Perry,
Gareth Sheppard, and Hongbiao Dong

Abstract Single crystals are a continuous unbroken solid crystal lattice with no
grain boundaries. They find a wide range of applications, from semi-conductors,
optoelectronics, to applications in aerospace engines. Primary spacing is a key
phenomenon during single crystal solidification as it determines microsegregation,
defect formation, and final material performance. In this work, an automatic, stan-
dardised, and comprehensive stereological single crystal characterisation method-
ology is applied to two sections of a CMSX-10® Ni-base superalloy bar. The Shape-
Limited Primary Spacing methodology rapidly and accurately determines dendritic
centres, packing pattern, and local primary spacing distribution within these bulk
microstructures. Using the relationship between the radial variation of local primary
spacing and isotherm curvature, the SLPSmethodology has enabled the post-mortem
reconstruction of the 3D macroscopic solid/liquid interface shape.

Keywords Directional solidification · Single crystal alloys · Microstructure ·
Dendritic growth · Primary spacing · Morphological stability · Modelling · Pattern
recognition

Introduction

A wide range of imaging techniques have been developed for the study of solidi-
fication phenomena and solid-state transformations of metals. Several techniques,
including SEM, CT tomography, and in situ synchrotron tomography, are widely
employed to study solidification structures. High melting temperatures and sample
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opaqueness make the in situ observation of crystal growth evolution in metallic
systems extremely challenging. Hence, post-mortem analysis of the solidified
microstructure is typically required to investigate solidification processes. The stan-
dard metallographic approach involves slicing and polishing the solidified sample so
that the solidification pattern can be examined using microscopy, either electron or
optical.

In metallurgy, dendrites are the predominant structure that form during solidifica-
tion. They are arborescent crystalline structures that grow by diffusion-limited heat
and mass transfer. In most cuoppositebic metals, the preferential growth directions
are <100> which results in crystallographic related features such as primary trunks,
secondary, and tertiary sidearms. In directional solidification, the heat transfer is
constrained through the solid, which results in arrays of dendrites aligned to the heat
flow direction [1]. The variation in composition between an advancing dendrite and
the surrounding inter-dendritic region gives rise to microsegregation in the solidi-
fied crystal. The solute segregation normal to the growth direction is characterised
by the primary spacing, which controls the maximum length scale for segregation
[2], the distribution of inhomogeneities within the microstructure [1], and mechan-
ical properties of the material [3]. Directional solidification provides scientists a
perfect opportunity to study the influence of changing process conditions on resul-
tant microstructural formation with the least amount of feasible free solidification
variables [4]. An important topic of interest for solidification scientists is predicting
microstructural patterns within a directionally solidified array, as array disorder is
directly related to a decrease in themechanical behaviour of an as-cast component [5].

The morphology of the solid/liquid interface during solidification influences the
final microstructural patterns within directionally solidified alloys [6]. The theory
of morphological stability quantifies the stability of the interface shape that sepa-
rates two phases during a phase transformation [7]. If a perturbation on the smooth
surface grows the shape of the perturbation is morphologically unstable, whereas if
it decays the shape is stable. One can imagine an undulating solid/liquid interface,
whereby the growth of the perturbations is determined by the solute concentration
ahead of the growing tips. In situ observations of the solid/liquid interface using
organic analogues has been a vital tool in understanding the time-evolution of inter-
facial patterns [8]. Thin sample analysis (2D), has demonstrated that a small range
of primary spacings are stable for any given set of experimental conditions [9], and
these spacings are defined by the overgrowth and branching limits [10]. Over the
last decade, more authors are becoming aware of the importance of local (3D) varia-
tions in primary spacing on defect formation within bulk microstructures [11]. As a
result, significant effort has been focused on developing local characterisation tech-
niques [12–14]. Trivedi [5] has demonstrated that spatial variation in fluid density
within the melt parallel to a growing 3D array of dendritic tips can result in large
variations in radial primary spacing and disorder within a bulk microstructure. This
researcher highlighted thermosolutal convection and solute redistribution as themost
likely perpetrator behind array disorder and linked this to variations in the shape of
the solid/liquid isotherm during solidification. Consequently, small variations in the



Applying Stereological Characterisation to the Solidification … 17

isotherm shape will cause significant changes in solute redistribution within the melt,
influencing the morphology of the solid/liquid interface [15].

In terrestrial conditions, isotherm curvature-driven lateral solute movement adds
extra time and length scales to interfacial pattern evolution, which are not accounted
for in the Warren and Langer model [6]. The influence of variations in lateral solute
redistributionon themorphologyof the solid/liquid interface and the time evolutionof
interfacial patterns is unknown. Unfortunately, direct observations of morphological
instability in opaque 3D metallic systems are not currently possible and are limited
to computer modelling of the interface [11]. Recently, Strickland et al. [15] have
identified a quadratic relationship exists between the radial variation in local primary
spacing, λLocal, and the macroscopic shape of the solid/liquid interface for both
solutally unstable and stable alloys. In the case of solutally stable alloys, solute
enriched liquid mainly flows by steepling driven convection to the most retarded
part of the solid/liquid interface, which results in remelting and an increase in array
disorder and λLocal. In this case, the 3D microstructures interface can be deduced
post-mortem by fitting a quadratic to the reciprocal of the radial variation in λLocal.
However, for solutally unstable alloys, although thermal buoyancy drives large-scale
flow circulations within the melt, this is not the primary mechanism for solute flow
in these systems. It has been established, that differential solutal buoyancy forces
driven by curved isopleths of concentration result in solute enrichment at the most
advanced part of the interface [21]. Consequently, in solutally unstable systems,
solute enrichment causes an increase in λLocal and disorder at the most advanced part
of the interface rather than at the most retarded location as was previously thought.

The purpose of this work is to deduce the 3D macroscopic interface shape for
a solutally unstable system using post-mortem stereological characterisation tech-
niques. Firstly, the Shape-Limited Primary Spacing (SLPS) algorithm [15] is applied
to determine the λLocal for every dendrite within two cross-sections of a single crystal
CMSX-10® Ni-base superalloy bar. The variation in λLocal is plotted as a function of
radial distance and a 3D representation of the solid/liquid interface shape is recon-
structed by fitting a quadratic to the data. Lastly, the influence of changes in the bulk
solidification environment and solute redistribution on the morphology of the 3D
macroscopic interface shapes and their influence on defect formation are discussed.

Methodology

A single crystal CMSX-10® bar of 9.4 mm diameter and 64 mm in height (Fig. 1b)
was provided by Rolls-Royce Plc; the approximate growth parameters are indicated
in Table 1. The bar was solidified in a cluster mould arrangement within a Bridgman
furnace (Fig. 1a) and withdrawn at a constant withdrawal velocity, V . The bar was
sectioned into seven segments perpendicular to the long axes of the sample using
a metallographic precision cutter. Section 1 corresponds to the part of the cast that
solidified nearest to the chill plate of the Bridgman furnace and Sect. 7 furthest
away (Fig. 1a). Only Sects. 1 and 7 (Fig. 1b) were used in this analysis as they
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Fig. 1 a Schematic of Bridgman furnace. Single crystal components are manufactured via this
method. Samples are withdrawn downwards through an axial thermal gradient. The solidification
front is always perpendicular to the heat flow direction. Solidification occurs during the transition
zone. b CMSX-10® sample used within this study. The sample is 9.4 mm diameter and 64 mm in
height. (Color figure online)

Table 1 Growth parameters for the CMSX-10® single crystal bar used in this study. The bar was
withdrawn from the Bridgman furnace at a constant velocity. The exact solidification conditions
are unknown

Alloy Morphology G (K/cm) V (
(
μm

/
s
)
) Diameter

(mm)
Height (mm) Mould

CMSX-10® Dendritic 10-20 5–10 9.4 64 Cluster

are taken from opposite ends of the cast, and therefore solidified under the greatest
variation in bulk environmental conditions (Fig. 1a). The two sections were imaged
in backscattered electron (BSE) mode to visualise the microsegregation between the
dendritic core and interdendritic region.MAPS® software (ThermoFisher Scientific,
Waltham,MA,USA) provided large, high resolution, stitched images of the dendritic
arrays automatically, with only minor adjustments required where necessary. The
BSE image was loaded into the DenMap software [16] and the exact dendritic core
pixel positions were located. These coordinates were input into the SLPS algorithm
[15] which determines local dendritic packing and λLocal variation over each cross
section.
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Results

The variation in local dendritic packing (Fig. 2b) and λLocal (Fig. 2c) across both
single bulk single crystal microstructures were mapped using the SLPS algorithm
[15]. The local dendritic packing is determined by the number of nearest neighbours
around a central dendrite. For example, a dendrite with N6 packing (hexagonal) has
six nearest neighbours. The λLocal is determined by the average primary spacing from
a central dendrite to its nearest neighbours. The nearest neighbours are determined
using the SLPS algorithm [15].

The packing map (N-Map) demonstrates the variation in local dendritic packing
across the array, where hexagonal packing formation indicates stable growth condi-
tions that solidified under equivalent tip compositions [15]. All other non-hexagonal
packing indicates metastable regions that are forming from local variations in solute
composition parallel to local arrangements of growing tips [15]. The local primary
spacing map (LS-Map) in Fig. 2c demonstrates the variation in λLocal across an array.
An array whereby one unique λLocal (average λLocal for the bulk array) exists would
obtain a uniform green LS-map. Areas of small λLocal are indicated in the blue/dark

Fig. 2 a Backscattered SEM images comprised of 24× 24 grid of individual SEM images taken at
300 × magnification with 20 μ s scan speed. The SLPS algorithm applied to Sect. 1 and 7 from the
CMSX-10® single crystal superalloy bar from Fig. 1b. b Packing pattern maps (N-Maps) indicating
stable andmetastable packing. c Local primary spacing distributionmaps (LS-Maps) demonstrating
the variation in microsegregation across each array. The λArray and σλArray are recorded in Table 1.
The figure is adapted from [15]. (Color figure online)
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Table 2 Comparison between λArray (calculated by SLPS [15]), λN6 , and λSCM (square counting
method [17]) between Sect. 1 and 7 of the CMSX-10® superalloy bar. The number of dendrites

within each bulk array was determined by the DenMap software [16]. λSCM , was calculated using
the total Voronoi area of all combined patterns within an array, the number of dendrites within this

combined Voronoi area, and B = 1.075. In both cases, λN6 closely matches λArray , regardless of

the array irregularity, as determined by σλArray . λArray and λSCM demonstrate excellent agreement

Section No. of
Dendrites

λArray (μm) λSCM (μm) λN6 (μm) σλArray (μm) KArray MLPR

1 681 333 336 343 54 1.55 1.46

7 548 377 375 382 79 1.56 1.61

blue regions and large λLocal the orange/red. The λLocal and σλArray (standard devia-
tion of bulk λLocal) for the single crystal microstructures in Fig. 2c are illustrated in
Table 2. A full description of the SLPS algorithm and the derivation of the N-Maps
(Fig. 2b) and LS-Maps (Fig. 2c) can be found in Ref. [15].

The largest variation in λLocal versus radial distance for Sect. 1 and 7 is illustrated
in Fig. 3a). The λLocal follows a clear quadratic relationship with radial distance
(Fig. 3b). The top of the sample demonstrates the greatest variation in radial λLocal

distribution across the cross section. This also corresponds with an increase in array
disorder (KArray), macroscopic curvature (MLPR), and σλArray (Table 2). A perfectly
hexagonal bulk array with no inherent disorder would achieve KArray = 1.52. A
perfectly flat macroscopic interface occurs when the MLPR equals 1; the greater
the interface curvature the larger the MLPR value. For the derivations of KArray

and MLPR the reader is referred to ref. [15].
The increase in λArray between Sect. 1 and 7 (Table 2) is due to a reduction in

the strength of the axial thermal gradient, G, and an enrichment of solute (axial
macrosegregation) at the end of the cast [15]. The increase in λLocal observed in the
bottom right part of Sect. 7 of Fig. 2c is a result of solute enrichment due at the
most advanced part of the interface due to lateral fluid flow through the mush driven
by isotherm curvature [15]. This flow of solute also results in an increase in array
disorder (increase in KArray), which is observed as an increase in non-hexagonal
pattern formation in the bottom right-hand side of Sect. 7 (Fig. 2b). Regions of
hexagonal packing indicate stable growth conditions and a flatmacroscopic interface.
Connected regions of large λLocal correspond to solute-enriched areas where the
solid/liquid interface is being remelted and is therefore lagging behind neighbouring
faster growing solute-depleted areas (small λLocal). Consequently, by plotting the
x-y-axes as distance, z as 1/λLocal , and fitting a strong Gaussian (which corresponds
to the size of the core ≈ 20 × 20 pixels) to the data i.e., smoothing the noise,
enables a qualitative reconstruction of the undulating morphological nature of the
solid/liquid interface shape (Fig. 4a); this is not be confused with the macroscopic
interface curvature, which closely represents the isothermal shape. To provide a semi-
quantitative representation of the averagemacroscopic interface concavity/convexity,
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Fig. 3 a LS-Maps of Sect. 1 and 7 from the CMSX-10® superalloy microstructures; the λArray

and σλArray are found in Table 2. b The radial variation in λLocal across the cross section is along the

dashed line sketched in (a). The plot was taken at the point of greatest λLocal variation. A quadratic
relationship exists between radial distance and λLocal for both samples. (Color figure online)

the x-y axes are plotted as distance, z as λLocal, and a quadratic surface fit is performed
to the radial variation in the λLocal , the results are illustrated in Fig. 4(b).

Discussion

The 3D solid/liquid interface is clearly non-linear in nature (Fig. 4a), which is in
keeping with the Warren and Langer non-linear stability model [6]. The bottom of
the cast (Sect. 1) is more morphologically stable than the top of the cast (Sect. 7),
which forms further away from the chill plate of the Bridgman furnace and under a
greater curvature of the isotherm (Fig. 1a, b). The length scale of the perturbations
in Sect. 1 (Fig. 4a) is on the scale of the λArray , (333μm—Table 2, therefore, this
interface is formed under mainly diffusive conditions. This interface would be well
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(a) (b)

Fig. 4 a A post-mortem representation of the 3D macroscopic solid/liquid interface deduced from
variation in local primary spacing; the colour scale corresponds to the z-axis; the perturbations are
expressed in units of curvature (μm−1). b A quadratic surface fit was performed to the variation in
λLocal and illustrates the average concavity/convexity of the interface, which closely corresponds
to the shape of the isotherm during solidification. (Color figure online)

described by a Warren and Langer type non-linear stability analysis in 3D [18].
On the other hand, large perturbations are observed in Sect. 7 that are 1−2mm in
diameter and in some cases many times larger than the λArray , (377μm—Table 2).
This cannot be accounted for by solute diffusion (DL/V ), as the length scale covers
multiple connected cells/dendrites; DL is the liquid solute diffusivity.

Under a typical V , the top of a single crystal cast (in solutally unstable systems
such as CMSX-10®) becomes enriched in solute [15]. Further, in Bridgman casting
of samples with uniform geometry the axial G decreases with height from the chill
plate [19]. The combination of these effects changes the bulk solidification environ-
ment and the steady-state interface morphology. With sufficient time the interface
responds to these environmental changes and will oscillate in a stable configuration
as described by a Warren and Langer non-linear stability analysis. However, in addi-
tion to solute partitioning and buoyancy effects (dictated by the Rayleigh number),
isotherm curvature has a particularly dominant effect on convection. Any isotherm
curvature interacts with the solute field ahead of the tips and within the mushy zone
to give rise to sideways diffusive instability [5], which is not accounted for in the
Warren and Langer model [18]. Given that the existing solute gradient ahead of the
moving interface is the main driving force behind the morphological instability, any
lateral flow within the melt or mush that affects this solute distribution parallel to
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the solidification front has a strong influence on the morphology of the resultant
perturbations.

It is known, that the form of the macroscopic interface is imposed by the isotherm,
which dictates the movement of solute over the bulk interface and through the mushy
zone [15]. Consequently, lateral pressure gradients and fluid flow velocity are deter-
mined by the concavity/convexity of the isotherm as there is no physical driving force
for lateral solute movement if the isotherm is perpendicular to the gravity vector. The
severity of lateral macrosegregation (as characterised by regions of similar λLocal—
Fig. 2c) is determined by the level of solute-depleted and enriched areas parallel
to a growing interface. This is in turn determined by the solidification rate (G ×
V ), which dictates the time allowed for lateral fluid flow and the isotherm curvature.
Consequently, to successfully predict the range of observedλLocal within a bulk single
crystal microstructure requires the inclusion of the influence of isotherm shape on
lateral fluid flow.

It is clear from Fig. 4(b), that the 3D macroscopic interface shape in sample 1 is
relatively flat with a region of interface advancement and retardation. Interestingly,
because of mass continuity and the Gaussian nature of λLocal [15], any interface
advancement has to be balanced by an interface depression. As this effect can occur
over a distance greater than that described by diffusion, it must be a bulk mass
continuity phenomenon i.e., related to macroscopic convection. In essence, solute
depleted liquid from the bulk melt must be being driven down into the interdendritic
regions to balance the solute flowing through the mush to the most advanced part
of the interface. Another interesting observation is the evolution of the interface
from relatively flat in sample 1 to highly convex in sample 7. This is expected,
as the axial component of G decreases under a constant V (in circular geometry
samples with constant area) as the fraction of solid superalloy increases. Notice,
that the increase in σλArray (Table 2) in sample 7, also corresponds to an increase
in interface convexity (Fig. 4(b)). Thus, the σλArray quantifies the severity of the
interface curvature, where decreasing the σλArray is associated with a reduction in
interface concavity/convexity. Another notable observation is the movement of the
most advanced part of the interface from the edge of the sample (section 1) into
the centre (Section 7). This modification in interface morphology must be a direct
result of a change in the isotherm shape with height from the chill plate and its
influence on convection through the mush andmelt. For future study, research should
focus on understanding how this mass continuity effect and the resulting interface
undulations influence the development of low and high angle grain boundaries within
the microstructure [20]. In addition, it is important to quantify how the evolving
interface shape is interconnected with the elimination/creation of cells/dendrites and
the mechanical properties of single crystalline materials.

Over the last twenty years, two important experimental types have come to the
forefront as fundamental tools for studying metallic systems. These techniques take
advantage of the penetrating nature of synchrotron and neutron radiation for inves-
tigation into material structure and property [11]; however, their application for the
study of bulk metallic growth is restricted. Synchrotron X-ray methods are limited
by a small voxel size and neutron source by poor spatio-temporal resolution [11].
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Although, the λLocal 3D reconstruction technique discussed in this paper is currently
semi-quantitative in nature, it is the onlymethodologywhich enables ex situ observa-
tion of the bulkmacroscopic solid/liquid interface on relevant length scales. It may be
possible to validate this novel technique on binary systems using Phase Field compu-
tational modelling methods that are coupled with mass transport equations; however,
large dendritic arrays are required to generate realistic sideways diffusive instabili-
ties. Through application of the SLPS algorithm, it may be possible to develop a new
non-linear bulk stability theory that includes the effects of isotherm curvature and
the additional time and length scales added by convection. This may enable single
crystal manufacturers to predict the final microstructural patterns through simula-
tions, saving the time and labour costs associated with metallographic preparation
and imaging. However, for the time being, post-mortem packing analysis is the only
method to visualise the 3Dmacroscopic interface shape. This new technique enables
the deduced 3Dmacroscopic interface to be compared with modelling software such
as ProCAST (ESI Group, Paris, France) for validation purposes of binary and multi-
component alloys (such as CMSX-10®). In addition, SLPS is the only standardised,
automatic, characterisation method that enables quantification of the disorder in any
single crystal array formed under any condition [15]; thus, SLPS is the only reliable
method available for single crystal cast optimisation.

Conclusions

Through post-mortem microstructural analysis, Shape-Limited Primary Spacing
(SLPS) enables the visualisation of the 3D macroscopic solid/liquid interface shape.
For the first time, the influence of a change in processing parameters, sample geom-
etry, and/or alloy composition on the 3D macroscopic interface shape can be visu-
alised. From an academic viewpoint, SLPS enables quantification and understanding
of the influence of the bulk solidification environment and alloy composition on the
morphology of the solid/liquid interface and time-evolution of interfacial patterns.
From an industrial point of view, SLPS enables the deduced shape of the solid/liquid
interface to be compared with thermal models for validation purposes. By reducing
the macroscopic interface curvature, either through optimisation of processing route
or alloy composition, the quality of single crystal components can be improved
through the reduction of array disorder and grain boundary associated defects.
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Influence of Graphene Oxide
Functionalization Strategy
on the Dynamic Mechanical Response
of Natural Fiber Reinforced Polymer
Matrix Composites
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Fernanda Santos da Luz, and Sergio Neves Monteiro

Abstract Since the twenty-first century began, environmental concerns related to
energetic consumption and pollution have been gaining attention. In part, these could
be associated with production and disregard synthetic materials. Using natural mate-
rials instead of synthetic aimed to become a trend, which has not happened. Natural
lignocellulosic fibers (NLFs) were showed to be capable of replacing synthetic fibers
in polymer composites. However, some limitations such as damage from heat can be
considered a major constraint for wider application of NLFs/polymer composites. A
novel strategy that is suggested to improve this property is the graphene oxide (GO)
functionalization ofNLFs. Thiswork investigates the thermal behavior of epoxy/NLF
composites, with and without GO functionalization. Two different amounts of rein-
forcement, low (20 vol%) and high (40 vol%), were dynamic mechanically inves-
tigated up to 160 °C. Investigated parameters revealed notable changes attributed
to GO-functionalization effect on the NLF regarding viscous stiffness and damping
capacity of the composite.

Keywords Natural fiber · Graphene oxide treatment · Dynamic mechanical
analysis (DMA)

Introduction

In recent years, it has been an increasing effort to reduce the amount of CO2 emis-
sion which can be associated with greenhouse effect and global warming [1, 2].
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Energetic consumption and long-term pollution, which can be related to the produc-
tion as well as the disregard of synthetic materials, motivate studies and application
of eco-friendly materials. Natural lignocellulosic fibers (NLFs) are green materials
as they exhibit characteristics such as renewability, recyclability, biodegradability,
abundance, and low cost of production. These are considered major advantages that
inspire not only researchers but also industries to invest in the use of these mate-
rials [3, 4]. It has been shown in previous years that these NLFs when employed as
reinforcement for polymeric matrix composites can successfully be used in several
engineering applicationswhere synthetic fibers such as glass, carbon, or aramid fibers
are the usual selection [5–9].

Many different NLFs have been extensively discussed in the literature such as
jute, ramie, fique, and many others [10–14]. Yet, there are millions of other less
studied fibers with great potential of being used as engineering materials, a good
example is the Attalea funifera fiber, commonly known as piassava fiber. These are
promising materials to reinforce polymeric matrices to produce stiffer and tougher
composites [15–17]. The piassava fibers are extracted from palm trees that are grown
in the Atlantic Rainforest in the southeast region of Brazil.

Despite the recent trend for a wider use of NLF composites for engineering
applications, their use still faces some challenges and limitations. The compatibility
betweenNLFs and polymericmaterials plays amajor role as it affects themechanical
and thermal properties of these composites. A way to overcome such drawback is
by fiber’s surface treatment, which commonly includes heat treatment and electron
radiation as well as alkaline, silane, and acetylation treatments [18]. However, the
improvement achieved by these physical and chemical treatments may be consid-
ered as not appreciable enough. A novel surface treatment that, recently, has been
brought attention to researchers consists of the functionalization of the fiber surface
with graphene oxide (GO) [19–23]. The GO treatment could significantly contribute
to the thermal resistance and dynamic mechanical improvement of polymer compos-
ites. Therefore, the present work investigates the influence of the GO treatment of
the dynamic mechanical response of piassava/epoxy composites.

Materials and Methods

Piassava fibers were supplied by a broom industry, Vassouras Rossi, Brazil. As-
received fibers were first cleaned with running water and then dried at 60 °C in
an oven for 24 h. The graphene oxide (GO) applied as piassava fiber coating was
fabricated by themodifiedHummers–Offemanmethod [22, 23]. For coating purpose,
the cleaned piassava fiber was immersed in a GO solution, 0.56 mg/ml, and agitated
in a shaker to guarantee optimum coating. Thereafter, the fibers already soaked with
GO were placed in a stove at 80 °C for 24 h for drying.

Composites with different amount of 20 and 40 vol% of continuous and aligned
piassava (untreated and GO treated) were produced using a compression molding
process. Table 1 summarizes the investigated conditions in the present work. Epoxy
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Table 1 Investigated
conditions

Condition Amount of fiber reinforcement
(vol%)

GO treatment

Epoxy 0 No

UPF20 20 No

UPF40 40 No

TPF20 20 Yes

TPF40 40 Yes

resin was prepared by mixing bisphenol A diglycidyl ether (DGEBA) resin with
triethylenetetramine (TETA) hardener with phr 13 parts of hardener ratio, both
supplied by Epoxy Fiber, Brazil. Dynamic mechanical analyses (DMA) were
conducted as per ASTM D7028-7 using DMA TA instruments, model Q/800 equip-
ment in three-point flexural mode at frequency of 1 Hz, heat rate of 3 °C/min, and
temperature range from 30 to 160 °C.

Results and Discussion

Figure 1 presents the results of DMA analysis of epoxy matrix reinforced with
untreated piassava fiber composites and GO-treated piassava fibers, for all conditions
investigated.

Fig. 1 Storage moduli curves of all investigated conditions
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These curves are typically related to the elastic modulus associated with the mate-
rial response to a viscoelastic deformation. The dynamic modulus can be directly
associated with the stiffness of the material. Therefore, it measures the elastic or
potential energy stored by the material [24]. It is possible to notice that the studied
conditions exhibit similar behavior as three distinct regions can be identified as
function of the temperature. In the first region, it takes place in relatively lower
temperatures where the material tends to be a rigid solid, and this region is known
as the glassy region. The second is named as transition region where the storage
modulus, or dynamic modulus, displays a severe decrease. Finally, the third region
is known the rubbery plateau region where a steady-state condition is observed and
the material changes from stiff to soft rubber-like behavior. This may be associated
with a light cross-linked material [25]. Despite the characteristic behavior displayed,
some differences can also be observed, and those could be associated with both the
GO treatment and/or the amount of reinforcement. The first difference between both
cases lies in the measured values of dynamic modulus. The composites reinforced
with GO-treated piassava tend to exhibit lower values of E’ in comparison with those
reinforced with untreated piassava fiber. As aforementioned, E’ can be associated
with the elastic energy stored by the material. It can also be noticed that when the
amount of reinforcement was increased, the storage modulus was increased as well.
This could be directly associated with a growth of the viscoelastic stiffness, indi-
cating a higher energy storage by the system. Such relations might be a consequence
of how the load is transferred from the epoxy matrix to the piassava fibers, either
untreated or GO treated, thus indicating the quality of the adhesion between fiber
and matrix, as will be further discussed.

The effectiveness of the reinforcement in polymeric matrix composites can be
evaluated by the C-constant parameter, which is defined as shown in the equation
below:

C =

(
E ′
g
/
E ′
r

)
composite(

E ′
g
/
E ′
r

)
matri x

where E ′
g and E ′

r are the dynamic modulus in the glassy and rubbery regions, respec-
tively. Lower the constant (C), the higher the effectiveness of the reinforcement [26].
It is evident from Fig. 2 that TP40 showed the lowest value (i.e., 0.05051), which
can be associated with excellent stress transfer between the epoxy matrix and fiber
reinforcement, good dispersion of reinforcement in the epoxy matrix, and superior
fiber–matrix interfacial adhesion. This provides the evidence for the effectiveness of
GO treatment in enhancing the matrix/reinforcement interface.

Curves of the variation of tangent delta (tan δ) with temperature are presented in
Fig. 3. The parameter tan δ can be associated with the mechanical damping factor
of material. Defects contribute towards damping, especially those associated with
interfaces [27].
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Fig. 2 Values of constant (C) for all piassava/epoxy composites

Fig. 3 Tan delta of all investigated conditions
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Therefore, the conditionwith a lower amount of fiber reinforcement should display
greater structural damping [28]. Indeed, such expected behavior was observed as
the untreated condition which exhibited the highest values for tan δ. As the GO-
treated conditions tend to present lower values, this suggests an improvement of
the interfacial bond fiber/matrix by the GO coating. On the other hand, the glass
transition temperature (Tg) could also be estimated in Fig. 3. A great variation from
themeasured value for the epoxy conditionwas not observed; however, it is suggested
that higher amounts of reinforcement could shift the Tg for higher values.

Conclusions

The influence of graphene oxide (GO) treatment of the piassava fiber on the thermal
behavior of epoxy/piassava composites was studied by dynamicmechanical analyses
(DMA). The main results can be summarized as follows:

• The DMA results revealed remarkable changes caused by the amount of fiber
reinforcement in the epoxy matrix composites as well as the GO treatment of
such fibers. The main DMA parameter, dynamic modulus, showed to be sensitive
to these changes.

• The C-constant parameter was used to verify the quality of the
matrix/reinforcement adhesion. It was observed that the GO-treatment conditions
presented the lowest values of C, thus indicating the superior interfacial adhesion.

• It was shown that the Tg was not severely impacted in any case. This suggests
that the cross-linking of the epoxy during cure is relatively independent of the
amount of reinforcement or its surface treatment.

• Finally, this novel result obtained by the GO treatment of the piassava fiber and
therefore the enhancement of thermal properties might contribute to the applica-
tions of epoxy composites reinforced with natural fibers in conditions above room
temperature.
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Characterization of Ultra-Hard Ceramic
AlMgB14-based Materials Obtained
by Self-propagating High-Temperature
Synthesis and Spark Plasma Sintering

Ilya Zhukov, Pavel Nikitin, and Alexander Vorozhtsov

Abstract In this work, AlMgB14–TiB2 composite materials were obtained by
thermochemical-coupled self-propagating high-temperature synthesis (SHS) and
subsequent spark plasma sintering. The phase composition of the raw powder
mixture, the obtained SHS product, and the sintered sample was determined. The
main phase in the obtained SHS product and the sintered sample is TiB2. The struc-
ture of the sample is not uniform. Large TiB2 agglomerates were found. The hardness
of the obtained sample is 26.1 GPa.

Keywords Composite materials · AlMgB14-TiB2 self-propagating
high-temperature synthesis · Spark plasma sintering · Hardness

Introduction

The study of polycrystalline materials based on AlMgB14 (so-called BAM) began in
2000 in the Ames Laboratory. AlMgB14-based materials have a high hardness (28–
32 GPa) [1] and a low coefficient of friction (COF, 0.08–0.02) [2, 3] and can be used
as additional wear-resistant coatings for cutting tools, as well as in the production of
machine parts as a structural material [4].

It should be noted that the addition of TiB2 to AlMgB14 leads to a significant
increase in hardness up to 46 GPa [1]. Typically, hot pressing or spark plasma
sintering (SPS) methods are used to obtain dense AlMgB14–TiB2 composites [5–
10]. A feature of these methods, in contrast to the method of high-temperature
vacuum sintering [11], is that the powdered mixture is simultaneously sintered and
consolidated. In this case, pre-reacted AlMgB14 and TiB2 are often used as raw
materials.

One of the methods for preparing TiB2 is self-propagating high-temperature
synthesis (SHS) [11]. Boron and titanium powders are mixed in a (69 wt. % Ti
+ 31 wt. % B) stoichiometric ratio. When the reaction between the components is
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initiated (mainly due to the supply of heat from an external source), an exothermic
reaction occurs with the release of a large amount of thermal energy (4250 kJ / kg,
Tad = 3193 K). Thus, this energy can be used to initiate a reaction in an endothermic
mixture, in particular, in the initial mixture of Al: Mg: B to produce AlMgB14.

In this work, AlMgB14–TiB2 powder was obtained by thermochemical-coupled
self-propagating high-temperature synthesis, whichwas then used as the rawmaterial
for obtaining dense composite samples by spark plasma sintering. Thus, the purpose
of this work is to study the phase composition, microstructure, and properties of
these materials.

Methods and Materials

Al12Mg17 intermetallic powder (purity ≥ 99.2%, average particle size <d>~0 µm),
amorphous black boron powder (purity≥98.8%, <d>~1–2µm), and titaniumpowder
(purity ≥99.2%, <d>~140 µm) are used as the raw materials. The advantages of
using Al12Mg17 intermetallic powder instead of elemental powders of aluminum and
magnesium are given in [12]. Al12Mg17 and B were mixed in an atomic ratio of 2:14
and used as an acceptor mixture. Ti and B powders were mixed in a stoichiometric
ratio (69 wt. %Ti+ 31wt. %B) and used as a donor mixture. Then obtained powders
were mixed in a mass ratio of 60 wt. % (Al12Mg17: B) + 40 wt. % (Ti + 2B). From
the obtained powder mixture, the sample was cold pressed in a 23-mm-diameter steel
die. Finally, the sample was sintered in the SHS mode.

The obtained SHS product was milled by hand in a mortar. Then, the obtained
SHS powder was sintered by spark plasma sintering at a temperature of 1450° C
under a pressure of 70 MPa. XRD analysis was performed using a Shimadzu XRD
7000 diffractometer. The microstructure of the SHS product and sintered material
was determined using Joel JSM-640 microscope. Vickers microhardness (HV) was
measured using a Qness-60 microhardness tester with a load of 19.6 H and a dwell
time of 30 s on polished surfaces.

Results and Discussion

Figure 1 shows the XRD patterns of the raw powder mixture, SHS product, and
sintered sample. The main phase in the SHS product and the sintered sample is TiB2.
In our previous work [13], we proposed the probable mechanism for the formation
of AlMgB14 during the self-propagating high-temperature synthesis of the 70 wt. %
(Al12Mg17: B)–30 wt.% (Ti + 2B) powder mixture. Briefly, in the first stage, TiB2

is formed with the release of a large amount of thermal energy, which is spent on the
endothermic reaction between aluminum, magnesium, and boron to form AlMgB14.
The AlMgB14 content depends on the (Ti + 2B) mass content: the more (Ti + 2B)
in the mixture, the higher the synthesis temperature. Temperatures above 1600 °C
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Fig. 1 XRD patterns of the raw powder mixture, SHS product, and obtained sample. (Color figure
online)

lead to decomposition of AlMgB14 into AlB12 and Mg, which evaporates during
synthesis. A similar result is observed in this work (Fig. 1). In this case, the XRD
pattern of the sintered sample does not differ from the XRD pattern of the SHS
product.

Themicrostructure of the fracture surface of the sintered sample is shown in Fig. 2.
The ceramic structure is not uniform. EDX analysis showed that Ti and B (probably
TiB2) are contained in bright regions. Al, Mg, and B are contained in dark regions,
which correspond to the boron-rich compounds (AlMgB14, AlB12). The presence of
agglomerates in the SHS powder leads to the formation in the ceramic structure of
large areas of TiB2 (light region). The average grain size of titanium diboride in the
sintered sample is 1 µm, the density is 3.109 g/cm3, and the microhardness is 26.1
GPa. The low hardness value may be due to the high porosity of the sample and the
presence of large TiB2 agglomerates.
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Fig. 2 SEM micrograph of
the dense sintered sample

Conclusions

Studies have shown the possibility of obtaining AlMgB14–TiB2 composite mate-
rials by self-propagating high-temperature synthesis and subsequent spark plasma
sintering. The phase composition of the raw powders, SHS product, and sintered
sample was determined. The microstructure of the fracture surface of the sintered
sample is shown. The microhardness of the obtained sample is 26.1 GPa. The low
hardness value may be due to the high porosity of the sample and the presence of
large TiB2 agglomerates.
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Preparation of Ceramic Coating
on Copper Substrate with Transitional
Layer by Low-Temperature Slurry
Method

Zefei Zhang, Hao Bai, Lihong Li, and Min Zhong

Abstract Ceramic coating prepared by slurry method has been applied to the metal
surface for its excellent properties which can enhance the reliability and durability
of industrial equipment. While, for copper as the substrate, a transition coating is
needed between ceramic coating and copper substrate to solve the problem caused
by the difference of their thermal expansion coefficients. In this paper, NiCoCrAlY
transition coating was prepared by atmospheric plasma spraying (APS) and ceramic
top coating was prepared by slurry method. The results show that the transition
coating plays a key role in obtaining excellent properties. The thermal shock resis-
tance life at 600 °C reached 110 cycles and the bonding strength was 15.04 MPa.
The oxidation-resistant effect δ of the ceramic coating can reach 87.29% at 800 °C.
Thus, the ceramic coating prepared can be applied to copper equipment for protection
against harsh environments.

Keywords Ceramic coating · Transition coating · Copper · Thermal shock
resistance

Introduction

Ceramic coating prepared by slurry method (or thermal chemical reaction method)
has been applied to the metal surface, which can withstand harsh conditions to
enhance the reliability and durability of industrial equipment for its excellent
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properties [1, 2]. The advantages of ceramic materials include their high temperature
stability, highmelting point, goodwear resistance, and excellent corrosion resistance.
The preparation of ceramic coating on metal surface can be used to obtain both the
strength and toughness of the metal and the high-temperature resistance, abrasion
resistance, and corrosion resistance of ceramics [3], since the desired performance of
the ceramic coating can be obtained by designing the raw material formula through
thermodynamic calculation and dynamic condition analysis. There have been some
studies on ceramic coatings by slurry method [4–6]. Xiao et al. [4] prepared ceramic
coating on Q235 steel substrate using SiO2, Cr2O3, Al2O3, and MgO as ceramic
aggregates. Abbas et al. [5] prepared ceramic coating on nickel alloy substrate to
prevent corrosion of nickel alloy in high-temperature applications with oxidizing
environments using Y2O3 stabilized ZrO2 powder and nickel powder as ceramic
aggregates. Silicon-oxide series of ceramics, such as SiO2, Al2O3, and ZrO2, are
valued for their hardness, high wear resistance, high corrosion resistance, and chem-
ical stability. In this presentwork, SiO2,Al2O3, andZrO2 were used as ceramic aggre-
gates to prepare ceramic coating on copper substrate, to protect copper-made equip-
ment from severe harsh environments for improving its performance and service life.

It is worth noting that in previous studies the substrates were mostly steel or its
alloy (e.g. Q235 steel and nickel alloy). However, for the preparation of ceramic
coating on copper surface by slurry method, there are two technical difficulties
needing to be solved. One is that copper has a high coefficient of thermal expan-
sion [7], which leads to high thermal stress between ceramic coating and substrate
in high-temperature environment, causing the ceramic coating to crack and even fall
off. This will greatly reduce the service life of the ceramic coating. The other is
that copper is easily oxidized in high-temperature environment [7], which weakens
the bonding between ceramic coating and substrate. The single-layer (SL) coating
as mentioned in the above reports may not solve both difficulties. Therefore, we
propose the scheme of double-layer (DL) coating including transition coating and
ceramic top coating.

In the present work, we prepared ceramic coatings on copper substrate, by using
SiO2, Al2O3, and ZrO2 as the ceramic aggregates and sodium silicate water glass as
the binder. The microstructure of ceramic coatings was analyzed. And the bonding
strength, oxidation resistance, and thermal shock resistance of ceramic coatings
were tested.

Experimental Procedure

Coating Materials

The copper sheet which was used as substrate material was cut into specimen plates
with dimensions 20 mm × 20 mm × 5 mm for the microstructure and �25 mm
× 5 mm for the performance, using a wire cutting machine. The raw materials
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as ceramic aggregates were SiO2 (analytical reagent, China), Al2O3 (Analytical
Reagent, China), and ZrO2 (analytical reagent, China). Sodium silicate water glass
(chemically pure, China) was used as the coating binder and its molar ratio of
SiO2/Na2O is 3.3.

Coating Preparation

All of these copper substrates were cleaned in acetone for 30min and in an ultrasonic
bath containing an alcohol solution for 6 h to remove the grease on the surface of the
substrates. The cleaned copper specimens were sandblasted with 60 mesh sand in a
box-type sandblasting machine, for two purposes. One is to remove the oxide scale
and the other is to increase the surface roughness and strengthen the bond between
the substrate and the coating. The roughness Ra of the substrate after sandblasting
was tested to be 10.82 μm. The NiCoCrAlY transition coating with a thickness of
about 100 μm was plasma-sprayed on the copper surface. The spraying parameters
are shown in Table 1.

The slurry preparation proceeded as follows: The different ceramic aggregates
were mixed in the proportions reported in Table 2. Then, the mixed ceramic aggre-
gates were added to water glass to obtain mixed ceramic slurry. Next, the homoge-
neous ceramic slurry was brushed to coat onto the specimen and before coating the
surface of specimens was cleaned by alcohol. Subsequently, the coated specimen
dried in shade for 5 h, and then put in drying oven at 85 °C for 5 h. Finally, the
coated specimen was sintered at 600 °C for 4 h in a muffle furnace. The SL coating
was fabricated according to the above procedure without the process of preparing
transition coating.

Table 1 Parameters of
plasma spraying

Parameter Values Parameter Values

Flow rate of
primary gas

45 L/min Spray
distance

100 mm

Feed stock
giving rate

40 g/min Power 500 A × 70 V

Primary gas Ar Secondary
gas

H2

Gun moving
rate

800 mm/s Spray
inclinations

90°

Table 2 Formula of ceramic
slurry system

Chemical compositions SiO2 Al2O3 ZrO2

Content/% 49.6 26.3 24.1
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Microstructure Characterization

The cross section was first polished with coarse sandpaper, then with metallo-
graphic sandpaper 0#, 1#, 2#, 3#, 4#, and 5# until the surface scratches were
small and uniform, and then polished with diamond polishing gypsum, until a non-
diffuse, specular, reflective characteristicwas obtained. The surface and cross-section
microstructure of the coating was observed by scanning electron microscopy.

Bonding Strength Test

The bond strength of coating was measured by dual sample tensile method according
toASTMC633-2001 standards [8] for its application. E-7 high-temperature adhesive
was selected as the interface binder in this test. The backof the specimenwith coatings
was coarsened by sandpaper. After that, the specimen was bonded dual tension rods
by adhesive, and then clamped with fixtures, whose contact pressure was 0.05 MPa.
Tensile specimens are first placed at room temperature for 3 h, then heated to 100
°C and cured for 3 h in a furnace, and finally cooled in air for tensile testing. In this
experiment, a computer-controlled electronic universal testing CMT5105 machine
was used at a loading speed of 0.1 mm/min. Three samples were tested, and then the
average value was taken as the measured bond strength of the coating.

Oxidation Test

In order to assess the oxidation resistance of ceramic coating, isothermal oxidation
testswere heat treated in ambient air at 800 °C.Each samplewas placed in a corundum
crucible. The DL coating was on one side of the copper substrate. Prior to the tests,
the crucibles were heat treated at 800 °C for 24 h for constant weight. The samples
with crucibles were cooled down to room temperature in furnace andmeasured using
an electronic balance with a resolution of 0.1 mg. The oxidation resistance tests were
conducted using the specimen mass reduction method [6, 9], where oxidation losses
were determined from the difference between the mass of the specimen before and
after oxidation, as shown by the following equations:

Oxidation loss �Wbare = (Wbare1 −Wbare2)/2S (1)

Oxidation loss �Wcoated = [(Wcoated1 −Wcoated2) − (Wbare1 −Wbare2)/2]/S (2)

Oxidation resistant effect (%) δ = �Wbare − �Wcoated

�Wbare
× 100% (3)
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where W1 (mg) and W2 (mg) are the weight of sample before and after heating,
respectively, and S represents one side surface area of the sample.

Salt Water Test

The corrosion stability of ceramic coating was investigated through salt water test.
3.5 wt% NaCl solution was selected as the corrosion solution. Place the coating
sample into the corrosion solution, and the copper substrate was also tested as a
control sample. After 200 h of corrosion, the sample was taken out and rinsed with
water, and then blown dry with a blower. Finally, the morphology of the sample was
observed.

Thermal Shock Resistance Test

The thermal shock resistance of the coating was evaluated by water quenching
method. Samples were put into a muffle furnace, heated to 600 °C, and preserved
for 10 min, then taken out and quickly quenched in room temperature water, and
removed after water surface was calm. After drying, the coating was observed. If
there is no crack or spalling on the surface, it will be regarded as a thermal shock
cycle. Repeat this process until nearly one-third of the coating peeled off [10]. The
average valuewas calculated as a criterion for evaluating the thermal shock resistance
of the coatings.

Results and Discussion

Coating Morphology Analysis

The morphology images of the SL coating sample and DL coating sample are shown
in Fig. 1. The SL coating cracked and fell off after sintering, while the surface of DL
coating sample remained intact. The interface between copper and ceramic coating
of the SL coating sample was oxidized, and the adhesion of oxide to copper substrate
is relatively small, which made the ceramic coating easy to fall off with copper oxide
from the substrate. Besides, due to the high different thermal expansion coefficients
of the ceramic coating and the copper substrate, the coating causes a large thermal
stress, which causes the coating to be exfoliated. Therefore, without the transition
layer, the ceramic coating cannot be directly prepared on the copper substrate.

The surface microstructure of the transition coating and ceramic coating of DL
coating sample is shown in Fig. 2. The molten and semi-molten spraying particles
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Fig. 1 Macrostructures of samples DL coating and SL coating

Fig. 2 Surface SEM micrographs of ceramic coatings

impact the surface of the substrate at a certain speed, so that the uneven surface
is filled with deformation particles. After condensation and shrinkage, the particles
and the concave and convex parts of the substrate surface are mechanically occluded
together. From Fig. 2a, the surface of the NiCoCrAlY coating is uneven, which
derive from the deposition of the NiCoCrAlY particles on the surface of the copper
substrate after high-temperature melting and cooling in the plasma spraying process.
From Fig. 2b, the surface of ceramic coating is compact and there was no evidence
of defects.

The SEM image of the polished cross section of the DL coating sample is shown
in Fig. 3. It can be observed that the ceramic coating was uniform and closely
combinedwith the transition coating after sintering.This is because the sintered slurry
contained sodium silicate. After the slurry solidified, the sodium silicate formed a
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Fig. 3 Cross-sectional SEM micrograph of ceramic coatings

three-dimensional network structure, resulting in tight bonds with the ceramic aggre-
gates and transition coating [11, 12]. Also, it could be seen that the transition coating–
substrate interface and the transition coating–ceramic coating interface were rough.
The roughness could enhance mechanical bonding of the interface.

Bonding Strength

Figure 4 shows the image of the broken surfaces of the DL coating samples after
tensile test. The fracture position of the coating is between the ceramic coating and

Fig. 4 Broken surfaces of the DL coating sample after tensile test. (Color figure online)
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Table 3 Bonding strength of ceramic coating

Samples 1 2 3 Average value

Content/kN 6.9 7.4 7.8 7.37

Section diameter/mm 25 25 25 25

Bonding strength/Gpa 14.06 15.08 15.89 15.00

the transition coating, and there is no fracture inside the ceramic coating or transition
coating, which indicated the excellent cohesion strength inside the whole coating.
The results show the bonding strength between the transition coating and copper
substrate is greater than between the ceramic coating and the transition coating.
Table 3 shows the tensile test data of bonding strength of DL coating samples. The
average bonding strength was 15.00MPa, while the SL coating fell off after sintering
and its bonding strength did not need to be tested. Because the transition coating
eliminates the physical property deficiency caused by the difficult bonding between
the ceramic coating and the substrate, it improves the bonding condition between the
ceramic coating and substrate. From Fig. 3, roughness of the transition coating–top
coating interface is a characteristic feature of plasma spraying, which could enhance
mechanical bonding between the transition coating and the ceramic coating

Oxidation Test

The oxidation weight changes of bare and coated samples at 800 °C were analyzed
by the specimen mass reduction method to conduct the oxidation-resistant effect of
the coating. Oxide mass gains per unit area of the samples were calculated according
to Eqs. (1) and (2), and isothermal oxidation kinetics curves were plotted in Fig. 5 for
the blank copper substrate and the DL coating. It can be concluded from Fig. 5 after
an oxidation time of 20 h, the mass gains of copper with DL coatings at 800 °C were
lower than the corresponding value on the blank substrate. The oxidation-resistant
effect δ of the ceramic coating can be reached at 87.29% at 800 °C. The DL coating
prevented the inward diffusion of oxygen from the air to the coating–substrate
interface, thereby greatly decreasing the oxidation rate of the copper. In conclusion,
the ceramic coating effectively protected the copper from the harsh environment by
significantly decreasing the rate of oxidation, which would correspond to increased
service life of the copper or blast furnace tuyere made of copper.

Salt Water Test

Figure 6 shows the morphology of the copper substrate and DL coating before
and after salt water test. When pure copper was put into sodium chloride solution,
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Fig. 5 Weight gains of uncoated copper and DL coating sample at 800 °C in air. (Color figure
online)

Fig. 6 Morphology of the copper substrate and DL coating before (1) and after (2) salt water test.
(Color figure online)
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numerous corrosion microcells were formed on the copper surface, resulting in the
preferential corrosion of copper around sodium chloride. Sodium chloride can not
only enhance the electrolysis, but also partially dissolve the corrosion products on
the copper surface, and oxygen will be transferred to the copper, which will cause
the copper to be continuously corroded. After the DL ceramic coating was prepared
on copper, the ceramic coating can prevent the corrosion medium and effectively
protect the copper substrate.

Thermal Shock Studies

When the ceramic coating on metal is applied in unstable high-temperature envi-
ronment, the thermal stress will be produced at the interface between the ceramic
coating and the substrate, due to their thermal expansion coefficient difference, and
the change of thermal stress will cause the ceramic coating to crack and even fall
off [13]. The thermal shock resistance of the ceramic coating can reflect the service
life of the ceramic coating under the unstable high-temperature environment. The
thermal shock resistance testwas subjected to 600 °C for the ceramic coating samples,
considering the limit temperature of tuyere surface. Thermal shock resistance testwas
carried out for the DL coating sample and test results are shown in Table 4. Figure 7
shows the optical photomicrographs of theDL coating before and after thermal shock
tests at 600 °C in air. The thermal shock resistance life at 600 °C reached 110 cycles.
However, the SL coating sample cracked and fell off after sintering, from Fig. 1.
It can be concluded that the transition layer can significantly improve the thermal
shock resistance.

Table 4 Thermal shock
resistance of ceramic coating

Test temperature 600 °C

Thermal shock cycles 110 cycles

Fig. 7 Optical photomicrographs of the DL coating after thermal cycling at 600 °C in air. (Color
figure online)
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Conclusions

This study combined the plasma spraying method and the slurry method to prepare
a double-layer (DL) coating including transition coating and ceramic top coating on
the copper surface. At the same time, the single-layer (SL) coating was also prepared
with the slurry spraying method for a comparative analysis. Compared with SL
coating, the DL coating had good microstructure. NiCoCrAlY transition coating is
helpful to the bonding strength and thermal shock resistance of the ceramic coating.
The ceramic coating has high oxidation-resistant effect owing to its good structure,
so that copper can be protected from high temperature.

Acknowledgements Thisworkwas supported by the InnovationTalents FundProject ofUniversity
of Science Technology Beijing and the Chaozhou Science and Technology Project of Guangdong
(No. 2019ZX10).

References

1. Wang JQ, Yuan YC, Chi ZH, Zhang GX (2018) High-temperature sulfur corrosion behavior
of h-BN-based ceramic coating prepared by slurry method. Mater Chem Phys 206:186–192

2. Li H, Ke Z, Li J, Xue L, Yan Y (2017) An effective low-temperature strategy for sealing plasma
sprayed Al2O3-based coatings, J Eur Ceram Soc 38(4):1871–1877

3. Luo H, Song P, Khan A, Feng J, Zang JJ, Xiong XP, Lü JG, Lu JS (2017) Alternant phase
distribution and wear mechanical properties of an Al2O3-40wt% TiO2 composite coating.
Ceram Int 43(9):7295–7304

4. Xiao K, Xue W, Li ZL, Wang JR, Li XM, Dong CF, Wu JS, Li XG, Wei D (2018) Effect of
sintering temperature on the microstructure and performance of a ceramic coating obtained by
the slurry method. Ceram Int 44(10):11180–11186

5. Abbas MR, Uday MB, Noor AM, Ahmad N, Rajoo S (2016)Microstructural evaluation of a
slurry based Ni/YSZ thermal barrier coating for automotive turbocharger turbine application.
Mater Design 109(November 5):47–56

6. NguyenMD,Bang JW,KimYH,BinAS,HwangKH,PhamVH,KwonWT(2018) Slurry spray
coating of carbon steel for use in oxidizing and humid environments. Ceram Int 44(7):8306–
8313

7. Davis JR (2001) Copper and copper alloys. ASM Specialty Handbook
8. ASTM Standards C 633–2001, American Society of Testing and Materials, Philadelphia, PA
9. Shan X, Wei LQ, Liu P, Zhang XM, Tang WX, Qian P, He Y, Ye SF (2014) Influence of

coo glass-ceramic coating on the anti-oxidation behavior and thermal shock resistance of 200
stainless steel at elevated temperature. Ceram Int 40(8):12327–12335

10. Shan X, Wei LQ, Zhang XM, Li WH, Tang WX, Liu Y, Tong J, Ye SF, Chen YF (2015) A
protective ceramic coating to improve oxidation and thermal shock resistance on CrMn alloy
at elevated temperatures. Ceram Int 41(3):4706–4713

11. Gao HT, Liu XH, Chen JQ, Qi JL, Wang YB, Ai ZR (2018) Preparation of glass-ceramics with
low density and high strength using blast furnace slag, glass fiber and water glass. Ceram. Int.
44(6):6044–6053



54 Z. Zhang et al.

12. Viktor S,GalynaK (2017) Effect ofwater glass on early hardening of Portland cement. Procedia
Eng 172:977–981

13. Wang DS, Tian ZJ, Wang JW, Duan ZY, Shen LD, Huang YH (2010) Thermal shock behavior
of laser remelting Al2O3-13%TiO2 ceramic coating fabricated by plasma spraying. Appl Laser
30(4):264–269



Part IV
Characterization of Mechanical Properties



Analysis of the Elasto-Plastic Behavior
of SAE 1045 Steel Submitted to Cyclic
Loads

Matheus Henriques Cordeiro, Victor Barbosa Souza,
Amanda Camerini Lima, and Niander Aguiar Cerqueira

Abstract This work proposes an elasto-plastic study of SAE 1045 steel through
a stress versus cyclic deformation curve, which was the basis for calculating the
material’s hardening parameters, defining the isotropic hardening value as null and
kinematic hardening value as 415.05 MPa. Therefore, due to the wide use of SAE
1045 steel in structures and elements that undergo cyclical stresses, the parameters
defined in the present work are highly relevant for the analysis of structures based
on this material, making it easier to meet the needs during research, diagnostics,
or sizing using this steel. The mathematical model used proved to be efficient in
generating results compatible with those expected based on the bibliography.

Keywords Characterization · Mechanical properties · Cyclic loads ·
Elasto-plasticity

Introduction

One of the uses of steel is in the construction of structural components. These
elements used in engineering practice are often subjected to high stress loads and
high energy impact, which can cause deterioration of the material and reduce its
useful life [2].

Themetallicmaterials have two phases, an elastic one,when a sample of amaterial
is requested by a force and undergoes a deformation and, after the removal of the
applied force, it recovers its original dimensions, and the plastic phase, where the
deformation becomes permanent [3]. The linear relationship between stress and strain
in an idealized material forms the basis of the mathematical theory of elasticity,
however, a real structure is a very complex body, with complex stress states that defy
the idealized calculation based on this theory [4]. Thus, the theory of plasticity is
necessary as a complement to the theory of elasticity, concernedwithmaking analyses
of the stresses and deformations of the studied bodies, which are in the plastic or
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elastic regime [5]. Plasticity plays an important role in the study of structures by
describing the behavior of materials in a more realistic way than a simple linear and
elastic analysis [6].

The damage induced by plastic stress is an important source of potential failure of
engineering components, which is a type of permanent deformation or distortion that
occurs when a material is subjected to applied stresses that exceed its yield stress,
causing the material to stretch, compress, fold, or shear [1]. Therefore, for greater
precision in the study of metallic materials, the two processes need to be considered,
forming an elasto-plastic concept.

The elasto-plastic behavior is suitable for the study ofmostmetals andmetal alloys
at room temperature, where time has no impact on the results [7]. Elasto-plasticity
is the behavioral study of materials that after a loading cycle has permanent defor-
mation, and plastic phenomena are considered instantaneous and are not affected
by the loading rate [8]. There are two types of hardening as a result of these loads.
The kinematic, when the material is loaded in order to overcome its flow limit in a
specific direction, being subsequently loaded in the opposite direction, a reduction
of its flow limit is generated, resulting in the preservation of the flow surface of the
material in relation to its size, taking place in the stress space [9]. This characteristic
is commonly observed, the effect being called the Bauschinger effect, being visible
in materials under cyclic loading regime [8].

There is also the isotropic hardening,which consists of increasing the specific flow
limit of the material, which may be linear or not, with an increase in the flow surface
of the material being observed during the plastic regime, the shape and location of
the material being unchanged [10]. Even though the tension is increased in each new
cycle, this increase is caused by the hardening [11]. Considerando a ampla aplicação
de componentes estruturais de aço e as consequências desastrosas causadas pela falha
estrutural, mais trabalhos de pesquisa devem ser dedicados à análise estrutural da
evolução dos danos e à sua avaliação de modo a reconhecer o mecanismo de falha
do aço estrutural [12].

Materials and Methods

SAE 1045 steel is mainly used for the manufacture of axles, in general, cylinders,
railway equipment, gears, and crankshafts, and is of great importance in themanufac-
ture of products for the oil industry and formachine parts that require highmechanical
resistance. This material is often used in industrial practice for components subject to
cyclic loading [13]. The chemical composition of a raw material certificate is shown
in Table 1.

The tensile test was carried out according to the American Society for Testing
and Materials E8/8 M-13th standard [15]. Relative humidity of the environment in
which the machinery is disposed of is approximately 50%; the temperature at 25 °C;
definition of the applied load cell defined in the value of 10,000 Kgf; and traction
application speed of 1.00 mm/min.
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Table 1 Chemical
composition of SAE 1045
steel

Chemical composition of the SAE 1045 (wt.%)

C Mn Si P S Ni Cr Mo

0.49 0.59 0.21 0.019 0.02 0.02 0.03 0.005

It is important to note that the speed of application of the loading has a direct
impact on the yield stress, and it is essential to observe the parameters stipulated in
the test standards in order to obtain reliable results [15]. The experimental results
obtained in the linear tensile tests can be used to define the parameters for the load-
discharge cyclic tensile test, such as the test frequency and the deformation level, in
order to guarantee the progressive formation of inelastic deformation in each cycle
of the cyclic test [16].

The conversion of the linear test to the cyclic test was performed using a math-
ematical model. The tractive-compressive traction test encounters a series of diffi-
culties for its performance, both economic and practical, making the development
of research in this field complex [17]. There is not always the possibility of execu-
tion, as the equipment that performs this test is limited and the necessary specimens
have complex dimensions, not always accessible in common machining equipment,
in addition to eliminating the material’s buckling resistance. As the test carried out
was of the monotonous type, the costs of the procedure are much lower, since it
is not necessary to manufacture complex specimens or the use of more expensive
equipment.

To allow the calculations to be performed, one must initially apply the hardening
modeling equations in X and Y, from the coefficients a and b, making it possible to
define the tension related to the traction Eq. (2) and the compression Eq. (3).

(1)
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The definition of the coefficients related to the isotropic hardening V1 and V2,
the stabilized cycle must be obtained from an X x ε ˆ p curve, applying a limit in
which the plastic deformation tends to infinity, if

lim
p→∞ Y = v1 + σy = Ymax (4)

In principle, it is applied that Y ∼= Ymax, where Ymax x is obtained within the elastic
region defined at the ends of the cycle as shown in Fig. 1.
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Fig. 1 Plastic deformation limit

According to Eq. (5), when it is observed that Ymax is less than the yield stressσ_y,
it is considered that there is no isotropic hardening; therefore, the value of Ymax is
adopted for the yield stress.

Ymax < σy → Ẏ (t) = 0∀t → Y = Ymax∀teσy = Ymax (5)

The stabilized cycle is determined from

(6)

The construction of the Xx ε ˆ p curve is allowed in the stabilized cycle (Figs. 2
and 3).

Fig. 2 Tension x plastic deformation curve. (Color figure online)
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Fig. 3 Tension x isolated plastic deformation curve. (Color figure online)

The definition of the coefficients a and b can be done by analyzing the points A
= (

ε
p
0 ; X0

)
; B = (0; Xc); C = (−ε

p
0 ;−X0

)
, shown in Fig. 4.

With the observation of points A, B, and C, its relationship with the kinematic
hardening coefficients can be determined in Eqs. (7)–(10):
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Fig. 4 Points for determining coefficients A, B, and C. (Color figure online)
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Equation (11) is determined from Eqs. (7) to (10):

(X0 − Xc)e
bε p

0 + (X0 + Xc)e
−bε p

0 = 2X0 (11)

The value of b is defined using the root of Eq. (12):

�(b) = (X0 − Xc)e
bε p

0 + (X0 + Xc)e
−bε p

0 − 2X0 (12)

The value of a is found in the substitution of the value of b in Eqs. (7)–(10). From
Eq. (1), it is defined that Y is given by Eqs. (13) and (14):

Y = σ − a

b

(
1 − ebp

) − σy (13)

Y = v1
(
1 − ev2ε

p)
(14)

The construction of the curve Y × ε ˆ obtained from the curve σ × ε ˆ p by means
of Eq. (5), and the values of V1 and V2 are defined with adjustments of Eq. (13).
The representation of the elasto-viscoplastic behavior of the material is defined by
the equations of Lemaitre and Chaboche, allowing the study of fluency and cyclic
loads. The term viscous in uniaxial tests is shown in Eq. (15):

F = |σ − X | − Y ≤ 0; ṗ =
[
F

K

]N

; p(t = 0) = 0 (15)

Equation (15) adds the new coefficients N and K, which are associated with
viscous terms.

The viscosity of the material is characterized by these new coefficients. This
viscous term is presented in metal alloys subjected to temperatures above one-third
of the ambient temperature. In the determination of the tensile elasticity limit, the
same procedure applied to elasto-plasticity is applied to identify the elasticity limit,
and this parameter must be defined by means of a tensile test with a deformation rate
of ε̇ ≤ 10−5.

Results and Discussion

Figure 5 shows the result of the linear tensile test of the material.
The regions shown are elastic region, region of slip of discrepancies, region

of uniform hardening, and the region of non-uniform hardening culminating in
the failure of the material. Based on this graph, a conversion was performed on
a mathematical model, generating a graphical stress x cyclic strain, simulating a
tensile-compressive test. The result is shown in Fig. 6.
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Fig. 5 Traction test result. (Color figure online)

Fig. 6 Graphical stress (MPa) x deformation (mm/mm). (Color figure online)

In Fig. 6, it is necessary to highlight four different curves, the vertical elements,
where the isotropic hardening of the material is observed, and the inclined curves,
where the kinematic hardening is observed. From the data obtained after the conver-
sion, it is possible to perform the calculations to define the values of the hardening of
the material, thus being possible to analyze the elasto-plastic behavior of SAE 1045
steel.
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Fig. 7 Stabilized cycle (stress curve x plastic deformation). (Color figure online)

Fig. 8 Identification of points A, B and C. (Color figure online)

For analysis, it is necessary to stabilize the cycle, as shown in Figure 7.
Observing this curve of Fig. 7, it is possible to identify the necessary points for

the definition of the parameters necessary for carrying out the calculations (Fig. 8).
The following coordinates are identified: A (−0.1228703; −136.4557); B

(0.60.4568); and C (0.128703; 136.4557).
According to these coordinates, the values of the parameters necessary for the

calculations are defined: X_0 = 136.45571 and X_c = 60.45675.
Once these variables are defined, it is possible to calculate the coefficient (b)

through the roots of Eq. (12):

(b) = (136.45571 − 60.45675)e0.12870304b

+ (136.45571 + 60.5675)e−0.12870304b − 2(136.45571)

(b) = 7.87012

With the known coefficient (b), its value was replaced in Eq. (7) to obtain the
value of the “a” coefficient, the result being

136.45571 = a

7.87012
+

(
60.45675 − a

7.87012

)
e−(7.87012)(0.12870304)

(a) = 415.05
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Table 2 Results of hardening Hardening type Value (N/mm2)

Isotropic 0

Kinematic 415.05

In view of these results, isotropic and kinematic hardening can be defined. Firstly,
it is important to define that the isotropic hardening occurs only within the regime
of elastic deformations, where the stress paths remain internal to the flow surfaces
in cyclic loads [18]. Therefore, it is possible to affirm that the isotropic hardening in
the tested material is null, since the stresses to which the element was subjected are
above the yield stress of this steel. The isotropic constitutive model does not apply to
this material, it is the use of a model that defines the hardening with stresses above
the flow surface of the material, considering only the plastic deformation suffered
[19]. Parameter (a) defines the kinematic hardening of the material. According to
this theoretical basis, the hardening was defined as shown in Table 2.

In hiswork,Norman andCalmunger [20] performs tests andmodeling of the cyclic
behavior of bimetal steel coatedwith stainless steel,where it is shown thatmechanical
responses of bimetal steel SC under cyclic loads were significantly different from
those under monotonic loads, and bimetallic steel SC exhibited Bauschinger effect
visible.

Gadalińska et al. [21] studied the mechanical tests on high-performance marine
steel corroded under cyclic load, where it was concluded that the influence of corro-
sion damage on the mechanical properties of the steel is complex and cannot be
characterized by the reduction of the section alone. Cyclic loading increases the
maximum tension of the steel at the expense of the final deformation capacity, which
can also be noticed in the present work. According to Wang [1] when using cyclical,
compressive-compressive tests in his work, where a cyclic test and a numerical
analytical assessment of thin-walled cold-formed steel shear walls using tube trusses
were carried out, and the results were much closer of a real situation compared to
linear tensile tests.

Norman and Calmunger [20] demonstrate that the complicated cyclic constitutive
behavior of cast iron, involving a non-linear elastic regime, tension and compression
asymmetry, variable elastic modulus and an inflection in the tension–compression
hardening curve, originates from the behavior of interaction between the constituents
of thematrix and graphite, using amicromechanical model. This shows the relevance
of models that are based on cyclical loads.

The distribution of stresses between the phases has a significant impact on the type
of reinforcement of fully lamellar perlite. The initial flow limit is affected only by
the ferrite hardness (depending on the inter-lamellar spacing), because equal stresses
are located in both phases. However, during the plastic deformation, the transfer of
tension from ferrite to cementite (a process independent of inter-lamellar spacing)
dominates in the deformation strengthening the perlite; therefore, the effect of the
ferrite’s low hardness is not significant, showing that the stresses can vary in the
same material depending on the crystalline formation [21].
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Conclusion

The part ofmechanics that studies elasto-plastic regimes is of great breadth and depth.
The behavior of elasto-plastic materials needs to be formulated for the general space
of stresses and deformations, which becomes very complex [22]. The area is of
great importance in understanding how a material behaves in the face of different
circumstances to which it can be subjected, such as analysis of metal structures
in buildings [23], or analysis of cracks in gas pipelines [24], allowing for correct
dimensioning and a good safety margin against project failures.

The mathematical model used was efficient in generating results compatible with
those expected based on the bibliography. The relevance of this model is even more
present due to its economic viability, since cyclical tests demand a high financial
availability when compared to a conventional linear tensile test. The terms found in
this work can be used for numerical modeling using computational software, as the
necessary parameters, terms of greater complexity to be established, were defined.

These terms can be applied in failure analysis of this steel subjected to different
loading conditions, for simulations of failure of metallic structures and for a better
sizing both economically and in safety of mechanisms, using, for example, the finite
element method. Therefore, due to the great use of SAE 1045 steel in structures
and elements that undergo compressive-compressive efforts, the parameters defined
in the present work are highly relevant for the analysis of structures based on this
material, making it easier to meet the needs during research, diagnostics, or design
using this steel.

References

1. Wang X et al (2019) Plastic damage evolution in structural steel and its non-destructive
evaluation. J Mater ResTechnol

2. El Sayed T et al (2009) Computational assessment of ballistic impact on a high strength
structural steel/polyurea composite plate. Comput Mech, Pasadena 4:525–534

3. Garcia A et al (2012) Materials testing (In Portuguese), 2nd edn. LTC, Rio de Janeiro
4. Chen, WF, Han DJ (1988) Plasticity for structural engineers. Springer, New York
5. Freitas A (2010) Modeling the evolution of orthotropic damage coupled to elastoplasticity in

metals (In Portuguese).117 f. Monograph (Specialization)—Mechanical Engineering Course,
Federal University of Santa Catarina, Florianópolis

6. Cecilio DL (2011) Modeling and elasto-plastic simulation in finite elements. (In Portuguese).
2011. 68 f. Dissertation (Master’s)—Civil Engineering Course, Faculty of Civil Engineering,
Architecture and Urbanism, State University of Campinas, Campinas, 2011.

7. Fernandes DHL (2015) Experimental analysis and identification of elasto-viscoplasticity prop-
erties of duplex and super duplex stainless steel (In Portuguese). 49 f. Dissertation (Master)—
Mechanical Engineering Course, School of Engineering, Universidade Federal Fluminense,
Niterói

8. de Souza Neto E, Peric D, Owen D (2008) Computational methods for plasticity: theory and
applications. Wiley

9. Prager W (1955) The theory of plasticity: a survey of recent achievements. In: Proceedings,
institution of mechanical enganes



Analysis of the Elasto-Plastic Behavior of SAE 1045 Steel … 67

10. Neves RS (2015) Implementation and validation of constitutive models for cyclic plasticity
(In Portuguese). 106 f. Thesis (Master)—Master Course in Integrity of Engineering Materials,
University of Brasília, Brasilia

11. LIRA DC (2011) Modeling and elasto-plastic simulation in finite elements (In Portuguese).
Dissertation (Master in Structures)—Faculty of Civil Engineering and Architecture, State
University of Campinas, Campinas

12. Yoda R et al (2010) Plastic deformation and creep damage evaluations of type 316 austenitic
stainless steels by EBSD. Mater Caracterization, Osaka 10:913–922

13. Saalfeld S et al (2019) On the influence of overloads on the fatigue performance of deep rolled
steel SAE 1045. Int J Fatigue, Kassel (126):221–230, maio 2019

14. Raheem Z (2019) Designation: E8/E8M—13a Standard test methods for tension testing of
metallic materials 1. https://doi.org/10.1520/E0008_E0008M-13A

15. da Silva ALVC (2011) Special steels and alloys, 3rd edn. Blucher, São Paulo(In Portuguese)
16. Motta EP et al (2018) Analysis of the cyclic tensile behaviour of an elasto-viscoplastic

polyvinylidene fluoride (PVDF). Poly Test, Niteroi (67), 503–512
17. Duarte RP (2015) Simplified obtaining of cyclic stress-strain curves from monotonous tests

(In Portuguese). 96 f. Dissertation (Master)—Mechanical Engineering Course, School of
Engineering of Federal Fluminense University, UFF, Niterói, 2015

18. Lemaitre J, Chaboche J (1994) Mechanics of solid materials. Cambridge University Press,
Cambridge

19. Atkin RJ, Fox N (2015) An introduction to the theory of elasticity. Dover Publications, Dover
20. Norman V, Calmunger M (2018) On the micro- and macroscopic elastoplastic deformation

behaviour of cast ironwhen subjected to cyclic loading.Int J Plasticity, Linköping 115:200–215,
out. 2018
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Characterization of Solidification
Structure Morphology in High-Carbon
Steel Billet by Fractal Dimension

Jianghai Cao, Zibing Hou, Zhiqiang Peng, Dongwei Guo, and Ping Tang

Abstract High-carbon steel is one of the typical high-end steels, and its solid-
ification morphology has great influence on the quality of steels. In this work,
fractal dimension was introduced to describe solidification structure morphology
in 82B cord steel billet with 0.82 wt% carbon content. Fractal dimension was calcu-
lated using box-counting method (DBox), sandbox method (DSand), and branching
method (DBran). It was demonstrated that the fractal dimension is effective to
characterize quantitatively the complexity of solidification structure morphology.
The value of fractal dimension calculated by the above three methods is not the
same as different calculation methods describe solidification structure characteris-
tics from different angles. In addition, the relationship between fractal dimension
and secondary dendrite arm spacing (SDAS) and segregation area ratio (Rseg) was
discussed. Fractal dimension calculated by box-counting method was well corre-
lated with SDAS and Rseg. This result demonstrated box-counting method can better
reflect solidification characteristics of the billet than sandbox method and branching
method.

Keywords Solidification structure · Fractal dimension · Morphology
characteristics · High-carbon steel

Introduction

Macrosegregation in billets is non-uniformity of composition over large areas, and
their size can vary from several millimeters, centimeters, or even meters [1]. Due to
large sizes, macrosegregation is consideredmore harmful to finished steel properties,
resulting in serious quality problems (such as crack or failure) of continuous casting
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billet [2–4]. Macrosegregation in castings and ingots forms within the mush zone.
In most cases, it is the result of slow interdendritic flow, driven by shrinkage, geom-
etry, solid deformation, or gravity [5]. Solidification structure plays a very important
role in governing the severity of macrosegregation. Therefore, quantitative charac-
terization of solidification structure morphology is of great significance to effective
control of macrosegregation defects in billets. To evaluate the solidification structure
morphology, secondary dendrite arm spacing (SDAS), grain size, and the dendrite
tip radius [6] are commonly used. However, the above parameters are mainly used
to describe the local characteristics of solidification structure or calculate the growth
behavior of a single dendrite. The parameters lack a quantitative description of the
overall morphology of the solidification structure.

Morphology of cast structure in alloys is complex, diverse, and irregular due to
the influence of solidification conditions and liquid fluid [7]. Fractal dimension is a
quantitative parameter that characterizes the complexity and irregularity of fractal
graphics [8]. In the field ofmetallic materials, fractal theory has been used to evaluate
quantitatively material structures, such as dislocation patterns [9], fracture surface
[10], grain boundaries [11],martensitic transformation [12], segregationmorphology
[13], and dendritic structure [14]. The previous studies show that fractal dimen-
sion can quantitatively characterize the complexity of overall dendrite morphology.
However, there are many ways for calculating fractal dimension in fractal geom-
etry. In general, different calculation methods describe fractal objects from different
angles, and the value of fractal dimension is different. To the best of authors’ knowl-
edge, no study has discussed the similarities and differences of calculation method
of fractal dimension to evaluate solidification structure.

In the present work, the fractal theory was applied to describe the overall
morphology characterizations of solidification structure in 82B cord steel billet
with 0.82 wt% carbon content. First, fractal dimension of solidification structure
was calculated by box-counting method, sandbox method, and branching method.
Then, the relationship between fractal dimension and secondary dendrite arm spacing
(SDAS) and segregation area ratio (Rseg) was discussed.

Experiment

The 82B cord steel billet produced via continuous casting was used in this study.
The specification of billet is given in Table 1. The cross-sectional area of the billet is
150mm×150mm.Thebilletwas preheated in advance andwas etchedwith a volume

Table 1 Specification of cast billet samples considered in the present work

Casting speed, m/min Superheat, ºC Nominal composition of liquid steel, mass %

C Si Mn P S

1.9 29 0.82 0.22 0.50 0.008 0.008
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Fig. 1 Schematic of sample locations in cross section of billet [13]

ratio of 1:1 warm hydrochloric acid–water solution to reveal the cast structure. In
this hot pickling experiment, the bath temperature is 60–80 °C, and the etching time
is 22 min. As shown in Fig. 1, a total of 13 samples (1#–13#) were symmetrically
chosen along the centerline of the billet, and each sample has a size of 10 mm ×
10 mm. These macrostructures of all samples are photographed by a Sony a6000
high-definition digital camera under the same lighting conditions. According to the
principle of hot pickling, the content of solute element in segregation zone is higher
and the Gibbs energy is higher, the reaction with hydrochloric acid is intense, and
the color becomes black when the billet is etched. After hot pickling experiment, the
segregation morphology can be identified by the black zone in the macrostructure of
the billet, and the white zone is solidification structure.

After obtaining macrostructure of the billet, the image was preprocessed with the
image processing software without changing any morphology features. The prepro-
cessing includes converting the original image into a grayscale image, sharpening and
defogging, and adjusting the contrast. The preprocessed image of the macrostructure
can clearly distinguish between the solidification structure and segregation zone, thus
reducing analysis errors to a great extent.

Results and Discussion

Morphology of Solidification Structure

Macrostructure at different positions of the billet was shown in Fig. 2. The white and
black regions correspond to the solidification structure and segregation, respectively.
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Fig. 2 Macrostructure of 82B cord steel billet produced via continuous casting [14]. (Color figure
online)

The morphology of the solidification structure is different from the outer to center of
the billet; it gradually changes from columnar to equiaxed grains. Samples 1#, 2#,
12#, and 13# exhibit mainly columnar grains. Samples 3#, 4#, 10#, and 11# are the
columnar to equiaxed transition (CET) zone; 5#–9# exhibit equiaxed grains. Samples
1#, 4#, and 6# in Fig. 2 have the typical morphology of columnar grains, CET, and
equiaxed grains, respectively.

Fractal Dimension

In fractal theory, fractal dimension is a quantitative index whose value rises with
the increase of complicated shapes and forms of graphs. Effective values of fractal
dimension depend on appropriate computing approaches. In general, different calcu-
lation methods describe fractal objects from different angles, and the value of fractal
dimension is different. In present work, fractal dimension of solidification struc-
ture was calculated by box-counting method (DBox), sandbox method (DSand), and
branching method (DBran).

Box-Counting Method

Box-counting dimension [15, 16] is one of the most widely used dimension. Its
popularity is largely due to its relative ease of mathematical calculation, and there
are no special requirements for image morphology. Procedure of the box-counting



Characterization of Solidification Structure Morphology … 73

method is as follows: the macrostructure is covered by the square meshes with the
size of r. The number of meshes, N(r), in which solidification structure is included
is counted. Then, the mesh size, r, is changed and the same procedure is repeated.
If the following relationship (as shown in Eq. 1) is made up between the number of
the meshes, N(r), and the mesh size, r, the geometry of the solidification structure
is fractal. In the actual calculation, a series of r and N(r) are obtained. Then, the
dot diagram is made with ln(r) as horizontal coordinate and ln(N(r)) as vertical
coordinate. The slope is obtained by linear fitting of all data points by least-square
method in the diagram. Then, fractal dimension is the absolute value of slope.

N (r) ∝ r DBox (1)

where DBox is the fractal dimension calculated by box-counting method; r the mesh
size; and N(r) the number of meshes.

Sandbox Method

The computing procedure for the sandbox method [17] was relatively simple. The
calculation equations were the same as those for the box-counting method, but in the
sandbox method, r was the side length of a grid that covered the macrostructure and
N(r) was the number of pixels of solidification structure in the grid. The procedures
for box-counting method and sandbox method are presented in Fig. 3.

Fig. 3 Schematic of fractal dimension computational procedures: a box-counting method and
b sandbox method. (Color figure online)
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Fig. 4 Schematic of
branching cluster of
dendrites

Branching Method

The branching method, presented by Liu et al. [18], was applied to calculate the
fractal dimension of silicon-branching clusters in Al–Si eutectic alloy. Assume that
the dendrite branching initially starts at a core as shown in Fig. 4 [18]. When the
dendrite branching cluster grows to r = r, the total length of the dendrite branching
cluster from 0 to r is L(r). Then, r is changed and the same procedure is repeated.
If the following relationship (as shown in Eq. 2) is made up between L(r) and r, the
geometry of the dendrite branching cluster is fractal.

L(r) ∝ r DBran (2)

where DBran is the fractal dimension calculated by branching method; r the dendrite
growth length; and L(r) the total length of the dendrite branching cluster from 0 to r.

DBox, DSand, and DBran

Fractal dimension and corresponding fitting coefficients at different locations of billet
are shown inTable 2.According to the table, the fitting coefficients are close to 1. This
indicates that DBox, DSand, and DBran are effective to characterize quantitatively the
complexity of solidification structure morphology. In addition, the fractal dimension
can characterize different types of solidification structure in a certain zone, e.g.,
unidirectional and equiaxed growth, without the need of a classification. This is of
great significance for the effective measurement of the complex morphology of the
actual billet.

Fractal dimension of solidification structure at different locations and average
fractal dimension of the left–right symmetrical position are shown in Fig. 5a and b,
respectively. It can be seen that fractal dimension calculated by box-countingmethod
(DBox) first increases gradually in direction from the surface to center of the billet
and then fluctuates in the equiaxed grain zone. There is no obvious trend of fractal
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Table 2 DBox, DSand, and DBran and corresponding fitting coefficients R2 at different locations

Sample Box-counting method Sandbox method Branching method

DBox R2 DSand R2 DBran R2

1# 1.7833 0.9997 2.0527 0.9984 1.8102 0.9992

2# 1.8420 0.9998 1.9642 0.9997 1.3944 0.9923

3# 1.8345 0.9998 2.0343 0.9993 1.4544 0.9844

4# 1.8331 0.9998 2.0606 0.9995 1.5757 0.9950

5# 1.8698 0.9999 2.0117 0.9997 1.2141 0.9889

6# 1.8552 0.9999 2.0728 0.9999 1.3946 0.9710

7# 1.8670 0.9999 1.8443 0.9961 1.4861 0.9931

8# 1.8465 0.9998 2.1287 0.9989 1.2887 0.9744

9# 1.8688 0.9999 1.9083 0.9995 1.3593 0.9943

10# 1.8589 0.9999 2.1912 0.9989 1.3514 0.9929

11# 1.8509 0.9999 2.0134 0.9998 1.4357 0.9903

12# 1.8139 0.9997 2.0206 0.9997 1.5312 0.9936

13# 1.7909 0.9997 1.9741 0.9998 1.7219 0.9956

Fig. 5 DBox, DSand, and DBran: a different locations and b average value of left and right sides.
(Color figure online)

dimension calculated by sandbox method (DSand). Fractal dimension calculated by
branching method (DBran) gradually decreases from the surface to the center of the
billet.

It should be noted that fractal dimension of solidification structure calculated
by different methods is different. This is mainly because the definition of fractal
dimension is given on the basis of the corresponding measure, and different defi-
nitions often have different measures. Box-counting method and sandbox method
are mainly based on the ratio of space occupied to describe the distribution charac-
teristics of solidification structure in billets. Branching method mainly reflects the
compactness degree of the side branches of the solidification structure.
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Relation Between Fractal Dimension and SDAS

Secondary dendrite arm spacing (SDAS) reflects the solidification conditions of the
billet and is closely related to the internal quality of the products. SDAS of the billet
is measured with the linear intercept method, multiple typical dendrites are measured
and their average values are used as SDAS.

Figure 6 shows the relationship between DBox, DSand, and DBran and SDAS. Posi-
tive correlation is shown between DBox and SDAS. However, there is no obvious
correlation between DSand, DBran, and SDAS. It seems that the measurement of the
fractal dimension of dendrites is relatively easy in comparison with the measurement
of the SDAS. By obtaining a relationship between DBox and SDAS, SDAS may be
presumed from the DBox even in a case that the measurement of SDAS is difficult.

Fig. 6 Relationship between
fractal dimension: a DBox,
b DSand, and c DBran and
SDAS
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Segregation Area Ratio and Fractal Dimension

In order to quantitatively evaluate the degree of macro/semi-macrosegregation at
different locations of the billet, the segregation area ratio [19] (i.e., the ratio of the
total area of all segregation points to the analytical zone area) was introduced in
present study. According to the principle of hot pickling, the region with severe of C
element segregation is black in macrostructure as shown in Fig. 2, so this criterion
is reasonable. The calculation method of segregation area ratio is shown in Eq. (3).
The greater the segregation area ratio, the more serious the segregation of billet.

Rseg = Aseg

As
× 100% (3)

where Rseg is segregation area ratio, %; Aseg the total area of all segregation points,
mm2; and As the area of analytical zone, mm2.

Figure 7 shows the relationship between segregation area ratio (Rseg) and fractal
dimension. It can be seen that Rseg decreases with increasingDBox, and Rseg increases
with increasingDBran. However,Rseg andDBox have better correlation thanDBran.Rseg

Fig. 7 Relationship between Rseg and fractal dimension: a DBox, b DSand, and c DBran. (Color
figure online)
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has no obvious relationship with DSand. There is an outlier in Fig. 7a, this outlier is
located at the center of the billet (Fig. 2; sample 7#). Sample 7# exhibits solidification
shrinkage cavities according to Fig. 2. The effect of the solidification shrinkage cavi-
ties is not considered in the analysis of the present study that is treated as segregation
point. Thus, the error is generated and the outlier expressed. In addition, macrosegre-
gation is the result of interdendritic flow. The larger the fractal dimension, the more
complex the dendrite morphology, which increase the flow resistance of interden-
dritic liquid. Rseg decreases with increasing DBox, and this result indicates DBox can
better reflect the degree of macro/semi-macrosegregation in billet.

Conclusions

(1) Fractal dimension calculated by box-counting method (DBox), sandbox method
(DSand), and branching method (DBran) is effective to characterize quantitatively
the complexity of solidification structure morphology.

(2) Positive correlation is shown between the DBox and secondary dendrite arm
spacing (SDAS).

(3) Negative correlation is shownbetween theDBox and segregation area ratio (Rseg).
(4) DBox can better reflect solidification characteristics of the billet than DSand and

DBran because DBox was well correlated with SDAS and Rseg.
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A Study of the Absorption Edge of ZnO
Thin Films Prepared by the Spray
Pyrolysis Method

Shadia J. Ikhmayies

Abstract Zinc oxide (ZnO) thin films are produced by the spray pyrolysis method
on glass substrates at 450 °C. The films are characterized using X-ray diffraction
(XRD) and UV-VIS transmittance spectroscopy. XRD pattern showed that the films
are polycrystalline with hexagonal (wurtzite) structure. Transmittance was measured
at room temperature in the wavelength range 350–1100 nm, and used to deduce the
absorbance. The fourth derivative of the absorbance is used to detect the peaks in the
near-band edge region. Several peaks are found in the region of interest, from which
are the free exciton peaks A, B, and C; bound exciton peaks related to defects and
impurities; and very weak peaks assigned to longitudinal optical phonon replicas.
These results are important for solar cells, room temperature UV laser, and other
photonic and optoelectronic applications.

Keywords Zinc oxide · Absorption edge · X-ray diffraction · Optical properties ·
Solar cells

Introduction

ZnO is an important II–VI compound semiconductor that has direct wide bandgap
energy of 3.37 eV, and large exciton binding energy of 60 meV [1] at room temper-
ature. These properties made it attractive for several applications including solar
cells, ultraviolet (UV) light emitters, detectors, room temperature (UV) lasers, high-
power industry, photonics, electronics, andoptoelectronics. The large exciton binding
energy and strong exciton emission increase the probability of exciton-involved
optical processes via interactions with excitons, electrons, and phonons [2].

In thin film form, ZnO is used as a transparent conducting oxide, and as window
layer in thin film solar cells. There are several methods to prepare ZnO thin films
such as thermal evaporation [3], spin coating [4], RFmagnetron sputtering [5], pulsed
laser deposition [6], and spray pyrolysis [7–20]. The spray pyrolysis method is used
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in this work because it is a simple and cost-effective method, besides it enables the
production of large area, and highly transparent thin films.

ZnO has strong absorption in the near-ultraviolet region [21], and there is a lot
of experimental work in the literature conducted to explore the near-absorption edge
region of ZnO single crystal and thin films using different techniques at temperatures
that extend from 4.2 K to room temperature [21–23]. For example, Ohashi et al. [1]
have studied room temperature emissions of doped ZnO single crystals in the near-
edge UV region. Zhang et al. [2] reported the emissions of free excitons and their
phonon replicas in good-quality ZnO epitaxial films from 3.5 K to room tempera-
ture. In this paper, the transmittance measurements at room temperature are used to
investigate the absorption edge of as-deposited, undoped ZnO thin films prepared by
the spray pyrolysis method, where the fourth derivative of the absorbance curves is
used to detect the peaks in the absorption edge region. The results are discussed and
comparedwith their counterparts obtained using photoluminescence, reflectivity, and
other methods.

Materials and Methods

ZnO thin films are deposited on glass substrates of dimensions 2.5× 6×0.1 cm3 using
the spray pyrolysis method at a substrate temperature Ts = 450 °C. The precursor
solution is prepared by dissolving 7.61 × 10−3 mol of ZnCl2 in 300 ml of distilled
water. To prevent the formation of Zn(OH)2, the PH of the solution was adjusted to
be 3 by adding HCl. The solution is sprayed intermittently on the hot substrates for
periods that are roughly determined according to the required film thickness. Prior
to deposition, the glass microslides are ultrasonically cleaned in methanol for about
30 min. Nitrogen N2 is used as the carrier gas, and the solution spray rate is around
4 ml/min. The optimum carrier gas pressure for this rate of solution flow was around
5 kg/cm3, and the nozzle to substrate distance is about 30 cm.

The structure of the films is explored using X-ray diffraction (XRD), where a
compact X-ray diffractometer system (Philips PW1840) with Cu Kα (λ = 1.5405
Å) is used. The measurements are recorded at a diffraction angle 2θ in the range
of 2–81°. Optical transmittance measurements are carried out at room temperature
using a double beam Shimadzu UV 1601 (PC) spectrophotometer with respect to a
piece of glass similar to the substrates in the wavelength range λ = 350–1100 nm.
The values of film thickness are optically estimated as 400 nm.

Results and Discussion

TheZnOfilms under study are all deposited from the same precursor solutionwith the
same deposition parameters. Figure 1 depicts the diffractogram of one of the films,
where the figure shows a hexagonal (wurtzite) structure. The strongest narrow peak
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Fig. 1 X-ray diffractogram of one of the as-deposited ZnO thin films

corresponds to the reflection from the (002) plane and it confirms that the preferred
growth direction is along the c-axis perpendicular to the substrate. In addition, there
are five weaker diffraction peaks which correspond to reflections from (100), (101),
(102), (103), and (004) planes. These weak peaks which refer to weak crystal growth
in the related directions are indications of the presence of nanocrystallites in the film.

Figure 2 displays the transmittance and absorbance plotted against the wavelength
of radiation, where Fig. 2a depicts the transmittance curves of two films in the range
λ = 350–1100 nm, while Fig. 2b depicts the absorbance of the same films plotted
in the same wavelength range. From Fig. 2a, the transmittance of the films in the
visible and near-infrared region is as large as 91.9% for sample 1 and 85.2% for the
sample 2. The maximum absorbance in the ultraviolet region from Fig. 2b is 5.9 for
sample 1 and 4.6 for the other sample.

As a hexagonal compound, ZnO has a conduction band that is mainly constructed
from s-like state, and a valence band that is constructed from a p-like state, which
is split at the centre of the Brillouin zone into three bands due to the influence of
crystal-field and spin–orbit interactions [5, 23], where the crystal-field splitting is
about one order greater than the spin–orbit coupling [24]. These bands are labeled
A, B, and C, where the energy of A is the smallest and that of C is the largest.
So, there are three exciton series derived from a Zn 4 s-like conduction band, and
the O 2p-like valence bands (A, B, and C). The absorption edge of ZnO comprises
mainly of the peaks of the free excitons of these bands. Also, it may contain bound
exciton peaks related to defects, dopants, and impurities. The peaks can be resolved
usually at low temperatures using different techniques such as photoluminescence,
cathodoluminescence, and reflectivity. The free exciton peaks growwith temperature,
and they can merge into a broadened peak at room temperature, where broadening is
related to the exciton–phonon interactions [6]. The bound exciton peaks have large
oscillator strength, so they appear as strong sharp peaks, but they diminish with
temperature. The energy separation of the A- and B-free exciton peaks of bulk ZnO
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Fig. 2 The plots of transmittance (a) and absorbance (b) against wavelength of radiation for two
ZnO films. (Color figure online)
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Fig. 3 The fourth derivative curves the absorbance against the wavelength of radiation for
sample 1 (a) and sample 2 (b). (Color figure online)

is in the range of 9–15 meV, while the separation of B- and C-free exciton peaks
for bulk ZnO is 40–45 meV [21, 23, 25, 26]. The amplitude of the peak of B-free
exciton is much larger than that of A-free exciton, indicating that the former has
greater oscillator strength.

To detect the peaks in the absorption edge of ZnO thin films, the fourth derivative
curves of the absorbance shown in Fig. 2b are deduced and shown in Fig. 3, where
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Fig. 3a represents sample 1 and Fig. 3b represents sample 2. Themaxima in the fourth
derivative refer to the peaks in the near-band region. So, the positions of these peaks
are inserted in Tables 1 and 2 for sample 1 and sample 2, respectively. The positions
of the maxima in both tables are used to find the energy at the center of each peak.
The inspection of Fig. 3a and b reveals that the absorption edge contains a number of
peaks, namely, the free exciton peaks of the ZnO hexagonal phase, neutral acceptor-
bound exciton peaks, and neutral donor-bound exciton peaks. Following these in the
low energy side there are very weak peaks that can be assigned to phonon replicas
of the bound exciton peaks.

Table 1 Positions and
amplitudes of peaks, and
energy separation between
each two successive peaks for
sample 1

λ (nm) E(eV) Amplitude �E (meV)

353.5 3.508 0.0049

35

357 3.473 0.00587

39

360 3.444 0.00238

19

362 3.425 0.0067

18

364 3.406 0.01097

28

367 3.379 0.00934

28

370 3.351 5.19158E-4

27

373 3.324 1.72821E-4

13

374.5 3.311 8.10367E-5

22

377 3.289 9.3168E-5

22

379.5 3.267 1.96924E-4

29

383 3.238 1.6331E-4

13

384.5 3.225 1.15017E-4

25

387.5 3.200 1.48227E-4

25

(continued)
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Table 1 (continued)
λ (nm) E(eV) Amplitude �E (meV)

390.5 3.175 6.11812E-5

12

392 3.163 5.38586E-5

32

396 3.131 5.152489E-5

15

398 3.116 6.57832E-5

24

401 3.092 1.09741E-4

23

404 3.069 6.81372E-5

26

407.5 3.043 5.72579E-5

30

411.5 3.013 4.94116E-5

Table 2 Positions and
amplitudes of peaks, and
energy separation between
each two successive peaks for
sample 2

λ (nm) E(eV) Amplitude �E(meV)

371 3.342 2.55072E-5

13

372.5 3.329 2.87677E-6

18

374.5 3.311 4.51552E-5

103

386.5 3.208 7.00603E-6

73

395.5 3.135 2.61586E-6

114

410.5 3.021 9.01201E-7

Figure 3a shows six strong peaks followed by a set of weaker peaks in the low
energy side. The first asymmetric broad peak at 353.5 nm (3.508 eV) is attributed to
the first excited state of the free C-exciton, while the next asymmetric broad peak at
357 nm (3.473 eV) is assigned to the ground state of the free C-exciton, where they
are separated by 35 meV. The weaker peak at 360 nm (3.444 eV) is assigned to a
merged peak of the peaks attributed to the ground state of the B- and A-free excitons.
The separation between this merged peak and that of the C-free exciton peak is
39 meV, which is very close to 39.7 meV given by [25]. Then the peak at 362 nm
(3.425 eV) is attributed to A neutral donor-bound exciton, because its separation
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from the merged peak of AB free excitons is 19 meV, where the binding energy of
donor excitons is 10–20 meV [23]. Since the binding energy of the acceptor-bound
exciton is larger than that of the donor-bound exciton, the largest peak at 364 nm
(3.406 eV) is attributed to an A neutral acceptor-bound exciton, where its separation
from the AB merged peak is 37 meV. Then the peak at 367 nm (3.379 eV) is also
attributed to an A neutral acceptor-bound exciton, where it is separated from the
AB merged peak by about 65 meV. The binding energies of bound excitons differ
according to the donor or acceptor to which they were bound.

The weak peaks in Fig. 3a are phonon replicas of the bound excitons, and there
is overlap between them. Some of them can be identified such as the peak at 370 nm
(3.351 eV) which can be identified as the first-order phonon replica (1LO) of the
neutral donor-bound exciton at 364 nm (3.406 eV), where the separation between it
and this peak is 72 m eV. What supports this expectation is that; first, this energy
separation equals the binding energy of the ZnO phonon, and second, the LO-phonon
replicas are known to be roughly two orders ofmagnitude less intense than the neutral
donor-bound exciton lines, and this is satisfied as seen in Table 1. That is, the coupling
between donor-related bound exciton lines and optical phonons is weak [23, 27]. The
peak at 373 nm (3.324 eV) is identified as the first-order phonon replica of the neutral
acceptor-bound exciton at 367 nm (3.379 eV), where it is separated from this peak by
55 meV. The remaining peaks are all overlapped phonon replicas of different orders
for the aforementioned bound excitons, and it is difficult to identify them exactly.

In Fig. 3b, the first two peaks at 371 nm (3.342 eV) and 372.5 nm (3.329) are
assigned to the ground state of the B- and A-free excitons, respectively, where the
separation between these two peaks is 13 meV, which is consistent with the known
separation between A and B peaks of 9–15 meV. It is noticed that peak A is weaker
than B, where it is known that B has greater oscillator strength [23]. The strongest
peak in Fig. 3b is located at 374.5 nm (3.311 eV) and it is assigned to A neutral
donor-bound exciton depending on the energy separation between it and the peak of
the A-free exciton, which is 18 meV, where the binding energies of the donor-bound
excitons range from 10 to 20 meV as mentioned before. This peak is broadened
due to the overlap with phonon replicas of the A- and B-free excitons. The peaks at
386.5 (3.208 eV), 395.5 (3.135 eV), and 410.5 nm (3.021 eV) cannot be accurately
identified because they are broadened, whichmeans there is overlapwith other peaks.
These peaks are phonon replicas of different orders of the bound excitons mentioned
before.

These results can be comparedwith those for ZnO single crystal given by different
authors. The values given by Teke et al. [23] for ZnO single crystal at 10 K are
3.3772 eV for the ground state of A-free exiton, 3.3901 eV for the ground state
of B-free exiton, and 3.435 eV for the ground state of C-free exciton, where these
measurementswere obtained from reflection spectra. But the first excited state energy
of A-free exiton measured by Teke et al. [23] at 10 K is 3.421 eV. The ground state
of the neutral donor-bound exciton peak measured by Teke et al. [23] at 10 K is
3.3598 eV. Thomas [21] obtained these peaks for ZnO single crystal at 77 K at
3.418 eV for the C-free exciton, 3.378 eV for B-free exciton, and 3.3708 eV for
the A-free exciton. While the first excited state of the C-free exciton was found at
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3.465 eV. It is confirmed that these peaks are sensitive to the conditions of the surface,
and their strength increases with temperature. The values obtained in this work are
higher than those of single crystal because the samples are thin films of thickness
about 400 nm,whichmeans quantumconfinementwill have effect due to the presence
of nanocrystallites, as can be concluded from the X-ray diffractogram. Quantum
confinement results in a blue shift of the exciton peaks. In addition, themeasurements
in this work are recorded at room temperature, which means more broadening due to
phonon replicas. Another reason of broadening is the relatively large size distribution
of crystallites in samples prepared by solution route-based deposition methods such
as spray pyrolysis, since it results in inhomogeneous broadening of the peaks [22].

Conclusions

ZnO thin films are produced using spray pyrolysis method on glass substrates at
450 °C.Thefilms are characterizedusingX-raydiffraction andUV-VIS transmittance
spectroscopy. The films showed polycrystalline nature and hexagonal structure. The
transmittance curves are used to deduce absorbance, and the fourth derivative of
the absorbance is used to detect the peaks corresponding to absorption lines in the
region near the absorption edge. The peaks are identified as free exciton C, B, and A
peaks, where B and A are merged for one of the films, and separated for the other,
while C-free exciton peak is observed for one of the films. Some peaks are assigned
to the neutral donor-bound exciton, neutral acceptor-bound exciton, and the weaker
peaks are identified as their phonon replicas. These results are important for ZnO
engineering in the design of photonic, electronic, and optoelectronic devices.
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Petrographic and SEM-EDS Analysis
of Riruwai Cassiterite Ore in North
Western Nigeria
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Abstract The petrographic and SEM-EDS analysis of Riruwai cassiterite ore
located in Doguwa Local Government, Kano State, Nigeria was carried out using
appropriate Scanning Electron Microscope (SEM) and optical microscope. Five
representative samples of the ore were taken at intervals 50 m apart, pulverized and
thoroughly mixed to give appropriate representation of the entire ore. The results
obtained from SEM analysis showed that the cassiterite-bearing minerals are sepa-
rated from other minerals in the ore by smooth grain boundaries that make it easily
to be free from other associated minerals simply by comminution. The petrographic
study using opticalmicroscope revealed that the cassiterite-bearingminerals contains
annite,microcline, cassiterite, andquartz. Thepetrological analysis results also reveal
that the cassiterite structures are in the form of plates and river lines, which are the
characteristics of cassiterite. The dark areas are mixture of cassiterite and silicate
minerals. Based on the quality of the ore in comparison with cassiterite ores from
other parts of Nigeria and based on the results obtained in this research work, it has
been suggested that Riruwai Cassiterite ore can be a potential source of tin ore as
raw material for tin production.

Keywords Cassiterite · Petrographic · SEM-EDS ·Microscope

Introduction

Cassiterite popularly known as tin ore is hardly produced free from other minerals
such as iron, niobium, tantalum, zinc, columbite, etc. andmost of these are reduced to
metal at the same time forming alloy with tin during smelting process. It is therefore
necessary to beneficiate the ore.
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Cassiterite (tinstone) is usually black, brown, reddish-brown, yellowish-brown,
and rarely grey. It occurs as massive or fibrous or disseminated in small grains; luster
usually brilliant; crystal when of pale color, rarely transparent, and always associ-
ated with impurities when occurring in pegmatite including ferrous oxide (Fe2O3),
titanium oxide (TiO2), manganese oxide (MnO), iron oxide (FeO), zirconium oxide
(ZrO2), and tungsten oxide (WO2), which makes it dark brown to pitch black color.
Hardness (mohs) is 6.0–7.0. Usually non-magnetic, but iron-enriched black varieties
of cassiterite is electromagnetic [1]. The main commercial tin fields in the world are
Malaysia, Australia, Nigeria, Bolivia, Thailand, and China [2].

There are twenty (20) knownminerals of tin (Sn), the only economically important
mineral of tin is cassiterie SnO2 (78.6%Sn) and are found largely in Nigeria, other
sources are Stannite or tin pyrites Cu2FeS4 (27.7%Sn), tealite Pb3Sn3SbS4 (17%Sn),
and cylinderite Pb3Sn4Sb2S14 (26.0%Sn). Cassiterite is the sole economic tinmineral
in Nigeria: stannite has been recorded but never in economic quantities [3].

This research is aimed at mineralogical characterization of Riruwai cassiterite
located in Kano, NorthWestern Nigeria through petrographic and Scanning Electron
Microscope (SEM-EDS) of the deposit.

Mineralogical Analysis Theoretical Parameters

Mineralogical analysis reveals the major and minor compounds making up the ore
under investigation, grain size of each mineral in the ore, allocation of each element
to eachmineral present in the ore, and the degree of association of valuablemineral to
the ganguemineral. Generally, the study of these properties can be achieved by chem-
ical mineralogy, physical, and crystallography. These involved uses of petrography
microscope, SEM/EDS, XRD, XRF machine, etc.

Petrography is the study of rocks using a microscope. Cross section is useful for
the identification of rock minerals of the ores, their characteristics, and properties
such as cleavage, twining, reflectance, and shape.

The thin section is observed with a transmitted polarized microscope [4]. The
petrography microscope is a type of microscope used in the study of thin section of
minerals and rocks by examining the mineral fragment; grained crystal or aggregate;
and in the interpretationof texture, structure, growthpattern, andvarious relationships
of natural or artificial substance [5].

Metallurgical Analysis Methods

Metallurgical analysis involves the qualitative as well as the quantitative analysis
of various metallurgical raw materials like ores and products like metals, alloys,
and slags [6]. The analytical methods employed in metallurgical analysis can be
classified into classical and instrumental methods. The classical methods are slow
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and for practical purposes, the instrumental methods which are faster and quite
accurate are used [7].

In the instrumental methods of analysis, measurement is made upon the system
as a whole. A particular physical or chemical property of the system is measured in
order to get the desired analytical results. Comparison of the results of the samples of
the results to be analyzed with standard samples of known composition is necessary
in this method [6].

The common instrumental analytical techniques used are atomic absorption spec-
trophotometry, X-ray fluorescence, X-ray diffraction, scanning electron microscopy,
and electron probe microanalysis.

Materials and Methods

Materials/Equipments

The following are the materials and equipment used for the experimental procedure:

1. Tin ore (cassiterite),
2. Pulverizing machine,
3. Weighing balance,
4. Petrography microscope (optical microscope),
5. Scanning electron microscope (SEM-EDS),
6. Global Positioning System (GPS),
7. Laboratory ball mill,
8. Precision thin section cutting and grinding machine, and
9. Thin section lapping machine.

Methods

Sample Collection

Representative sample of the cassiterite was collected from various points of deposit
located at Riruwai Village in Doguwa Local Government Area, Kano State. GPS
was used to measure the exact location points at which the samples were taken. Grab
method of sampling was adopted to collect the sample. About 25 kg of the sample
was collected from four (4) points at interval of 100 m apart at 5 m depth in order to
have appropriate representative of the ore deposit.
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Sample Preparation

Sample preparation involves crushing and grinding processes (communition
process). The lump sizes of the ore sample were reduced to sizes that will be accept-
able by the crusher using sledge hammer. The samples were crushed using jaw
crusher. The discharge from the crusher was then ground to fine particle size using
ball milling process.

Part of the sample was further prepared into thin section, for appropriate view
under the optical microscope (for petrographic analysis).

Mineralogical Characteristics of Riruwai Cassiterite

Mineralogical analysis was carried out using Scanning Electron Microscope (SEM-
EDS) and petrography microscope (optical microscope) . The samples were viewed
under the reflected microscope for identification of mineral phases present and deter-
mination of grain size of various minerals. The results of the analysis (petrographic
and SEM-EDS) are presented in result section.

Results and Discussion

Petrographic Analysis Using Optical Microscope

Images shown below are illustration derived from the optical microscope for
petrographic analysis of the sample.

From the results of the petrological micrographs shown in Fig. 1a–c, four mineral
phases were recognized under plane and cross-polarized light, which are identified
majorly as cassiterite, annite, quartz, and ilmenite.

Fig. 1 a Optical micrograph of the sample at 50X. b Optical micrograph of the sample at 100X.
c Optical micrograph of the sample at 200X
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Fig. 2 a SEM analysis result of the sample at 310X and 200 µm. b SEM analysis result of the
sample at 225X and 300 µm

SEM-EDS Analysis

The images below are images derived from the scanning electron microscope and
EDS.

The chemical and morphological characteristics of the crushed samples in the ore
were determined by means of SEM, with the chemical elements of the ore-bearing
cassiterite determined by the EDS. From the result shown in Fig. 2a, b, from the SEM
image, it is observed that the ore has smooth boundaries which create segregation
between the cassiterite and other minerals. The EDS chemical analysis in Table 1
shows that the elements that abound in the ore-bearing cassiterite are Si, Fe, Sn, Al,
K, Nb, Ag, Ti, Mn, Y, and V.

Conclusion and Recommendation

The mineralogical studies carried out with petrographic microscope and SEM-
EDS showed the presence of different aggregates of minerals in the deposit. The
petrographic analysis shows the presence of four of four mineral phases which are
cassiterite, annite, quartz, and ilmenite. While the chemical elemental composition
determined by EDS was Si, Fe, Sn, Al, K, Nb, Ag, Ti, Mn, Y, and V.

Further, mineralogical characterization can be done usingXRD andXRFmachine
to appropriately confirm the mineral present in Riruwai deposit.
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Table 1 Elemental analysis of the sample showing the atomic concentration and weight
concentration of the sample using SEM-EDS

Element number Element symbol Element name Atomic conc. Weight conc.

14 Si Silicon 51.18 34.60

26 Fe Iron 15.64 21.03

50 Sn Tin 6.17 17.62

13 Al Aluminium 12.39 8.05

19 K Potassium 3.75 3.53

41 Nb Niobium 1.57 3.51

47 Ag Silver 0.99 2.57

22 Ti Titanium 2.04 2.35

25 Mn Manganese 1.22 1.61

39 Y Yttrium 0.58 1.24

23 V Vanadium 0.93 1.14
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Characterization on Behavior of Al
During the Oxidization Roasting Process
of Polymetallic Ferruginous Manganese
Ores

Yubi Wang, Li Zhang, Bingbing Liu, Bei Zhang, and Yuanbo Zhang

Abstract Polymetallic ferruginous manganese ores contain a variety of valuable
metals, it is significant to realize the efficient utilization. Spinel-type composite
ferrites with strong magnetism can be prepared from the polymetallic ferruginous
manganese ores, while the impurities in the ores have certain impact on the properties
of the ferrites. This study was mainly concentrated on the behavior of Al during the
formation process of ferrites. It has been found that during the oxidation roasting
process, Al element has occupied the octahedral gap (sit B) in spinel structure of
ferrites,which reduced themagnetismproperty of ferrite.However, SiO2 can improve
the magnetism properties of Al-bearing manganese ferrites owing to that SiO2 was
able to transfer Al out of B sit of spinel via the chemical driving force generated
by the formation of corresponding silicates from the SiO2 and Al oxides. This work
demonstrated that Al impurity can be regulated by adding SiO2.

Keywords Ferrites · Element migration · Ferruginous manganese ores ·
Roasting ·Magnetism property

Introduction

Manganese is an important metal used in many industrial fields. There are lots of
impurity elements in manganese ore resources, characterized by low manganese
taste, high content of impurity elements, complex ore structure, and fine intercalation
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particle size, such as Fe, Si, P, Al, and so on [1–3]. For the time being, the compre-
hensive utilization of ferromanganese ore at home and abroad is mainly concentrated
in the separation of manganese and iron, and the separation methods mainly include
physical beneficiation and chemical beneficiation [4]. In exploring the reasons for
the difficulty in separating manganese and iron during the magnetization roasting
process of ferromanganese ore, Bingbing Liu studied the reaction behavior of the
MnO2–Fe2O3 binary system in a weak reduction roasting atmosphere, in a weak
reducing atmosphere (CO–CO2), MnO2 and Fe2O3 begin to react in a solid phase
at a relatively low temperature (~900 °C) to come into being ferromanganese spinel
(MnxFe3-xO4) with strong magnetism [5–7]. Their studies provided us with research
ideas for exploring the roasting-sortingmethod ofmanganese and iron oxideminerals
to directly produce spinel-type manganese ferrite functional materials.

Spinel-type ferrite functional materials are widespread consumed in the elec-
tronics industry, fine chemicals, environmental protection, and other fields, which
have made great contributions to modern industrial production and development [8].
The spinel manganese ferrite structure includes tetrahedral gap (A site) and octahe-
dral gap (B site); the A site gap is smaller, which can fill smaller metal ions; the B
site gap is larger, and the size can be filled with larger metal ions [9–14]. The main
phases of manganese and iron oxide minerals are MnO2 and Fe2O3. Manganese and
iron oxide ores still contain a certain amount of impurity elements after conventional
mineral processing,whichmay enter the crystalline lattice of spinelmanganese ferrite
during high-temperature roasting, causing great influence on phase composition and
magnetic properties. In order to realize the separation of impurities from target spinel
manganese ferrite, the vital role is to control the directional migration of impurities
and target products through roasting, which can provide mineralogical conditions
for the subsequent separation of manganese ferrite products and gangue.

According to the content, type, occurrence state, and properties of impurity
elements in the rawmaterials of manganese and iron oxidizingminerals, the impurity
elements can be divided into two types: acidic SiO2 and alkaline Al2O3. Al element
mainly occupies the B position in spinel manganese ferrite. In this work, the charac-
terization on the migration behavior of Al element in the process of manganese and
iron oxides forming spinel manganese ferrite, and its synergistic effect or adverse
effects on the magnetic properties of manganese ferrite products were investigated
byX-ray diffraction (XRD) and vibrating samplemagnetometer (VSM). Themethod
of directional control of the migration of impurity elements to improve the magnetic
properties of the product was developed.
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Experimental

Materials

Chemically pure Fe2O3 and MnO2 are used in the present work, and the molar ratio
is 1: 1. In order to study the characterization on behavior of Al during the oxidization
roasting process of polymetallic ferruginous manganese ores, the chemically pure
Al2O3, and SiO2 powders were used as the additives.

Oxidization Roasting Process

In this study, the experimental process of this experiment is shown in Fig. 1. Before
roasting, the Fe2O3 and MnO2 powders with Al2O3 additives were evenly mixed
and grinded by planetary ball mill. Then the mixture was briquetted by mold into
cylindrical briquette with a diameter of 10 mm and height of 20 mm at a pressure
of 50 MPa, and then the cylindrical briquette was dried at 110 °C for 4 h. The dried
briquettes were roasted in a horizontal resistance furnace with air atmosphere and
then cooled for the phase analysis to come to beingmanganese aluminate. The sample
is grinded by planetary ball mill. The sample with SiO2 additives was evenly mixed
and grinded by planetary ball mill. Then the mixture was briquetted by mold into
cylindrical briquette with a diameter of 10 mm and height of 20 mm at a pressure of
50 MPa, and then the cylindrical briquettes were dried at 110 °C for 4 h. The dried
briquettes were roasted in a horizontal resistance furnace with air atmosphere and
then cooled for the phase analysis to come to being manganese ferrite and mullite
(Al6Si2O13).

Fig. 1 The experimental process of this experiment. (Color figure online)
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Characterization

FactSage7.4 thermodynamic software was used to analyze the reaction of the Al2O3–
Si02 system. The “Equlib” module was adopted and the used databases were
“FToxid” and “FactPS”.

As for the migration, behavior of Al constituents in the process of manganese
and ferruginous oxides forming spinel manganese ferrites was investigated by XRD.
The cooled briquettes were pre-ground in an agate mortar to particle size less than
0.074 mm for the main phase identification by an X-ray diffraction using a diffrac-
tometer (X’Pert ProMPD,Netherlands) under the conditions as follows: CuKα, tube
current and voltage: 250 mA, 40 kV, scanning range: 10°–80° (2θ), and scanning
speed: 5°/min. Note that the roasted briquettes were pre-ground in an agate mortar to
a particle size passing through a 500 mesh screen (<0.025 mm) for vibrating sample
magnetometer (VSM) measurements. The magnetism properties were determined
by a vibrating sample magnetometer (PPMS Dynacool, Quantum Design, America)
at ambient temperature.

Behaviors of Al in the MnO2-Fe2O3-Al2O3-SiO2 System

Effect of Al2O3 Content

MnO2, Fe2O3, Al2O3, and SiO2 are the main components of the Fe–Mn ores. MnO2–
Fe2O3–Al2O3 system is the main ternary system to research the migration behavior
of Al constituents in the process of manganese and ferruginous oxides forming spinel
manganese ferrites. Based on the forming spinel manganese ferrites, the molar ratio
of Mn02 and Fe2O3 is fixed as 1:1. The dried briquettes were roasted in a horizontal
resistance furnace with air atmosphere at 1300 °C for 60 min and then cooled for the
phase analysis.

It can be seen from Fig. 2 that Al2O3 has little influence on the phase transfor-
mation of MnO2–Fe2O3–Al2O3 system at 1300 °C, and the phases in the system are
simple,mainly consisting of spinelmanganese aluminate phase (Mny(AlzFe3-y-z)O4).
With the increase of Al2O3 from 0 to 5%, Al ionics gradually enter the spinel
structure’s octahedral gap (B site), and the ferrite in the product changes from
(MnxFe3-xO4) to manganese aluminate (Mny(AlzFe3-y-z)O4). The XRD fine scan
analysis shows that the characteristic peaks of the spinel structure ferrite (311) crystal
surface of the structure are gradually shifted to a large angle, indicating that the
amount of Al ions entering the crystal is increasing.

Al ions entered the octahedral gap (B site) of spinel structure, and the influence
of doped aluminum ions on the magnetic properties of manganese ferrite was further
studied by VSM test technology, as shown in Fig. 3. The VSM test results showed
that Al ion had a significant adverse effect on the magnetic properties of manganese
ferrite products. When the Al2O3 content increased from 0 to 0.5%, the saturated
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Fig. 2 Effect ofAl2O3 content on the phase transformation ofMnO2–Fe2O3–Al2O3 system roasted
at 1300 °C for 60 min. (Color figure online)

magnetization of roasted products decreased from 78.5 to 72.3 emu/g, by 7.89%.
Saturation magnetization drops rapidly to 59.2 emu/g when Al2O3 content increases
to 3%. According to the results of VSM, it can be concluded that Al element has an
adverse effect on the magnetism of spinel manganese ferrite, which is not conducive
to the application of spinel manganese ferrite products, and hindering the direct
production of spinel manganese ferrite by oxidizing minerals. Therefore, the content
of Al2O3 in raw materials should be controlled at a low level when preparing spinel
manganese ferrite by solid reaction ofmanganese and ferruginous oxidizingminerals.

Effect of SiO2

According to the binary phase diagram of Al2O3-SiO2 system (Fig. 4), the reaction of
silicon and alumina oxide produced mullite (Al6Si2O13). The magnetic properties of
Mn(Al0.05Fe0.95)2O4 and SiO2 samples before and after roasted were analyzed. The
results are shown in Fig. 5. The saturation magnetization of samples after roasted can
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be improved from 65.2 to 68.3 emu/g, by 4.75%. Through thermodynamic analysis,
the chemical driving force generated by the reaction of SiO2 and Al2O3 to form
mullite can move Al element out of spinel structure. The magnetic properties of
spinel manganese ferrite enhanced after SiO2 transferred Al out of B sit of spinel.
Themagnetic properties of spinelmanganese ferrite regulated by silicon dioxidewere
lower than those of spinel manganese ferrite without impurity element. Therefore,
it was conducive to improve the magnetic properties of the product when the raw
materials used contain Al element impurities to produce the spinel manganese ferrite,
which added a certain amount of silicon dioxide.

Discussion on the Mechanism

The Al element occupies the B position of spinel manganese ferrite investigated
by XRD, and the reaction mechanism of MnO2, Fe2O3, and Al2O3 is shown in
Fig. 6. Because the radius difference between manganese and iron ions is smaller,
manganese and iron elements occupy positions A and B in spinel structure. By
comparison, the aluminum ion occupying the B position of spinel structure owe to
have a bigger radius.
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Fig. 6 Formation of Mny(AlzFe3-y-z)O4. (Color figure online)

Conclusions

In this study, it can be found thatAl element entered into the spinel structure and occu-
pied the octahedral gap (B position), which has a negative effect on the magnetism
of manganese ferrite and was investigated by XRD, VSM. With the increase of
Al2O3 content, the saturationmagnetizationof ferrite decreased.WhenAl2O3 content
reached 3%, the saturationmagnetization of ferrite decreased faster. Thermodynamic
analysis showed that Al2O3 and SiO2 reacted to generated mullite (Al6Si2O13). SiO2

can improve the magnetism properties of Al-bearing manganese ferrites owing to
that SiO2 was able to transfer Al out of B sit of spinel via the chemical driving force
generated by the formation of mullite (Al6Si2O13) from the SiO2 and Al oxides.
When producing spinel manganese ferrite with manganese and ferruginous oxides
minerals, the content of Al element should be controlled lower and the corresponding
amount of silicon dioxide should be added, which can reduce the adverse effect of Al
element impurity on the magnetism of spinel manganese ferrite. It is instructive to
provide spinel manganese ferrite from manganese and ferruginous oxide minerals.
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Preparation of Multifunctional Fused
Magnesium Phosphate Fertilizer
from Low-Grade Phosphate Ores

Luyi Li, Yuan Yao, Cuihong Hou, Shouyu Gu, and Haobin Wang

Abstract Low-grade phosphate ores are the main phosphorus resources in China,
and it’s difficult to upgrade owing to most ores belonging to collophanite with fine-
grained dissemination. These inferior ores with high silicon andmagnesium contents
are favorable raw materials to produce fused magnesium phosphate fertilizer (FMP)
for the crop growth.However, high temperature of Ca3(PO4)2–SiO2–MgO system for
the smelting of phosphorite resulted in the energy-extensive consumption. In current
study, the effect of K2O addition on the smelting of phosphorite was investigated
via thermodynamic calculations and experiment validation to reduce the smelting
temperature. It has been found that 3–5%K2O can reduce the melting temperature of
the Ca3(PO4)2–SiO2–MgO ternary system by about 80 °C. Moreover, K2O addition
can enhance the activities of various nutrients such as potassium and magnesium in
the FMP products after smelting and water quenching, and the effective conversion
of the nutrients is increased by 5% compared with that without K2O addition.

Keywords Fused magnesium phosphate fertilizer · K2O addition ·
Ca3(PO4)2–SiO2–MgO system · Smelting temperature · Effective conversion

Introduction

Phosphate ore is a non-metallic mineral with strategic significance, and is irreplace-
able and non-renewable. According to statistics from the International Fertilizer
Development Center (IFDC), 82% of the phosphate rock is processed to produce
phosphorus fertilizers for plants, and 4% of the phosphate rock is used as the raw
material for the production of detergent additives [1, 2]. Therefore, phosphate ore
resources occupy an important position in food security and the phosphorus chemical
industry. With the large-scale mining of high-grade phosphate ore around the world,
the reserves of rich ore have been decreasing [3], and the grade of phosphorus has
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continued to decline. It is foreseen that the world’s phosphorus resource mining life
is about 400 years, and Chinese phosphorus ore resources with a phosphorus grade
of 20%–30% will be exhausted in year 2127 [4, 5].

80% of Chinese phosphate ore resources are sedimentary rocks, of which 70%
are P2O5 15–25%middle-low-grade collophane ore containing silicon, calcium, and
magnesium.Due to its smallmineral grain size, densely embedded, andmanyharmful
impurities, it makes beneficiation difficult largely, and a considerable amount of
phosphorus will be lost during the beneficiation process [6]. However, middle-low-
grade collophane or flotation tailings can be directly engaged in the production of
fusedmagnesium phosphate fertilizer (FMP) . Phosphate rock and the ore containing
magnesium and silicon are melted at high temperature and quenched with water to
form glassy fragments with low chemical stability. FMP belongs to citric-soluble
phosphate fertilizer, which can not only provide 12%–18% P2O5, but also 20%–
35% SiO2, 25%–40% CaO, 8%–20% MgO, and other trace elements [7–9]. In the
meanwhile, the production process is simple as well as almost zero emission, and the
beneficial elements in the phosphate rock and the flux are all converted into effective
nutrients, which is in line with the development direction of green fertilizers. The use
of these inferior minerals in the production of FMP not only avoids the high cost and
phosphorus loss caused by beneficiation, as well as environmental risks caused by
tailings, but also increases the utilization rate of phosphorus resources and prolongs
the mining life of phosphate ore [10, 11].

However, FMP production is characterized as high temperature smelting, and
electricity consumption accounts for about 80%of the total energy consumption. Due
to a higher melting point of raw materials, there is an increase in the consumption
of energy and the difficulty of the operation during the production process, whereas
lower smelting temperature requires less time and energy. Therefore, it is of profound
significance to find suitable flux to reduce the smelting temperature of the system
and improve economic benefits. In this study, K2O was selected as an additive to
adjust the melting behavior of the original ore sample since it is an effective flux in
other slag system. The phase transformation and characteristic fusion temperature of
the Ca(PO4)3–SiO2–MgO–K2O system were determined based on thermodynamic
analysis and XRD, and these results were verified by the smelting experiment.

Experimental Methods

Materials

Phosphate ore and dolomite used in the experiment were taken fromGuizhou, China.
Raw materials were dried at 120 °C for 3 h, and then ground to 100% passing
0.125 mm standard sieve. Their chemical compositions were presented in Table 1.
Samples were characterized by high calcium and silica contents. XRDpatterns reveal
that phosphate ore mainly consists of fluorapatite, quartz, and muscovite. In order to
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Table 1 Chemical compositions of the phosphate ore and dolomite/%

Composition P2O5 SiO2 CaO MgO Fe2O3 Al2O3 K2O LOI

Phosphate ore 22.33 33.79 29.65 1.67 1.74 0.5 2.45 5.67

Dolomite – – 29.01 17 – 1.16 – 46.59

LOI: loss on ignition

investigate the effect of different K2O addition to the smelting of phosphorite, K2CO3

powder used as additive was chemically pure reagent with purity of 99.0wt%.

Smelting Process

Before oxidation smelting experiments, the rawmaterials consisted of phosphate ore,
dolomite, with and without additives were evenly mixed and then the mixtures were
put into a cylindrical heat-resistant graphite crucible with a diameter of 80 mm and
height of 80mm. The graphite cruciblewas loaded into the shaft furnace as illustrated
in Fig. 1 and smelted isothermally in air atmosphere for 20 min. After that, melted
products were quenched into cool water to attain glassy fragments. These fragments
were dried and ground into pulverous samples for further characterization.

Fig. 1 The schematic
diagram of shaft furnace.
(Color figure online)
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Characterization

FactSage7.3 softwarewas used to analyzemelting characteristics and phase diagrams
of the Ca(PO4)3–SiO2–MgO–K2O system. The effect of K2O content on phase
diagrams and melting characteristics of the Ca(PO4)3–SiO2–MgO system was
calculated using the Phase Diagram and Equilib modules, respectively.

In terms of characteristic fusion temperatures of phosphate ore, dolomite with
a certain quantity of K2O, the mixtures were placed in a mold into pyramids with
bottom side length of 8 mm and vertical height of 18 mm. The pyramids were then
roasted in a microcomputer grey melting point tester with a heating rate of 5 °C/min
in air atmosphere. The characteristic temperatures were identified according to (1)
deformation temperature (TD), determined by the temperature at which the tip of the
pyramid becomes spherical or curved; (2) sphere temperature (TS), determined by
the temperature at which the whole pyramid deforms to be hemispheric; and (3) flow
temperature (TF), determined by the temperature at which the pyramid melts until
the vertical height is less than 1.5 mm [12, 13].

Chemical Composition Analysis

To determine the effect of the addition ofK2Oon the activities of a variety of nutrients
in the molten pulverous sample, the effective content of nutrients was measured with
reference to the ‘GB/T 201412–2006 fused calcium magnesium phosphate fertilizer
and fused potassium calciummagnesium phosphate fertilizer’ standard, and the total
element content was calculated through material balance. The effective conversion
of the nutrients was calculated using Eq. (1).

η = C

T
× 100% (1)

where η is the effective conversion of the nutrients, %; C and T are the content of
effective nutrient and total nutrient, respectively, %.

Results and Discussion

Effect of K2O on Phase of Ca3(PO4)2–SiO2–MgO System

The main compositions of raw materials for producing FMP are P2O5, SiO2, CaO,
and MgO. Therefore, Ca3(PO4)2–SiO2–MgO system is regarded as the basic ternary
system as well as the benchmark for comparative study. Phase diagrams of the
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Fig. 2 Ca3(PO4)2–SiO2–MgO and Ca3(PO4)2–SiO2–MgO–K2O phase diagrams. (Color figure
online)

Ca3(PO4)2–SiO2–MgO system with and without a certain quantity of K2O are
calculated by software FactSage7.3 and shown in Fig. 2.

There are no significant differences between the phase of systemswith andwithout
flux. However, the lowest melting point of Ca3(PO4)2–SiO2–MgO–K2O system,
compared with no additive, sharply decreases from 1026 °C (point 11 in Fig. 2a) to
894 °C (point 16 in Fig. 2b), which reduces by 132 °C. It can be observed in the
phase diagram that the melting point of the system will be considerably declined
when the ingredients fall into the area of diopside or wollastonite, and the lowest
melting point phase of the quaternary system is also transformed from diopside to
wollastonite. Comparing Fig. 2a, b reveals that low-temperature wollastonite and a
liquid region appear around the diopside region in the presence of 5% K2O. The
liquid phase region is altered into two larger parts. If only the phosphorus grade is
supposed to be about 10% when mixing at point 3 or 4 in Fig. 2b, the production
of FMP can be satisfied. This results indicates that the addition of an appropriate
amount of K2O not only reduces the smelting temperature of the system, but also the
lower phosphorus grade can meet the industrial production of FMP.

Effect of K2O Content on the Formation of Liquid Phase
in the Ternary System

In order to identify the influence of K2O on the liquid phase formation of the
Ca3(PO4)2–SiO2–MgO system, the mass ratio of phosphate rock and dolomite (in
Table 1) is fixed as 25:12. The mass percentage of the liquid phase formation of the
system, consisting of P2O5, SiO2, CaO,MgO, K2O, and a few of Fe2O3 andAl2O3, is
calculated using the Equilib module of Factsage 7.3 and listed in Fig. 3. K2O content
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Fig. 3 Effect ofK2O content and temperature on themass percentage of liquid phase inCa3(PO4)2–
SiO2–MgO system. (Color figure online)

range is 0–15% and the temperature is in the range of 800 °C–1500 °C.
The mass percentage of the liquid phase of the Ca3(PO4)2–SiO2–MgO system,

under the constant K2O content, has been raised markedly and then kept at a steady
state with the increase of temperatures from 800 °C to 1500 °C. In the meanwhile,
the liquid phase formation is much more than 50% with K2O content within the
scope of 3–15% while the mass percentage of the liquid phase is lower than 15%
when K2O is not added. It has been manifested that the liquid phase formation can
speed up by adding an appropriate amount of K2O. In particular, adding 3% or
5% of K2O to the ternary system will almost completely form liquid phases when
the temperature reaches 1250 °C, but the temperature must reach 1350 °C to melt
entirelywhen no additive is added. The temperatures for 100% liquid phase formation
of the Ca3(PO4)2–SiO2–MgO system decrease from 1350 °C to 1250 °C when K2O
content increases from 0% to 5%. These results indicate that the presence of K2O can
reduce the temperature of liquid phase formation and further cut down the energy
consumption of FMP production.

Effect of K2O Content on Melting Characteristics

Characteristic fusion temperatures of phosphate ore, with different K2O content
roasted in air atmosphere mixtures, are listed in Fig. 4. With K2O content increasing
from 0% to 15%, the characteristic fusion temperatures of the mixtures first decrease
rapidly and then slightly increase until it tends to be stable, presenting a ‘valley’ at
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Fig. 4 Effect of K2O content on the fusion characteristic temperatures of Ca3(PO4)2–SiO2–MgO
system. (Color figure online)

K2O of 5%. However, the overall trend is decreasing with the continuous increase of
K2O content. The mixtures with no additive are supplied with higher characteristic
fusion temperature in air atmosphere, with the corresponding TD, TS, and TF of
1275 °C, 1310 °C, and 1355 °C, respectively. Under the addition of 5%K2O, TD, TS,
and TF reach the minimum values of 1214 °C, 1255 °C, and 1269 °C, respectively.
Compared to the mixture with no additives, the corresponding temperatures reduce
by 61 °C, 55 °C, and 86 °C, respectively. When 3–5% K2O is added, the flow
temperatures are decreased by about 80 °C. It is economically reasonable to add
certain amount of K2O to the smelting process of phosphate ore for the production
of FMP since the addition of K2O can lower the melting temperature by about 80 °C.
It is also beneficial to prepare multifunctional fused magnesium phosphate fertilizer
from low-grade phosphate ores at a lower oxidation temperature.

Effect of K2O on the Activities of Various Nutrients

Potassium is one of the macronutrient elements necessary for plant growth, but
potassium content in phosphate rock is generally exceedingly low. To confirm the
effect of K2O on the activities of nutrients, phosphate rock and dolomite at a mass
ratio of 25:12 were mixed with different K2O contents, and the mixture is placed
in a graphite crucible to melt at 1400 °C for 20 min in the shaft furnace shown in
Fig. 1. The temperature of this experiment is set at 1400 °C due to the fact that the
industry requires a temperature higher than the flow temperature of 100–150 °C for
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smooth slag discharge. The dried and ground pulverous samples, known as FMP,
are then used for XRD detection and chemical analysis. XRD patterns and chemical
compositions of FMP are listed in Fig. 5 and Table 2, respectively.

XRD patterns of pulverous samples have no obviously sharp diffraction peaks,
basically showing wide-range and slowly changing diffraction peaks, which indicate
that the samples made in this experiment are glassy substances with higher purity.
However, it turns out that the main phases of the powder sample with 2θ between
30° and 35° are fluorapatite and zoisite without adding K2O, implying that these
substances are precipitated in the slag system, which will lead to the lowering of the
effectiveness of phosphorus, silicon, and calcium in FMP product. At the same time,
it has been shown in Table 2 that the activities of nutrients in the FMP product with
an appropriate amount of K2O are higher, and the effective conversion of nutrients
is increased by about 5%. More significantly, the effective conversion of magnesium

Fig. 5 XRD patterns of the mixtures smelted at 1400 °C for 20 min in air atmosphere. (Color figure
online)

Table 2 The chemical compositions of FMP

K2O content/% Content/% P2O5 SiO2 CaO MgO K2O

0 C 15.31 24.27 30.77 7.17 1.83

T 18.01 28.33 36.59 8.30 2.07

η 85.03 85.68 84.09 86.37 88.36

5 C 15.73 24.22 31.18 7.11 7.38

T 17.44 26.93 34.73 7.83 7.85

η 90.17 89.93 89.78 90.73 94.02
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and potassium in the sample is higher than that of phosphorus, silicon, and calcium.
It has been concluded that K2O addition in the thermal preparation of FMP can
improve the effectiveness of elements and further increase the potassium content of
the sample.

Conclusions

The effect of K2O addition on phase transformation and characteristic fusion temper-
ature of the Ca(PO4)3–SiO2–MgO system was investigated by thermodynamics
and experimental confirmation. Thermodynamics results indicated that the lowest
melting point of Ca3(PO4)2–SiO2–MgO–K2O system reduced by 132 °C due to
the formation of low-temperature wollastonite, and K2O addition can decrease
the temperature for liquid phase formation of the Ca3(PO4)2–SiO2–MgO system
dramatically. The melting temperature decreased by about 80 °C with 3–5% K2O
addition.

When phosphate ore was melted with different K2O contents at 1400 °C for
20 min in the shaft furnace, the effective conversion of nutrients in the FMP product
was enhanced by 5% compared with that without K2O addition. In particular, the
effective conversion ofmagnesiumand potassium in the samplewas higher than other
nutrients since the precipitation of fluorapatite and zoisite from the glass material
reduced the effective content of other nutrients.
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Zinc Extraction from Industrial Waste
Residue by Conventional Acid Leaching

Tingfang Xie, Chengyu Sun, Guojiang Li, Yongguang Luo, Xuemei Zheng,
and Aiyuan Ma

Abstract Because zinc consumption rises and the high-grade zinc ore reserves
decrease year by year, the secondary zinc resources have been paid close attention.
The effect of sulfuric acid solution on the zinc recovery from industrial waste residue
was studied in this paper. The results showed that under the conditions of sulfuric
acid concentration of 0.61 M, liquid–solid ratio of 4:1, stirring speed of 400r/min,
temperature of 25 °C, and leaching time of 30 min, the system had a relatively high
zinc leaching rate, which reached 86.34%.

Keywords Zinc · Leaching · Sulfuric acid · Industrial waste residue

Introduction

Industrial residue from metallurgical process is a hazardous waste material often
containing valuable metal elements, such as zinc, iron, lead, cadmium, indium, and
other environmentally toxic elements, while they are important secondary resources
[1–4]. A large quantity of these valuable secondary resources is deposited outside
plants and dumped, threatening ecological and economic sustainability [5–8].
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It is well known that recycling and utilization of industrial wastes save raw mate-
rials and energy and contribute to environmental protection [9–11]. The aimof current
study is to investigate the factors affecting the leaching efficiency of zinc from indus-
trial waste residue with sulfuric acid. The effects of reaction time, sulfuric acid
concentration, leaching temperature, stirring speed, and liquid–solid ratio on zinc
leaching rate were studied in detail.

Materials and Methods

Materials

The zinc residue used for this study was taken from a company in Yunnan Province
in China. The results of the X-ray fluorescence analysis of the residue were given in
Table 1. The sample contains an average of 24.27 wt% zinc, 21.66 wt% iron, 9.14
wt% carbon, 2.94 wt% chlorine, and 4.10 wt% calcium. Si, Mg, S, and Pb are the
minority elements in waste residue.

The X-ray diffraction (XRD) analysis of the waste residue was shown in Fig. 1.
It has been indicated that the major mineral phases in the residue are ZnO,
Zn2(OH)8Cl5H2O, ZnS, Zn2SiO4, ZnFe2O4, Fe3O4, Fe2O3, KCl, and SiO2

Table 1 Chemical composition of waste residue sample (mass fraction, %)

Composition Zn Fe C Si Pb S CaO Mg Cl

Content (%) 24.74 21.66 9.14 2.66 1.13 1.39 4.10 1.14 2.94

Fig. 1 X-ray diffraction
(XRD) pattern of waste
residue sample
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Fig. 2 Scanning electron
micrograph of waste residue
sample

Scanning electron microscopy (SEM) was executed to get the structure and
morphology characteristics of the residue. Figure 2 shows that the particles of waste
residue are evenly dispersed, most granular materials exist as inclusions.

Experimental Methods and Calculation of Metal Extraction
Ratio

The drywaste residue sample (20 g)was taken and blendedwith sulfuric acid solution
for each leaching process. All agents used in the leaching processes were analytical
grade. The leaching experimentswere performed in a glass reactor of 300ml provided
with amagnetic stirrer to uniformly disperse thewaste residue samplewith a leaching
agent.

The amount of reaction time, sulfuric acid concentration, leaching temperature,
stirring speed, and liquid–solid ratio on zinc leaching rate were among the investi-
gated parameters in the leaching experiments. The detailed leaching experiments are
displayed in Table 2.

The reactions of the main species that exist in the waste residue sample with
sulfuric acid solution are presented in Eqs. (1–5):

ZnO + H2SO4 = ZnSO4 + H2O (1)

FeO + H2SO4 = FeSO4 + H2O (2)
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Table 2 The leaching experiments of different leaching processes

Experiment variable Leaching
time (min)

Acid
concentration
(M)

Stirring
speed
(rpm)

L/S ratio
(mL/g)

Temperature
(°C)

t: 2,5,10,20,30,
40,50,60

/ 0.61 400 4:1 25

C: 30,40,50,55,
60,65,70

30 / 400 4:1 25

S:100,200,300,400,
450,500,600

30 0.61 / 4:1 25

L/S: 2:1,3:1,4:1,
5:1,6:1

30 0.61 400 / 25

T: 25,35,45,55,
60,65,70

30 0.61 400 4:1 /

Fe2O3 + 3H2SO4 = Fe2(SO4)3 + 3H2O (3)

ZnS + H2SO4 = ZnSO4 + H2S (4)

ZnFe2O4 + 4H2SO4 = ZnSO4 + Fe2(SO4)3 + 4H2O (5)

After the leaching experiments, the zinc dissolution concentrationwas determined
by the Ethylene Diamine Tetraacetic Acid (EDTA) titrimetric method. The zinc
extraction ratio (ηZn, %) was calculated as follows:

μZn = CZn × V

m × w∗
Zn

(6)

where ηZn is the zinc extraction ratio (%);CZn is the Zn concentration of the leaching
solution (g/L); V is the leaching volume (L); m is the mass of the zinc waste residue
(g); and w∗

Zn is the Zn content of the zinc waste residue (24.74%).

Results and Discussion

Effects of Leaching Time

The leaching tests were carried out with reaction times between 2 and 60 min under
constant conditions of sulfuric acid concentration of 0.61 M, reaction temperature
of 25 °C, stirring speed of 400 rpm, and liquid–solid ratio of 4:1 (mL/g). The results
illustrated in Fig. 3 show that the zinc extractions increased from 33.37% to 85.18%
as the leaching time increased from 2 min to 30 min and the reaction was almost
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Fig. 3 Effects of different
leaching times on the zinc
extraction
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completed in 30 min. Therefore, the leaching time should be set to 30 min in the
follow-up experiment.

Effects of Sulfuric Acid Concentration

The variations of acid concentration on zinc leaching rate were investigated at a
reaction temperature of 25 °C, liquid–solid ratio of 4:1 (mL/g), stirring speed of
400 rpm, and leaching time of 30 min. The result was shown in Fig. 4. It indicates
that the zinc extraction rate increases from 26.49% to 84.97%with the increase in the
total ammonia concentration from 0.31 M to 0.61 M. When the acid concentration

Fig. 4 Effects of different
sulfuric acid concentrations
on the zinc extraction
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was greater than 0.61 M, the recovery of zinc first reached the maximum value and
then decreased slightly. However, when production practice and economic benefits
are taken into account, an acid concentration of 0.61 M is also acceptable. Hence,
an appropriate sulfuric acid concentration of 0.61 M was selected to investigate the
effect of the other parameters in the experiment.

Effects of Stirring Speed

The effects of stirring speeds on the dissolution of zinc were investigated at various
stirring speeds (100, 200, 300, 400, 450, 500, and 600 rpm) with a sulfuric acid
concentration of 0.61 M, reaction temperature of 25 °C, leaching time of 30 min,
and liquid–solid ratio of 4:1 (mL/g). As Fig. 5 indicates, dissolution of zinc was
affected by changes in stirring speed. The results show that the leaching rate of zinc
increases quickly below 400 rpm and remains almost constant beyond this speed to
600 rpm. The zinc extraction increases from 36.46% to 85.93% with an increased
stirring speed from 100 to 400 rpm. Therefore, the stirring speed was determined at
400 rpm in subsequent experiments.

Effects of Liquid–Solid Ratio

The effect of the various liquid–solid ratio on zinc extraction was evaluated in the
range of 2:1 to 6:1 (mL/g), and the results are presented in Fig. 6. Other conditions
included a sulfuric acid concentration of 0.61 M, a leaching temperature of 25°C,
stirring speed of 400 rpm, and a leaching time of 30 min. As shown in Fig. 6, the zinc

Fig. 5 Effects of different
stirring speeds on the zinc
extraction

100 200 300 400 500 600
30

40

50

60

70

80

90

Z
n 

le
ac

hi
ng

 r
at

e 
(%

)

Stirring speed (rpm)



Zinc Extraction from Industrial Waste Residue by Conventional Acid Leaching 127

Fig. 6 Effects of different
liquid–solid ratios on the
zinc extraction
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leaching efficiency increases significantly from 33.57% to 86.34%with an increased
liquid–solid ratio from 2:1 to 4:1. With the increase of initial liquid–solid ratio from
4:1 to 7:1, the extraction of zinc did not substantially change. An excessively high
liquid–solid ratio did not substantially increase the zinc leaching rate. Thus, the
appropriate liquid–solid ratio was chosen as 4:1 (mL/g) for further experiments.

Effects of Leaching Temperature

The effect of temperature on zinc extraction was also performed. The waste residue
sample was leached with 0.61 M sulfuric acid solution at a liquid–solid ratio of 4:1
(mL/g); stirring speed of 400 rpm; and temperatures of 25, 35, 45, 55, 60, 65, or
70 °C for 30 min. As shown in Fig. 7, the extraction of zinc slowly increased from
85.51% to 87.31%with increasing temperature from 25 °C to 70 °C. In view of these
results, the optimum temperature for acid leaching was determined to be 25 °C.

On the basis of thementioned single-factor experiments, an integrated experiment
was conducted under the optimized leaching conditions. The results of the integrated
acid leaching experiment are shown in Table 3

Conclusions

The study on zinc leaching fromzinc industrialwaste residue by conventional sulfuric
acid leaching process was performed. The effects of reaction time, sulfuric acid
concentration, leaching temperature, stirring speed, and liquid–solid ratio on zinc
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Fig. 7 Effects of different
temperatures on the zinc
extraction
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Table 3 Results of the integrated acid leaching experiments

Optimized leaching conditions Extraction
ratio of zinc

Leaching time
(min)

Acid
concentration
(M)

Stirring speed
(rpm)

L/S ratio
(mL/g)

Temperature
(°C)

86.34%

30 0.61 400 4:1 25

leaching rate were discussed. The results showed that the recovery rate of zinc extrac-
tion fromwaste residue reached 86.34% under the integrate condition of sulfuric acid
concentration 0.61 M, reaction temperature 25 °C, liquid–solid ratio 4:1 (mL/g),
stirring speed 400 rpm, and leaching time 30 min.
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Extraction of Zinc from Metallurgical
Residue with a NH3–(NH4)2SO4–H2O
System

Chengyu Sun, Aiyuan Ma, Yongguang Luo, Guojiang Li, Tingfang Xie,
and Xuemei Zheng

Abstract Metallurgical solidwaste residue contains a certain amount of Zn,which is
an important secondary resource for the production of Zn. In this article, a hydromet-
allurgical method in a NH3–(NH4)2SO4–H2O system is proposed to recover Zn
selectively from metallurgical solid waste residue. The results showed the highest
zinc extraction of 77.55% was obtained by using a total ammonia concentration of
5 mol/L of the leaching agent, stirring speed of 400 rpm, ammonia/ammonium ratio
([NH3]/[NH4]+) of 1:1, solid/liquid ratio of 1:4, leaching time of 30min, and leaching
temperature of 25 °C.

Keywords Metallurgical solid waste residue · Zinc · NH3–(NH4)2SO4–H2O
system

Introduction

Metallurgical residue of zinc is a hazardous waste material containing valuable
elements, such as zinc (Zn) , iron (Fe), lead (Pb), cadmium(Cd), andother non-ferrous
metals, and a small amount of rare indium (In) metals, as well as other environmen-
tally harmful elements, which are important secondary resources for the production
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of Zn [1–5]. However, the existence of chlorine (Cl) and gangue elements (Ca and
Mg) in the residue makes it difficult to recover Zn by conventional acid leaching,
which strongly affects its utilization in zinc-based electrical products [6, 7]. The zinc
extracted from metallurgical solid waste residue has potential economic benefits in
recycling, reutilization, exploitation, and application of solid waste pollutants.

Many researchers have focused on the ammonia leaching process in recent years.
The selective extraction of zinc can be achieved through ammonia leaching, as the
metal zinc passes into a solution, while the iron, gangue minerals, chlorides remain
in the solid residue [8, 9]. Hence, this process is more environmentally friendly and
cost-efficient than the conventional methods. In this article, a clean zinc production
process using NH3–(NH4)2SO4 as a leaching agent has been developed.

Materials and Methods

Materials

The metallurgical solid waste residue material in this study was purchased from a
metallurgical plant in Yunnan Province in China. Results of the XRF analysis of
the waste residue sample are given in Table 1. The sample contains an average of
24.27 wt% zinc, 21.66 wt% iron, 9.14 wt% carbon, 2.94 wt% chlorine, and 4.10 wt%
calcium. Both zinc and iron account for 45.93% in weight of the total sample with a
zinc to iron ratio of 1.1:1.

The X-ray diffraction (XRD) analysis of the metallurgical solid waste residue
samples is presented in Fig. 1. Characteristic peak intensity positions show that the
main crystalline phases presented in this sample are zinc oxide and ferric oxide. Zn
mainly existed in ZnO, Zn2(OH)8Cl5H2O, ZnS, Zn2SiO4, and ZnFe2O4 phase, Fe
existed in the Fe3O4, Fe2O3, and ZnFe2O4 phases.

Experimental Methods

This metallurgical solid waste residue sample was fine powdered, it was screened by
200 mesh (75 µm) to remove large impurities and used without further treatment.
The chemicals used in all experiments were analytical reagent grade. All solutions
were prepared using deionized water. The leaching experiments were performed in
a glass reactor of 300 ml provided with a magnetic stirrer to mix the metallurgical

Table 1 XRF analysis of waste residue sample (mass fraction, %)

Composition Zn Fe C Si Pb S Al2O3 CaO Mg Cl

Content (%) 24.74 21.66 9.14 2.66 1.13 1.39 2.22 4.10 1.14 2.94
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Fig. 1 X-ray diffraction analysis of metallurgical residue

solid waste residue sample with a leaching agent. The zinc leaching process was
obtained by adding 20 g of a sample to the Erlenmeyer flask. A general flow sheet
describing this present study is given in Fig. 2.

The amount of temperature, reaction time, stirring speed, solid/liquid ratio, total
ammonia concentration, and ammonia/ammonium ratio were among the investigated
parameters in the leaching experiments. The reaction of the main species that exist
in the waste residue sample with ammonia solution is presented in Eqs. (1) and (2):

Fig. 2 Flow diagram of the
leaching process. (Color
figure online)
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ZnO + iNH+
4 = [

Zn(NH3)i
]2+ + H2O + (i − 2)H+ (1)

ZnO + iNH3 + H2O = Zn(NH3)
2+
i + 2OH− (2)

After leaching, the concentration of zinc dissolution was determined by the Ethy-
lene Diamine Tetraacetic Acid (EDTA) titrimetric method. The leaching rate of zinc
(ηZn, %) was calculated according to the following equation:

ηZn = CZn × V

m × w∗
Zn

, (3)

where CZn, V, m, and w∗
Zn represent the Zn concentration of the leaching solution

(g/L), the leaching volume (L), the mass of the metallurgical solid waste residue (g),
and the Zn content of the metallurgical solid waste residue (%), respectively.

Results and Discussion

Effects of Leaching Time

Figure 3 shows the effect of leaching time on leaching efficiency of Zn during
leaching time from 5 min to 60 min maintained at a total ammonia concentration
of 5 mol/L, temperature of 25 °C, stirring speed of 400 rpm, solid/liquid ratio of
1:4, and ammonia/ammonium ratio of 1:1. The leaching efficiency of Zn increased
from 72.7% to 78.62% as the leaching time increased from 5 min to 60 min and
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Fig. 3 Effects of different leaching times on the zinc extraction
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Fig. 4 Effects of different total ammonia concentrations on the zinc extraction

the reaction was almost completed in 30 min. The results demonstrated that about
30–50 min duration is sufficient to achieve maximum efficiency. While the time was
more than 30 min, the zinc leaching rate changed slowly. Therefore, the leaching
time should be set to 30 min.

Effects of Total Ammonia Concentration

The effects of total ammonia concentration on the extraction efficiencies of zinc
are shown in Fig. 4. The total ammonia concentration was varied from 2 mol/L to
7 mol/L at a reaction time of 30 min, temperature of 25 °C, stirring speed of 400 rpm,
solid/liquid ratio of 1:4, and ammonia/ammonium ratio of 1:1. It indicates that the
zinc extraction rate increases from 19.39% to 77.55% with the increase in the total
ammonia concentration from 1mol/L to 4mol/L, after which the zinc leaching rate of
zinc remains approximately constant from 4 mol/L to 7 mol/L. Thus, an appropriate
total ammonia concentration of 4 mol/L was selected to investigate the effect of the
other parameters in the experiment.

Effects of Liquid/Solid Ratio

The leaching efficiencies of zinc in solution were evaluated using various liquid/solid
ratios in the range of 2:1–7:1. The leach conditions were as follows: a stirring speed
of 400 rpm, total ammonia concentration of 4 mol/L, temperature of 25 °C, leaching
time of 30 min, and ammonia/ammonium ratio of 1:1. Figure 5 describes the effect
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Fig. 5 Effects of different
liquid–solid ratios on the
zinc extraction
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of the liquid/solid ratio on the dissolution of the waste residue sample. The zinc
leaching efficiency increases significantly from 20.43% to 77.55%with an increased
liquid/solid ratio from 2:1 to 4:1. With the increase of initial liquid–solid ratio from
4:1 to 7:1, the leaching efficiency of zinc remained basically unchanged. Therefore,
an appropriate liquid/solid ratio of 4:1 is thus selected for further experiments.

Effects of Ammonia/Ammonium Ratio

Waste residue samples were leached for 30 min to investigate the influence of the
ammonia/ammonium ratio ([NH3]/[NH4

+]) on the extraction of zinc. The leach
conditions were as follows: stirring speed of 400 rpm, total ammonia concentration
of 4 mol/L, temperature of 25 °C, and solid/liquid ratio of 1:4. In addition, the NH3–
H2O system and (NH4)2SO4 systemwere compared with the NH3–(NH4)2SO4–H2O
systemunder the same conditions. The results are shown in Fig. 6. Figure 6 shows that
the effective extraction of Zn first increased and then decreased with the increase in
the ammonia/ammonium ratio from 1:9 ([NH3]/[NH3]T = 0.1) to 9:1 ([NH3]/[NH3]T
= 0.9), and the leaching rate of zinc reached the maximum value (77.55%) when the
ammonia/ammonium ratio was 1:1([NH3]/[NH3]T = 0.5). The results also suggest
that the leaching rate of zinc in the NH3–H2O system (19.39%) and (NH4)2SO4–
H2O system (27.7%) is relatively lower than that in the NH3–(NH4)2SO4–H2O
system (77.5%). In this study, zinc extraction was found to be improved with
increased (NH4)2SO4 to the NH3–H2O solutions. The ammonia/ammonium ratio
([NH3]/[NH4

+]) was determined at 1:1 in subsequent experiments.
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Fig. 6 Effects of different
[NH3]/[NH3]T ratios on the
zinc extraction
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Effects of Stirring Speed

The effects of stirring speeds on zinc leaching rate were studied in the experiments
with a total ammonia concentration of 4mol/L, temperature of 25 °C, reaction time of
30min, solid/liquid ratio of 1:4, and ammonia/ammonium ratio of 1:1. Figure 7 shows
that the increase in agitation from 200 to 400 rpm improved the dissolution efficiency
of zinc, the zinc extraction increases from 67.16% to 77.55%.With a further increase
in stirring to 400 and 600 rpm, the zinc extraction remains approximately constant.
Therefore, the stirring speed was determined at 400 rpm in subsequent experiments.

Fig. 7 Effects of different
stirring speeds on the zinc
extraction

200 300 400 500 600

66

68

70

72

74

76

78

80

Z
in

c 
ex

tr
ac

tio
n 

(%
)

Stirring speed (rpm)



138 C. Sun et al.

Fig. 8 Effects of different
temperatures on the zinc
extraction
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Effects of Leaching Temperature

An investigation into the influence of temperature on zinc extraction was also
performed. The leach conditions were as follows: stirring speed of 400 rpm, total
ammonia concentration of 4 mol/L, leaching time of 30 min, and solid/liquid ratio
of 1:4. The results are shown in Fig. 8.

The results showed that the leaching rate of zinc at 45 °C (78.53%) is significantly
higher than that at 25 °C (77.55%) and 65 °C(76.16%). The main reason is that the
slow diffusion of solvent molecules at low temperature directly leads to low zinc
leaching rate. In addition, the solvent molecules volatilization at high temperature
leads to the reduction of zinc leaching rate. Therefore, an appropriate temperature
of 25 °C is considered in this paper.

Conclusions

Zinc was extracted from the metallurgical solid waste residue by NH3–(NH4)2SO4–
H2O system. The results indicate that a maximum zinc recovery of 77.55% was
obtained by using a total ammonia concentration of 5 mol/L, stirring speed of
400 rpm, ammonia/ammonium ratio ([NH3]/[NH4]+) of 1:1, solid/liquid ratio of 1:4,
leaching time of 30 min, and leaching temperature of 25°C. The effects of leaching
time, total ammonia concentration, stirring speed, ammonia/ammonium ratio, and
liquid–solid ratio on zinc leaching rate were significant.
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Characterization of Brazilian
Linz–Donawitz-LD Steel Sludges

Mery C. Gómez-Marroquín, Roberto R. de Avillez, Sonia Letichevsky,
Dalia E. Carbonel-Ramos, Antoni L. Quintanilla-Balbuena,
and Kenny A. Salazar-Yantas

Abstract Coarse sludge (sample A) and fine sludge (sample B) from a Brazilian
Linz–Donawitz—LD steelworks integrated plant was characterized. Chemical anal-
ysis determined high-level content of iron (51.54–77.53%) and lower grades of zinc
(0.49–1.69%). XRD analysis permitted to observe various mineralogical phases,
such as metallic iron, wustite, franklinite, magnetite, portlandite, periclase, calcite,
calcium oxide, silicon, moissanite-2H, and srebrodolskite. Microscopic Optical and
Scanning Electron Microscopic studies shown morphologies of these residues were
made up of globular and skeletal aggregates of metallic iron intergrown with crystals
of iron oxides, especially wustite and a significant presence of calcite and calcium
oxide in spherical nodes having particle sizes between 0.12 and 0.15 mm. Scan-
ning Electron Microscopy–Energy-Dispersive X-ray spectroscopy studies denoted
significant content of Fe, O, and Ca in both samples. In addition, a thermogravimetric
analysis by DTG–DSC–TG at 1000 °C exhibited a mass loss of 97.43% for sample
A and 92.57% for sample B.
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Keywords Linz–Donawitz-LD · LD converter · BOF converter · Steel sludges ·
Converter process

Introduction

During the production of steel, a considerably large amount of industrial waste is
generated. Various solid wastes emerging from steel plants are in the form of sludge
and slag, mainly blast furnace slag, blast furnace flue dust and slag, mill scale,
mill sludge, etc. [1]. Linz–Donawitz (LD) sludge is the wastes generated during the
production of steel in LD converter. A huge quantity of LD sludge is generated per
ton of steel produced [2]. The fine solid particles recovered after wet cleaning of the
gas emerging fromLD converters in the sludge form are termed as LD sludge. During
this process, the furnace emits very fine iron oxide particles that are removed from the
waste gases by a wet scrubbing process. This waste may contain high levels of CaO,
Zn, Pb, etc., depending upon the type of limestone and chemistry of scrap used during
the process of steelmaking. The sludge contains appreciable quantities of iron and
lime and is therefore quite suitable for recycling in the sinter plant [3]. For example,
the generation of these LD steel sludges in a Brazilian steelwork varied from 5.6 to
7.2 kg/t of crude steel for the BOF coarse sludge and from 17.0 to 22.8 kg/t of crude
steel for the fine sludge. Due to its content of total iron, around 50–60% Fe, these
residues could be recycled into the production process of sinter [4]. The aim of this
paperwas to characterize LD steel sludges using different techniques: Chemical anal-
ysis, X-ray Diffraction (XRD), Optical and Scanning Electronic Microscopy (SEM),
Thermogravimetric analysis, and physical determinations in order to avoid their accu-
mulation and suggest reuse in the steel plant itself. This reutilization would provide
an added value to this material that until now is constituted as an environmental
liability of considerable economic importance.

Experimental Procedures

The experiments that were part of this research involved characterization of the
raw material; in this case, these were fine and coarse steel sludges sediments from
an LD converter of a Brazilian integrated steelwork. For this aim, the following
characterization techniques were used.

Chemical analyses were developed using an Optical Emission Spectrometer
Jarrell Ash USA model Ebert 3.4 m for determining elemental composition, an
Atomic Absorption Spectrometer Shimadzu (FAAS) model AA-7000 for estimating
of the main oxides and a combustion analyzer Bruker, model G4 Icarus Series 2 with
HF induction furnace and High-Sense detection for obtaining the contents of carbon
(C) and sulfur (S).
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XRD analyses were performed using a D8 Discover diffractometer, Bruker, with
CuK-α radiation (λ = 1.5418 Å), Ni filter and Lynxeye detector, operating at 40 mA
and 40 kV. XRD patterns were collected in the 2 θ range of 10°–90° with 0.02° incre-
ment. An energy discriminator was employed to reduce the iron fluorescence. The
identification of the crystalline phases was carried out by comparison with standard
patterns applying EVA program, Bruker. The crystal structures of the most probable
compounds were obtained from the Inorganic Crystal Structure Database (ICSD).
The experimental patterns were fitted by the Rietveld method with fundamental
parameters using the TOPAS program, Bruker.

The following equipment was used in order to analyze the main morphologies
of fine and coarse samples of the LD steel sludges: Polarization Microscope Carl
Zeiss with image capture system, including abrasives for roughing and polishing;
SEM and EDS, FEI model Quanta 650 high vacuum with 8 nA of current and 6 kV
voltage, and SEM–EDAX using the quantification software TEAM.

Some physical properties were determined, such as specific gravity and average
particle size. The specific gravity was calculated using the pycnometer method.
The determination of the average particle size was obtained employing a series of
ASTM meshes: m14, m20, m30, m50, m70, m100, m140, m200, m270, m400 and
background of under m400.

Results and Discussion

Chemical Analysis

Chemical analysis determine some elements: Cu, Cd, Zn, Fe, K, Na, Ca, Pb, As, Ni,
Si, Mg, Co, Hg, C, S, and some oxides: SiO2, Al2O3, CaO, MgO, MnO, Na2O, and
K2O. The chemical composition performed on both samples, A and B, of coarse and
fine LD steel sludges are shown separately in Tables 1 and 2.

Table 1 Chemical compositions of oxides and elements of coarse LD steel sludges—sample A

OXIDES % Non metals %

SiO2 Al2O3 CaO MgO MnO Na2O K2O C(*) S(*)

0.74 0.14 3.50 1.75 0.63 0.01 0.002 0.0215 0.0219

Metals %

FeT Pb Zn Cu Cd Co Ni Cr As Hg (ppm)

77.53 0.01 0.49 0.006 0.0006 0.012 0.012 0.655 0.001 0.08

(*) results of combustion analyzer
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Table 2 Chemical compositions of oxides and elements of fine of LD steel sludges—sample B

Oxides % Non metals %

SiO2 Al2O3 CaO MgO MnO Na2O K2O C(*) S(*)

0.52 0.11 4.50 2.30 1.30 0.03 0.008 0.0347 0.0383

METALS %

FeT Pb Zn Cu Cd Co Ni Cr As Hg (ppm)

51.40 0.08 1.69 0.004 0.001 0.009 0.009 0.458 0.001 0.18

(*) results of combustion analyzer

XRD Analysis

Figure 1 displays the XRD patterns of materials A—Course LD steel sludges and
B-Fine LD steel sludges. The green lines, the difference between the experimental
patterns (black lines) and the calculated patterns (red lines), indicate that the calcu-
lated patterns describe well the experimental data. The fitting errors estimated by
the goodness-of-fit, GOF, and the weighted residual profile factor, Rwp, are listed in
Table 3.

Both samples are composed by several crystalline phases. Wustite is the major
individual phase observed for both samples, its content was 36.0%mass for sampleA
and 55.1% mass for sample B. Calcite, franklinite or zinc ferrite, silicon, and α-iron
(Fe) frommetallic ironwere common for both samples. Portlandite, present in sample
B, is probably the result of a previous free lime reaction with water after the slag
cooling. The free lime observed in sample A is certainly alloyed with manganese,
since its observed lattice parameter 0.4570 nm is distinct from the pure free lime
parameter, 0.4810 nm. Franklinite and magnetite have the same space group: Fd-
3mZ, which is an indicator that Zn and Fe atoms can be substituted in crystalline
reticule from both samples. In the case of sample A, it has shown phases such as
srebrodolskite and periclase. Additionally, in the case of sample B, magnetite and
moissanite-2H were found.

Fig. 1 XRD pattern of samples A and B including the Rietveld refinement. (Color figure online)
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Table 3 Detailed information on the phases of samplesA andBobtained by theRietveld refinement

Sample Phase name Chemical
formula

Phase
%wt

Spacegroup LVOLIB/nm GOF Rwp

A Wustite FeO 36.0 Fm-3 m 20 1.40 6.80

Silicon Si 14.3 Fd-3 mS 231

Srebrodolskite Ca2Fe2Al2O5 12.6 Pnma 29

Calcite CaCO3 11.3 R-3cH 34

Periclase MgO 8.0 Fm-3m 23

Portlandite Ca(OH)2 7.6 P-3m1 58

Franklinite ZnFe2O4 5.9 Fd-3 mZ 22

Fe Fe 2.5 Im-3 m 33

CaO CaO 1.8 Fm-3 m 63

B Wustite FeO 55.1 Fm-3m 45 1.22 4.98

Magnetite Fe3O4 14.8 Fd-3mZ 22

Calcite CaCO3 12.6 R-3cH 66

Franklinite ZnFe2O4 5.3 Fd-3mZ 10

Portlandite Ca(OH)2 4.9 P-3m1 19

Moissanite-2H SiC 3.9 P63 mc 64

Silicon Si 2.2 Fd-3mS 43

Fe Fe 1.2 Im-3m 129

Optical and Scanning Electron Microscopic Studies

The images of optical micrographs without micron bar observed in sample A and in
sample B allow to show their main mineralogical phases: hematite-Hm, magnetite-
Mt, Quartz-Qz and Carbonates-Cbt, and α-iron (Fe) as can be seen in Figs. 2 and 3.

The elementary mapping, EDS, and the quantification of chemical elements iden-
tified by EDS of the selected SEM micrographs (a) and (b) of the sample of A and
B are shown in Figs. 4 and 5.

In Figs. 2 and 4, the phases observed in sample A are constituted by a zone of
sequential reduction of iron oxides in different shades of gray, with a porous and
lamellar appearance taking the wustite as initial reduced phase. These oxides can
be wustite (FeO) and franklinite (ZnFe2O4), possibly hematite (Hm) and magnetite
(Mt). Hematite comes from the instantaneous decomposition of franklinite into its
main oxides: hematite and zincite. It is observed that the α-iron (Fe) phase sometimes
appears in circular and spherical morphologies of different diameters with a white
appearance within or on the periphery of the matrix phase of iron oxides, mainly
wustite. In addition, microstructures of mangano- and magnesio-wustites do not
show any significant presence in wustite. Contents of MgO and MnO in chemical
analysis of both samples can determinate a probably complete solubility of Mn and
Mg in FeObecause these elements are interchangingwith iron contained intowustite,
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Fig. 2 Images of optical micrographs of sample A showing their mainmineralogical phases. (Color
figure online)

also sometimes, free lime observed in sample A is certainly alloyed with magnesium
and manganese [5]. The oxidized structures of iron are almost always surrounded
or accompanied by other predominant oval or spherical phases type nodes, rich in
calcium carbonate—calcite or calcium oxide—CaO.

In Figs. 3 and 5, the phases observed in sample B, present whitish rounded or
spherical morphologies that are not so significant compared to sample A, even some
rod-like acicular grains and somedark phases of iron oxides can be observed superim-
posingwhite phases ofα-iron (Fe). These opticalmicrographs also observemagnetite
(Mt), hematite (Hm), quartz (Qz), and carbonates (Cbt). A zone of medium oxidation
can also be observed in a spherical matrix with a porous appearance, probably made
up of hematite (Hm), magnetite (Mt), and α-iron (Fe). Also, elongated grains like
bastons were found in gray matrix of iron oxides. Some of the granules of calcite
and portlandite exhibited a smooth superficial texture with regular spherical shapes
of different sizes particles because Portlandite, present in sample B, is probably the
result of previous free lime reactionwithwater after the slag cooling [6]. These results
permitted to observe most of the iron-rich phase, a growing of the phase metallic
iron in globular shapes like skeletal microstructures over wustite base or matrix in
both samples. The carbonates including calcite occur in regular and spherical shapes
sometimes enclosing metallic iron crystals in sample A but usually appear as broken
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Fig. 3 Images of optical micrographs of sample B showing their mainmineralogical phases. (Color
figure online)

fragments in sample A. Secondary magnetite grains often coagulate and appear in
spherical shape in sample B [7].

Figures 4 and 5, SEM analysis shows in (b) an elemental mapping for Fe, Zn, and
O of (a). In (c) and (d) SEM–EDS studies denote significant content of Fe, O, and
Ca in both samples. The absence of Zn in sample B is perceptible, however, traces of
Zn are notable in their elemental mapping corresponding. Figures 4c and 5c cannot
show the Fe K-line under this low acceleration voltage (6 kV). In addition, Fig. 4c
shows elements that do not exist, i.e. S, Cl, and K that are label in EDS.

Finally, a morphology shown by these residues were made up of globular aggre-
gates of metallic iron intergrown with crystals of iron oxides and zinc oxide rich in
iron and zinc, probably it can come from the pelletization of the metal during the
oxygen blowing in the LD converter [8, 9] .

Thermal Characterization

A thermogravimetric analysis by DTG–DSC–TG at 1000 ° C exhibited a mass loss
of 97.43% for sample A and 92.57% for sample B.
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Fig. 4 Elemental mapping of SEM micrographs of the sample A (a), Selected SEM micrographs
(b), O, Fe, and Zn mapping (c), EDS of the selected SEM micrographs in (a), and (d) elemental
quantification of the EDS of the selected SEM micrographs in (a). (Color figure online)
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Fig. 5 Elemental mapping of SEM micrographs of the sample B (a), Selected SEM micrographs
(b), O, Fe, and Zn mapping (c), EDS of the selected SEM micrographs in (a), and (d) elemental
quantification of the EDS of the selected SEM micrographs in (a). (Color figure online)
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Physical Determinations

The average particle size was 0.146 mm. for the coarse fraction (sample A) and
0.120 mm. for the fine fraction (sample B). The average values of specific gravity
were 4.72 × 106 g/ m3 for sample A and 3.67 × 106 g/ m3 for the case of sample B.

Conclusions

Chemical analysis determined high levels of iron (51.54%Fe in sampleAand77.53%
Fe in sample B) and low levels of zinc (0.49% Zn in sample A and 1.69% Zn in
sample B). XRD analysis determined that wustite (FeO) was the major individual
phase observed for both samples. Coarse of LD steel sludges (sample A) and fine
of LD steel sludges (sample B) were 36.0% mass for sample A and 55.1% mass for
sample B. Calcite, franklinite or zinc ferrite, silicon from quartz, and α-iron (Fe) from
metallic iron were common phases for both samples. Optical Microscopic studies
permitted to identify the main mineralogical phases such as wustite (FeO), hematite
(Hm) from franklinite (Zf) and magnetite (Mt). The oxidized structures of iron were
almost always surrounded or accompanied by other predominant oval or spherical
phases type nodes, rich in calcium carbonates—calcite or calcium oxide—CaO in
both samples. SEMmorphologies shown by these residues were made up of globular
aggregates of metallic iron intergrown with crystals of iron oxides especially wustite
and zinc oxide rich in iron and zinc; this is probably the result of metal pelletiza-
tion during the oxygen blowing in the LD converter. SEM–EDS studies denoted
significant content of Fe, O, and Ca in both samples. A thermal characterization
by DTG–DSC–TG at 1000 ° C exhibited a mass loss of 97.43% for sample A and
92.57% for sample B. The average particle size was 0.146 mm. for sample A and
0.120 mm. for sample B. The average values of specific gravity were 4.72 × 106

g/ m3 for sample A and 3.67 × 106 g/ m3 for sample B. Finally, these previous
results of partial characterization of these residues will serve to treat or process frac-
tions of coarse and fine of LD steel sludges until the material in particle form that
are deposited in the steel mills, as well as those normally produced continuously in
the ironmaking and steelmaking activities and related, such as Electric Arc Furnace
(EAF), Basic Oxygen Furnace (BOF) , coke ovens, agglomeration zones, sintering,
pelletizing (conventional iron ores), and other deposits of ore fines, limestone, and
coal.
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Study on Sinter Iron Ores and Titanium
Ores Used in Pelletizing

Yan Zhang, Xiaojiang Wu, Hanglei Niu, Minge Zhao, Gele Qing,
Zhixing Zhao, Yunqing Tian, Wenwang Liu, Dawei Sun, Ming Li,
Luyao Zhao, Li Ma, and Tao Yang

Abstract In this paper, study on sinter iron ores and titanium ores used in pelletizing
was carried out. Bond work indexes of different sinter iron ores and titanium ores
were measured. Ballability would be improved, and falling strength and compres-
sion strength of green pellets would be increased after fine-grinded sinter iron ores
have been added. High-titanium pellets with good metallurgical properties and high
compression strength could be produced by using fine-grinded titanium ores. The
application of sinter iron ores and titanium ores used in pelletizing could not only
reduce the cost of ironmaking but also expand the iron ore resources for pelletizing.

Keywords Pellet · Sinter iron ores · Titanium ores ·Metallurgical properties

Introduction

Pellets have the advantages of high-grade, low gangue content, and good metallur-
gical properties compared with sinters [1]. The energy consumption of pelletizing
process is less than 50% of that of sintering process, and the emissions of flue gases,
dioxins, nitrogen oxides, and dust are also significantly lower than that of sintering
[2]. The development of pelletizing is an important measure for green ironmaking.

But the iron ores that can be used in pelletizing are not sufficient. Ma Li et al.
studied the Mac fines used in pellets [3]. Zhang Yan et al. described the influence
of different Ti-bearing materials on pellets compression strength [4]. Tian Yunqing
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et al. carried out a series of experiments on the production of Ti-bearing pellets with
titanium sands [5].

In this paper, grinding work indexes of different sinter iron ores and titanium ores
were measured, and experiments of fine-grinded ores used in pelletizing and firing
were conducted. Proportions of sinter iron ores and titanium ores that could be used
in pellets were determined.

Materials and Experimental Methods

Chemical Compositions of the Ores

Chemical compositions of sinter iron ores and titanium ores were listed in Table 1.
TiO2 content of titanium ores A and B was 16.40% and 12.40%, respectively. Four
sinter iron ores were used in the experiments including two Australian sinter ores
(ASO) and two Brazilian sinter ores (BSO).

Bond Work Indexes of the Ores

Bond work index (Wi) is an index to evaluate the grindability of an ore, this index
can be measured by using a Bond ball mill [6]. Bond work indexes of different ores
were listed in Table 2.

As shown inTable 2,Wi of titaniumoreAandBwere 18.23 kwh/t and 18.89 kwh/t.
ASO-B had the lowest Wi among the sinter iron ores, which was 12.88 kwh/t. Wi of
the two Brazilian sinter ores was higher than the Australian sinter ores, which were
16.98kwh/t and 16.56kwh/t.

Table 1 Chemical compositions of sinter iron ores and titanium ores

Content (%) TFe FeO SiO2 Al2O3 CaO MgO TiO2

titanium ore A 43.28 27.56 10.60 5.73 2.03 4.30 16.40

titanium ore B 48.09 27.20 7.53 5.86 1.72 3.13 12.40

ASO-A 61.50 0.69 3.60 2.31 0.15 0.29 0.34

ASO-B 62.75 0.40 3.93 2.09 0.16 0.15 0.19

BSO-A 66.00 0.20 2.0 1.91 0.19 0.19 0.21

BSO-B 60.66 1.01 6.96 1.89 0.94 0.13 0.11
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Table 2 Bond work indexes of different ores

Name Wi, kwh/t

Titanium ore A 18.23

Titanium ore B 18.89

ASO-A 14.20

ASO-B 12.88

BSO-A 16.98

BSO-B 16.56

Table 3 Chemical compositions and particle sizes of the concentrates

Content (%) TFe FeO SiO2 Al2O3 CaO MgO TiO2 −200 mesh

High titanium
concentrate

35.88 35.56 5.24 1.25 3.49 1.70 37.28 69.24

Iron
concentrate A

69.52 29.35 1.86 0.37 0.40 0.64 0.026 88.58

Iron
concentrate B

62.78 4.58 6.57 1.26 0.98 1.23 0.065 89.63

Pelletizing Materials

Two kinds of Iron concentrates for pellets and one kind of high titanium concentrate
were also used in the pelletizing experiments. Chemical compositions and particle
sizes of the concentrates used in the pelletizing experiments were listed in Table 3.
Iron concentrate A was a kind of iron ore with low silica which the silica content
was only 1.86%. High titanium concentrate had a high content of TiO2, 37.28%, but
it had a coarse particle size, percentage of −200 meshes was 69.24%.

Results and Discussion

Green pellets were prepared in a pelletizing disc which the diameter was 800 mm.
Pellets with sizes between 10 and 12.5 mm were screened out.

Influence of Sinter Ores on Pellet Quality

The schemes of pelletizing with sinter ores were shown in Table 4, in which the sinter
ores were all grinded (−200 meshes, >80%).
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Figure 1 showed the falling strength of green pellets with different proportions
of sinter ores. As results showed, falling strength would increase while more sinter
ores were added.

Fig. 1 Falling strength of green pellets with different proportions of sinter ores. (Color figure
online)

Fig. 2 Compression strength of green pellets with different proportions of sinter ores. (Color figure
online)
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Fig. 3 Reduction swelling index of pellets with different proportions of sinter ores. (Color figure
online)

Figure 2 depicted the compression strength of green pellets with different propor-
tions of sinter ores. The green pellets compression strength would decrease and then
increase, while the ASO-A was added from 20% to 30%. The other three kinds of
green pellets’ compression strength would increase with the increase of the sinter
ores proportion.

Figure 3 illustrated the reduction swelling index (RSI) of pellets with different
proportions of sinter ores. The results showed thatRSIwould increasewhen theASO-
A, ASO-B, and BSO-A were added with the proportion of 10%, and then decreased
with the increase of sinter ores’ proportion.AddingBSO-Bwould improve the pellets
RSI from 19.6% to 17.4%.

Influence of Titanium Ores on Pellets

In order to confirm whether the high titanium concentrate could be added in
pelletizing to produce Ti-bearing pellets with high TiO2 content and good metallur-
gical properties, experiments of different proportions of high titanium concentrate
added in the pellets were conducted.

Figure 4 described that compression strength would decrease as the high tita-
nium concentrate proportion increase. And if the proportion is greater than 20%, the
compression strength would be lower than 2500 N/P.

The schemes of pelletizingwith titanium oreswere shown in Table 5. The titanium
ores were also grinded (−200 meshes, >80%).

As shown in Table 5, falling strength and compression strength of green pellets
would only have a little change after the titanium ores were added.
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Fig. 4 Compression strength with different proportions of high titanium concentrate

If the proportion of high titanium concentrate was fixed at 20% and the proportion
of grinded titaniumoreswas between 30%and 50%, compression strength of finished
pellets would be greater than 2500 N/P and could satisfy the need of the large blast
furnace.

Conclusions

Study on sinter iron ores and titanium ores used in pelletizing was carried out. Sinter
iron ores and titanium ores could be used in pelletizing if they were fine-grinded.
The following conclusions could be drawn from this work:

1. Bond work indexes of different sinter iron ores and titanium ores were measured,
the results showed that the grinding costs of the sinter iron ores and titanium ores
were not high;

2. Falling strength and compression strength of green pellets would be increased
after fine-grinded sinter iron ores were added;

3. RSI of pellets would decrease while the BSO-B was added, but RSI would be
increased while the ASO-A, ASO-B, and BSO-A was added;

4. Compression strengthwould decrease as the high titaniumconcentrate proportion
increase, and the proportion of high titanium concentrate should not be larger
than 20%;

5. Ti-bearing pellets with high titanium content could be produced by using grinded
titanium ores.
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Research Progress on Application
of Steel Slag in Agriculture

Zha Yu-hong, Li Can-hua, and Wang Zhao-ran

Abstract The environmental pollution caused by steel slag accumulation seriously
restricts the goal of green and sustainable development in China, and resource utiliza-
tion is the inevitable trend of metallurgical solid waste. This paper summarizes the
advantages and application status of steel slag as soil acid–base regulator, agricul-
tural fertilizer, and soil heavy metal curing agent, and puts forward some suggestions
on the utilization of steel slag in agriculture.

Keywords Steel slag · Resource utilization · Leaching toxicity

At present, the environmental pollution caused by the accumulation of steel slag in
China is prominent, and the resource utilization of steel slag is urgent. Steel slag is
a by-product produced by the steelmaking process. It is composed of molten iron
and Si, Fe, Mn in scrap and reacts with various fluxes to form silicate substances
during slagging period. According to the type of steelmaking furnace, the steel slag
is divided into converter slag, electric furnace slag, and flat furnace slag. According
to incomplete statistics, at present, the total stock of steel slag in china is about 1
billion tons, and its resource utilization rate is only about 30% [1]. it is mainly used
in road cement, building concrete, adsorbent, and so on. Research and application in
agriculture are relatively scarce [2]. It can be seen that developing the utilization of
steel slag in agriculture is a means to improve the utilization rate of steel slag [3], and
it is to protect the environment, prevent pollution, save resources, and ensure sustain-
able development of iron and steel industry. The realization of circular economy has
important economic benefits and research value.
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Utilization of Steel Slag in Agriculture

Reducing Environmental Stress

With the development of metallurgical industry, a large number of abandoned steel
slag occupies a large amount of land, in which heavy metal elements are leached
by rain water, surface runoff is polluted, surrounding water and groundwater are
polluted, absorbed by vegetation crops, and stored in vegetation crops. It brings a
potential threat to people’s life and health. At the same time, the alkalinity of steel
slag is long-term pollution of soil, will lead to poor soil, crop production. Therefore,
it is necessary to carry out the resource utilization of steel slag, transform solid waste
into agricultural resources, and alleviate the harm caused by improper solid waste
disposal.

Utilization of Secondary Energy

With the in-depth research on industrial solid waste recycling technology, steel slag
is widely paid attention to as an inevitable product in steelmaking process. China
produces more than 100million tons of steel slag every year [4], but 70% of steel slag
is still not used rationally, and its utilization potential is huge.Using cheap steel slag as
raw material for the preparation of agricultural products can reduce industrial solid
waste discharge, protect the ecological environment, carry out secondary energy
reuse, realize the unification of economic, environmental and social benefits, and
build a resource-saving and environment-friendly society.

Characteristics of Steel Slag in Liugang China

Chemical and Mineral Composition of Steel Slag of Liugang

Themain components of converter slag in Liugang are CaO, SiO2, Fe2O3, andAl2O3,
There is also a certain amount ofMgO,MnO, P2O5, and TiO2. A preliminary estimate
of the SiO2 in steel slag as an active component and the heavy metal content is
not high. Steel slag from China’s Liugang, Its chemical composition is shown in
Table 1. XRD tests show that the main mineral composition is Ca2SiO4, K3(FeO2),

Table 1 Main chemical constituents of steel slag of Liugang

Components CaO SiO2 Fe2O3 Al2O3 MgO P2O5 TiO2 MnO

Mass fraction/% 42.59 17.05 16.33 10.78 5.83 1.81 1.76 2.55
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Fig. 1 XRD patterns of steel
slag of Liugang
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and K2Si4O9 (as shown in Fig. 1). These minerals [5, 6], Water hydrolysis, It is
difficult. Steel slag is used for relatively stable agriculture.

Leaching Toxicity of Steel Slag of Liugang

Steel slag containing a small amount of harmful heavy metal elements such as Cr6+,
Pb2+ is of the main factors hindering the application of steel slag in agriculture [7, 8].
China’s Official GB8173-87—Standard for Controlling Pollutants in Agricultural
Fly Ash, based on the total concentration of heavy metals, but the total concentration
of heavy metals cannot reflect their chemical behavior and potential environmental
risk [9] in soil. The methods commonly used to detect the leaching content of heavy
metals in solid waste, such as Toxicity Characteristic Leaching Procedure developed
by the EPA of the United States, the EN 12457-3 developed by the European Union,
and Solid waste-Extraction procedure for leaching toxicity-Sulphuric acid & nitric
acid method HJ/T 299-2007 by China [10].

According to the HJ/T 299-2007, steel slag leaching solution was prepared
GB5085.3-2007—Identification standards for hazardous wastes-Identification for
extraction toxicity required Cd, Hg, As, Pb, Cr, Ni, Zn were tested, and the test data
are shown in Table 2. Liugang steel slag leaching toxicity test is qualified.

On the basis of the above research, Liugang steel slag is a kind of fertilizer raw
material which is mainly Si, Ca and contains trace Mn, P, Fe, and other elements.
The content of metal elements in steel slag is high. Because it is combined in the
crystal and cannot be released out [11], the leaching content of heavy metals in steel
slag of Liugang conforms to the requirements of soil safety standards for agricultural
land in China. Therefore, the recycling of steel slag in agriculture can be realized
and used as a reference for the application of other steel slags.
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Table 2 Toxicity test results
of steel slag leaching solution

Projects Results mg/L Standard limits mg/L

Cd nd 1

Hg nd 0.1

As nd 5

Pb nd 5

Cr 0.0073 15

Ni nd 5

Zn nd 100

Note nd—not detected

Application of Steel Slag in Agriculture

At present,most of the studies have carried out experiments on the different properties
of steel slag, according to the farmland conditions in different areas or the growth
characteristics of planting products, and achieved good results. The steel slag has the
characteristics of high alkalinity, nutrient elements needed for plant growth, gelling
and large internal surface area, and is prepared as soil acid–base regulator, agricultural
fertilizer, and soil heavy metal curing agent.

Steel Slag as Soil Acid–Base Regulator

Crop growth requires certain soil pH values [12, 13], pH is a measure of ion concen-
tration in soil. The pH of soil will affect the absorption of mineral ions by plants,
further affect the osmotic pressure of plant roots, may cause plants to lose water or
even wither, and have a certain effect on the species and quantity of microorganisms
in soil.

Different crops have different preferences for pH values. The soil pH value is
below 7, planting Pinus koraiensis, azalea, Masson pine, and so on is more suitable;
the soil pH value is above 7.5, planting willow, Platycladus orientalis, salami, and so
on is more suitable; the soil pH value is 6–7.5, planting cherry blossom, lilac, cedar,
and so on. Yantai Xinhua Chemical Co., Ltd [14] tested 23099 soil samples over
eight years, a general rule is obtained: pH < 6 causes harm to most crops, pH 6.5–7.5
is suitable for most crops to grow, and pH < 7.5 will cause harm to crop growth (as
shown in Table 3).

Basicity of steel slag is 10–13. Zhou Feng and others [15] investigate the effects
of B. deformativum and steel slag on maize growth, corn was grown in acidic soils
using either uninoculated B. deformativum or without steel slag (CK), inoculated
with B. deformativum (Gv), added steel slag (SS) , combined with B. deformativum
and steel slag (Gv SS) as soil amendments. Experiments show that the application of
steel slag significantly increases the pH of soil [16], and reduced the effective states
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Table 3 Effects of soil pH on
crops

pH Impact on crops

<4 Causing serious damage to crops, almost no production

4–6 Most crops are injured

6–7.5 Suitable for most crops

7.5–8 Damage to crop growth

>8 Serious damage to crop growth

of cadmium and lead (as shown in Fig. 2). The mechanism is that free calcium oxide
in steel slag can hydrolyze and produce a large number of OH−, alkaline compounds,
which can hydrate with acidic compounds in farmland and improve soil pH value.
Thus, the bioavailability [17] of heavy metals such as Cd, Pb, Zn can be reduced, and
the mass fraction of heavy metals in the growth environment is effectively reduced.

For basylous soils, most untreated steel slag is not applicable, thus limiting the
scope of application of steel slag. Hua Xiaozan and others [18, 19] made active
steel slag by combining the residue produced in the steelmaking process of Taiyuan
Iron and Steel Company with pH value above 12 with weathered coal at 1:2. The
released H+ binds to the OH− in steel slag, thus reducing the basicity of steel slag.
Experiments were carried out on calcareous cinnamon soil of Shanxi Province with a
pH value of 8.28, set up seven treatments: treatment 1 as control, treatment 2 applies

Fig. 2 The influence of Gv and SS on soil pH [15]
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Table 4 Effect of application of steel slag on onion yield

Treatments 2011 2012

Yield/(kg/hm2) Increase production/% Yield/(kg/hm2) Increase production/%

1(CK) 77235 70830

2 77265 0.1 72915 2.9

3 78555 1.7 74010 4.5

4 75555 −2.2 72000 1.7

5 74550 −3.5 70200 −0.9

6 76380 −1.1 70620 −0.3

7 77910 0.9 71520 1.0

2250 kg hm−2 active steel slag, treatment 3 applies 4500 kg hm−2 reactive steel
slag, treatment 4 applies 6750 kg hm−2 of reactive steel slag, treatment 5 applies
9000 kg hm−2 of reactive steel slag, treatment 6 applies 2250 kg hm−2 of common
steel slag, treatment 7 applies 4500 kg hm−2 weathered coal. The results showed
that the production of onion in 2011 and 2012 increased by 1.7% and 4.5% after the
application of 4500 kg hm−2 of active steel slag (as shown in Table 4), the height
of corn plant reached the highest when applied alone at 2250 kg hm−2, and the
application of active steel slag increased the Si content in onion and corn, and the
soil and crops were not polluted when the amount of steel slag was not more than
3000 kg hm−2.

From the above research, it can be seen that steel slag, as a soil acid–base regulator,
is not onlywidely used, but also has a low cost, which has a great application prospect,
but the application time and input amount of steel slag still need to be further studied.

Steel Slag as Agricultural Fertilizer

Fertilization is essential to crop yield [20], the yield of soil with different types
of fertilizer increased significantly compared with that of its unfertilized control
field [21]. Steel slag contains a variety of nutrients such as Si, P, Ca, Mg, which are
beneficial to the growth of crops and can be used as agricultural fertilizer after proper
treatment [21].

Thomas phosphatic fertilizer is a kind of slow effect agricultural fertilizer which is
not absorbent, caking, and non-corrosive. It is made by cooling, crushing, magnetic
separation, and grinding of steel slag into a fine powder, accounting for 13%–16% of
total phosphorus fertilizer [22]. Phosphorus in Thomas phosphatic fertilizer is citric
soluble and can be dissolved and released in acidic and slightly acidic environment of
plant rhizosphere. Jiao [23] and others’ studies have shown that excessive application
of phosphorus fertilizer will lead to an increase in the bioavailability of cadmium in
soil. Lower concentrations of cadmium affect the structure of crop enzymes, resulting
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in slow crop growth. And excessive phosphorus will cause excessive respiration of
crops, resulting in premature development of reproductive organs, resulting in low
crop yield and small fruit, so it is necessary to use Thomas phosphatic fertilizer
scientifically.

Silicon fertilizer can not only promote leaf photosynthesis, increase chlorophyll
content but also inhibit soil bacteria and reduce crop incidence. Steel slag can be
used as silicon fertilizer in agriculture [24], but different kinds of steel slag contain
different amount of plant effective silicon, and its content is not less than 10%
suitable for as silicon fertilizer [25]. Li Jun and others [26] applied 80-mesh sieve
water quenched blast furnace slag as silicon fertilizer base in typical paddy fields of
Liaoning Province. The results showed that the rice yield increased by 8.3%–20.9%
after the application of steel slag silicon fertilizer(A) and the control group with
conventional N–P–K fertilizer (CK) (as shown in Table 5). Wang Xiaojun and others
[27] planted cabbage in Harbin by adding steel slag as silicon fertilizer to reduce
the incidence of cabbage and increase plant height. However, silicon fertilizer is not
volatile anddoes not deteriorate, the restwill remain in the soil except for the absorbed
part of the crop. Therefore, silicon fertilizer application should pay attention to the
amount of control [28], in the input of “prevention instead of governance” [29].

As agricultural fertilizer, steel slag can improve farmland nutrient and keep farm-
land fertility, but to prevent steel slag fertilizer from causing soil consolidation [30],
the application amount, application mode, and application time should be studied
before application.

Table 5 Effect of steel slag on rice growth rate

Test site Treatment Height/cm Ripening rate/% Yield/kg·hm−2

Wu San Xiang, Dongling
District, Shenyang

CK 96.0 92.8 5839.5

A 96.0 91.2 7105.5

Shengli Township, Kangping
County, Shenyang

CK 85.7 92.0 7743.0

A 83.0 96.6 8661.0

Wu Bo Niu Xiang, Liaozhong
County, Shenyang

CK 100.7 90.5 8350.0

A 107.5 91.8 9100.5

Qiandian Town, Shuncheng
District, Fushun City

CK 83.0 96.9 6883.5

A 93.0 98.0 7450.5

Hebei Township, Shuncheng
District, Fushun City

CK 83.5 89.9 6514.5

A 87.5 92.0 7737.0

Cao Town, Qingyuan County,
Fushun

CK 97.2 – 652.5

A 98.3 – 7812.0

Tieling City CK 98.6 66.7 8963.0

A 99.9 70.1 9466.0
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Steel Slag as Heavy Metal Curing Agent

Heavy metal pollution in soil can poison crops [31]. Hu Chao [32], Zhang Fushun
[33], and Jia Xiru [34] found that the growth and development of pakchoi, beet, and
cucumber were inhibited after the Cd concentration exceeded a certain concentration
in the soil, and theCr (VI) activity in the soilwas strong,which caused crop distortion,
carcinogenesis, or mutation [35]. And human consumption of crops with excessive
heavy metals can induce various diseases [36].

Studies have shown [37, 38], the C–S–H, of Ca2SiO4 easy hydration into gel
state in steel slag powder has certain adsorption effect on Cu, Pb, Zn, and linked to
each other in a chain structure then formed Cd2SiO4, Ni2SiO4, Zn2SiO4;The OH−
released by steel slag powder and CaCO3 solidify Cu, Zn, Ni, Cr, and Pb in soil, as
shown in formulae (1)–(6):

2OH− + Cu2+ = Cu(OH)2 (1)

2OH− + Zn2+ = Zn(OH)2 (2)

2OH− + Ni2+ = Ni(OH)2 (3)

2OH− + Pb2+ = Pb(OH)2 (4)

3OH− + Cr3+ = Cr(OH)3 (5)

CaCO3 + Pb2+ = PbCO3 + Ca2+ (6)

On the one hand, steel slag has high basicity, large inner surface area, loose
porous and so on, so it can adsorb heavy metals, thus directly reducing the DTPA
effective mass fraction of heavy metals in soil [39, 40]. On the other hand, steel slag
as silicon fertilizer [41] can not only promote the growth of crops but also inhibit
the transport of heavy metal Cd in soil. Tong Qian and others [42] used steel slag as
silicon fertilizer and calcium magnesium phosphate fertilizer. The test showed that
the compound fertilizer could greatly inhibit Cd pollution in paddy soil. Liu Caifeng
and others [43] proposed Si to alleviate the toxic effects of Cd by inhibiting the
absorption, transport, and accumulation of crops, promoting and cooperating with
Cd chelates. It should be noted that continuous application of a curing agent can
reduce the curing effect of heavy metals [44], and if the soil environment changes,
temporarily solidified heavy metal ions will be reactivated [45].

Steel slag as heavy metal curing agent has the characteristics of wide application
range, low cost, and simple operation, but because of the different kinds of heavy
metals, the effect of curing agent on reducing the effectiveness of heavy metals in
plants will be different, so it needs to be adapted to local conditions.
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Recommendation and Prospect

In recent years, there has been an increase in research on the effect of heavy metals
in steel slag, and the heavy metal leaching amount is typically used as the evaluation
standard [46, 47], but the safe level of heavymetals in the existing compound fertilizer
in China is still the total amount of heavy metals used [25, 48]. It is suggested that
the relevant standard in China should be revised to use heavy metal leaching amount
as a measure of safety index.

Moreover, there is still a great deal of research to be focused mainly in the
following areas: (1) Different types of steel slag have different effects on crops,
and the tolerance of different kinds of crops to steel slag is also slightly different.
Therefore, it is necessary to further explore the differences in the application of steel
slag as fertilizer for different crops; (2) Although steel slag plays an active role in
agriculture, little research has been done on the long-term application of steel slag,
such as how much it is applied and how it is applied. Therefore, it is necessary to
carry out in-depth research to ensure the safe green application of steel slag; (3)
The variety and content of heavy metals in soil can be changed by human activities,
natural environment, crop varieties, and geographical locations, so it is necessary to
explore the application of steel slag using dynamic models in future research.
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Effect of MgO on Oxidation of Vanadium
Slag at High Temperature

Liang Liu, Jiang Diao, Yi-Yu Qiu, Hong-Yi Li, and Bing Xie

Abstract Based on two considerations of making full use of the residual heat of
V-slag and exploring a novel green V extraction process, this paper employs MgO
as the roasting additive, blows oxygen into the molten V-slag, and uses the residual
heat of the V-slag for pre-roasting at high temperature. The influence of MgO on
the phase structure of V-slags during oxidation has been investigated by XRD and
SEM/EDS. The result shows that MgO as the roasting additive can convert V-slag
at a high temperature of 1723 K. With the increase of blowing time of oxygen, the
trivalent V in the spinel phase gradually disperses in the silicate matrix and then
concentrates in the form of magnesium vanadate solid solution (Mg, Mn, Ca)2V2O7.
Furthermore, with the increase of MgO content, the peak intensity of the Mg2V2O7

diffraction peak increases significantly. When the MgO content in V-slag increases
from 4.01 to 12.74 wt%, the extraction efficiency increases from 18.99 to 64.07%.

Keywords V-slag ·MgO · Oxidation · High temperature · Residual heat

Introduction

Vanadium is an important nonferrous metal element widely applied in metallurgical,
material, and chemical industries [1, 2]. It is used as an alloy element additive in
steel, as a stabilizer and strengthening agent in titanium alloys, and as a catalyst in
the chemical industry. V–Ti magnetite ore is the main raw material for V extraction.
About 88% of V worldwide is extracted fromV–Ti magnetite ore [3, 4]. The route of
extracting V from V–Ti magnetite ore is to convert the ore into V-bearing hot metal
through blast furnace or other ironmaking processes and then blow oxygen into the
converter to enrich V in hot metal into slag phase. The V-slag obtained with about
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1573 K is used as the subsequent raw material for V extraction after cooling, and V
is extracted through pretreatment, roasting, leaching and, other processes [5–7].

At present, the most widely used V extraction process is the roasting–leaching
method. Roasting-leaching operation requires mechanical crushing and high-
temperature alkali roasting to destroy the outer package of the spinel and promote the
oxidation of the low-valent V (III) in the spinel to high-valent V (V) [8]. According
to different roasting additives, the industrialized V extractionmethods can be divided
into sodium method and calcification method [9].

Sodium roasting–water leaching method has strong adaptability to raw materials,
and the obtained V2O5 product is of high quality. Although the V-product obtained
by sodium roasting–water leaching method has high purity, it has the following
problems: The low-melting sodium salt produced during the roasting process will
cause the material sticking and hinder the continued oxidation of V. Harmful gases
such as SO2, SO3, Cl2, and HCl will be generated during the roasting process, which
will corrode the equipment and pollute the environment [10, 11]. The tailings and
wastewater after V extraction contain large amounts of Na+ and cannot be recycled
in the steel production process [12].

To solve the problems of waste gas pollution, agglomeration of furnace materials
and thewastewater exhibits high sodiumand ammoniumsulfate content in the sodium
roasting process, a calcium roasting–acid leaching method was proposed. During
the acid leaching process, the precipitation of CaSO4 could inhibit the dissolution
of vanadates, thus reducing the leaching ratio of V [13]. Due to the large amount of
CaSO4 in the tailings of V extraction, it is difficult to use economically and can only
be discarded. Moreover, the grade of V2O5 obtained after acid leaching is low and
contains more impurity elements such as Mn2+, Ca2+. Difficulty in filtering residues
and low V2O5 grade resulted in the process of not being widely used in industrial
applications [14].

In this paper, to solve the pollution problem caused by the roasting agent, MgO
was used to replace the existing sodium salt and calcium salt to realize the conversion
of spinel to soluble magnesium vanadate. From the perspective of energy saving, the
heat ofV-slag discharged from the converter can provide energy support for the subse-
quent oxidation process. By simulating the V extraction conditions in a converter
and using the residual heat of V-slag for magnesia pre-roasting, the oxidation effect
of V-slag with different MgO content has been studied.

Experimental

Materials

The V-slag used in this paper was obtained from Pan-steel, China. The chemical
composition of V-slag was analyzed by X-ray fluorescence spectroscopy (XRF,
SHIMADZULABCENTERXRF-1800), as shown in No.1 in Table 1. Add different
proportions of MgO to the V-slag, and the composition of V-slag obtained is shown
as No.2, No.3, and No.4.
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Table 1 Chemical composition of V-sla g, wt%

FeO V2O3 SiO2 TiO2 MnO MgO Al2O3 CaO

No.1 38.53 15.37 13.51 12.60 9.47 4.01 3.47 3.02

No.2 37.78 15.07 13.25 12.35 9.28 5.90 3.40 2.96

No.3 36.70 14.64 12.87 12.00 9.02 8.58 3.30 2.88

No.4 35.03 13.97 12.28 11.45 8.61 12.74 3.16 2.75

Experiments

Fifty grams of dried industrial V-slag were added into a corundum crucible and
melted at 1723 K. After full melting, MgO was added and quickly stirred evenly to
obtain V-slag with different MgO content. A double-hole alumina pipe with inner
diameter of 1 mm was inserted into the molten V-slag. Then, oxygen was blown into
the molten slag. The oxygen flow rate and oxygen blowing time were 3~10 L/min
and 10~30 min, respectively. After oxygen blowing, the crucible was taken out from
the furnace, cooled in air to room temperature, and then ground into a powder with
particle size less than 74 µm.

Characterization

An X-ray diffractometer (XRD, Rigaku D/max 2500 PC) was used to characterize
the phase in the powder sample. Morphology and element distribution in bulk
samples were detected by a scanning electron microscope (SEM, TESCAN VEGA
III) equipped with an energy-dispersive X-ray spectroscopy (EDS, INCA Energy
350). The oxidation effect of V-slag was expressed by the leaching rate of V. The
elemental V concentrations in the leaching liquor were determined via an inductively
coupled plasma-atomic emission spectrometer (ICP-AES, Thermo Fisher Scientific
iCAP 6300 Duo) with the limit of determination of 0.001 mg/L. The thermodynamic
calculations were performed using the FactSage 6.3 software.

Results and Discussion

Effect of MgO on the Phase of V-Slag

To investigate the influence of MgO addition on chemical components of the phases
in the V-slag, slag samples with different MgO contents were characterized by XRD.
As shown in Fig. 1a, the black line at the bottom represents the XRD pattern of
industrial V-slag. The V-slag is mainly composed of spinel phase (Fe, Mg)V2O4,



180 L. Liu et al.

Fig. 1 XRD pattern of the samples: a V-slag with different MgO content; b partial enlarged view.
(Color figure online)

(Mg, Fe)2TiO4, and olivine phase Fe2SiO4. V is concentrated in spinel phase andMg
distributes in each phase. The V-containing phases in all samples are concentrated
in (Mg, Fe)V2O4, and the olivine phase changes. With the increase of MgO content
in V-slag, part of Fe2+ (ion radius 0.74 Å) in Fe2SiO4 is replaced by Mg2+ (ion
radius 0.66 Å) with smaller ion radius, which leads to smaller cell parameters and
overall right shift of XRD peak [15]. In V-slag with MgO content as high as 12.74
wt% (No.4), Mg2SiO4 peaks are split from Fe2SiO4 peak, as shown in the partial
enlargement Fig. 1b.
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Effect of MgO on the Phase of Roasted V-Slag

Figure 2 shows the XRD pattern of V-slag with different MgO content after blowing
oxygen for 10 min. The industrial V-slag after pre-roasting for 10 min consists of
Fe2TiO5, Fe2O3, Ca3Mg(SiO4)2, a small amount of MgFeAlO4, and V-containing
phases (FeVO4, (Mg, Mn)2V2O7, Ca7V4O17).

After oxidation of V-slag with high MgO content for 10 min, olivine (Mg,
Fe)2SiO4 oxidized to pyroxene MgSiO3. The crystallinity of MgSiO3 was not good,
resulting in weak diffraction peaks. With the increase of MgO content in V-slag, the
content of Mg2V2O7 increased.

When the content of MgO is about 4.01wt% or 5.90 wt%(No.1 or No.2), the
roasted V-slag contains a large amount of diffraction peaks of Fe2O3. With the
increase of MgO content, the diffraction peaks of fractional Fe2O3 disappeared
and the intensity of MgFeAlO4 diffraction peak increased. Part of Fe2O3 and Mg2+

form spinel phase MgFeAlO4 furtherly, which consume the content of Fe2O3. Under
oxygen atmosphere, the binary phase diagram of MgO–Fe2O3 and MgO–Al2O3 are
shown in Fig. 3a, b. Ignoring other components, MgO can form spinel with Fe2O3

and Al2O3 at 1723 K, respectively. Therefore, in the presence of MgO, Fe2O3, and
Al2O3, the mixed spinel phase MgFeAlO4 can be generated.

Fig. 2 XRD patterns of V-slag with different MgO content after oxygen blowing for 10min. (Color
figure online)



182 L. Liu et al.

Fig. 3 The binary phase diagram: a MgO-Fe2O3; bMgO–Al2O3. (Color figure online)

Effects of Oxidation Time and MgO Content on the Leaching
Rate of V

Table 2 shows the leaching rates of the roasted V-slag. The acid leaching conditions
are as follows: liquid-to-solid ratio 5:1, temperature 70 °C, time 30 min, pH 0.5, stir-
ring speed 100 rpm. The leaching rate ofV of roastedV-slag increased obviouslywith
the increase of oxidation time and MgO content. When the MgO content increased
from 4.01 to 12.74 wt%, the V leaching rate increased from 18.99 to 64.09%. With
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Table 2 Leaching rate of roasted V-slag, %

Raw material Oxidation time

10 min 20 min 30 min

No.1 14.63 18.02 18.99

No.2 20.88 32.20 42.34

No.3 23.19 40.38 53.69

No.4 26.55 56.12 64.09

the increase of oxidation time from 10 min to 30 min, the leaching rate of V-slag
with 12.74 wt% MgO, increased from 26.55 to 64.09%.

The XRD pattern of the residue of the V-slag with 8.58 wt% content oxidized
for 10 min is shown in Fig. 4. The main components of the leaching residue are
Fe2TiO5, MgFeAlO4, and Fe2O3. The intensities of peaks corresponding to pre-
roasting products Fe2TiO5,MgFeAlO4, and Fe2O3 were not weakened after leaching,
indicating that they did not react with H2SO4. The diffraction peak of magnesium
pyrovanadate Mg2V2O7 disappeared, and a weak SiO2 diffraction peak appeared,
indicating that Mg2V2O7 is leachable. The reaction is shown in Eqs. (1–2).

Mg2V2O7 + 3H2SO4 = (VO2)2SO4 + 2MgSO4 + 3H2O (1)

MgSiO3 + H2SO4 = SiO2 + MgSO4 + H2O (2)

Fig. 4 XRD pattern of V-slag with 8.58% MgO before leaching and after leaching. (Color figure
online)
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Conclusions

The present study proposed a novel green V extraction process by magnesia pre-
roasting at high temperature. The experimental results indicated that MgO as the
roasting additive can convert V-slag at a high temperature of 1723 K. The added
MgO entered the spinel and the olivine Fe2SiO4 to form (Mg, Fe)V2O4 and (Mg,
Fe)2SiO4, respectively. The main phases of V-slag after oxidation were Fe2TiO5,
MgFeAlO4, Fe2O3,Mg2V2O7.On the one hand,MgOwas beneficial to the formation
of magnesium pyrovanadate Mg2V2O7. When the MgO content increased from 4.01
to 12.74wt%, theV leaching rate increased from 18.99 to 64.09%.On the other hand,
the pre-roasting time was conducive to the formation of magnesium pyrovanadate
Mg2V2O7. With the increase of oxidation time from 10 to 30 min, the leaching rate
of V-slag with 12.74 wt% MgO, increased from 26.55 to 64.09%.
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Effects of Basicity, FeO, and TiO2
on Phase Transformation and Viscosity
of TiO2-Bearing Primary Slag in Blast
Furnace

Yapeng Zhang, Dongqing Wang, Shaoguo Chen, Zhengjian Liu, Wen Pan,
and Zhixing Zhao

Abstract Characteristics and behaviors of primary slag are of central importance
for the cohesive zone. This work focuses on phase transformation and viscosities
of CaO–SiO2–Al2O3–MgO–FeO–TiO2 slag (TiO2 = 4~16 wt%, CaO/SiO2 = 1.1 ~
1.5, FeO = 5~25 wt%). The melting process of TiO2 bearing primary slag can be
divided into three stages. With the increase of binary basicity (from 1.2 to 1.5), the
viscosities of primary slag are at the same level (above 1674 K), but the Tbr increases
40 K with it. FeO can decrease both viscosity and Tbr. Tbr decreases to 87 K with
FeO content varying from 5 to 25 wt%. When the temperature is lower than Tbr,
TiO2-bearing phases (titania spinel and perovskite) start to precipitate, leading to
the dramatic increase of viscosity. Tbr increases from 1578 K to 1671 K when TiO2

content varies from 4 to 16 wt%. The effects of TiO2 on FT and Tbr are the same as
binary basicity.

Keywords Primary slag · Wustite · Break temperature · Viscosity · Perovskite

Introduction

Burden materials of blast furnace (BF) start to soften and melt resulting from reduc-
tion and high temperature in the cohesive zone, which give rise to the formation of
primary slag. Characteristics and behaviors of primary slag are of central importance
for cohesive zone, because they affect gas permeability in the lower part of BF shaft,
and then influence the BF operation efficiency. The composition of primary slag,
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especially FeO concentration, changes continuously as it flows and reacts with coke
and reducinggases. Some scholars [1–5] tried to study anddefine the complex compo-
sition of primary slags with various technical methods and agreed that primary slags
contain considerable FeO and are with higher basicity than typical BF slags. CaO–
SiO2–Al2O3–MgO–FeO slag system [2, 3, 6] had been investigated and discussed on
its viscosity and structure under different composition conditions. However, it’s not
enough to cover and illustrate the complex primary slags, especially the TiO2-bearing
primary slag.

In some iron-making plants, a Ti-bearing sinter is charged into BF to prolong the
life campaign, resulting in the formation of TiO2-bearing primary slag. In the author’s
previouswork [7], itwas found that therewere differences in phase transition between
Ti-bearing sinter and ordinary sinter during reduction with the existence of titanium,
which lead to the formation mechanism of TiO2-bearing primary slag different from
that of ordinary primary slag. Thus, this work focused on phase transformation and
viscosities of CaO–SiO2–Al2O3–MgO–FeO–TiO2 slag system in the temperature
range of 1473–1723 K to have a better understanding of TiO2-bearing primary slag.
Studies on liquid phase proportion and fluidity of slag [4], liquid phase formation
during iron ores sintering [8], and Melting behavior of Ti-bearing electric furnace
slag [9] were reported using FactSage to investigate the phase transition [10] in iron-
making and steelmaking process. Therefore, FactSage 7.1was applied to simulate the
transition of solid and liquid phases during the formation of primary slag. Viscosities
of CaO–SiO2–Al2O3–MgO–FeO–TiO2 slag system at different temperatures were
measured with an accurate rotating viscometer.

Materials and Methods

Thermodynamic Calculation of Phase Transition
of TiO2-Bearing Primary Slag

TiO2-bearing primary slag is a typical slag system composed of multiple compo-
nents (including CaO, SiO2, Al2O3, MgO, FeO, TiO2) and phases. The formation of
TiO2-bearing primary slag in BF is also companied with complicated interaction and
recombination of various phases and components. It is necessary to clarify the phase
transition of TiO2-bearing primary slag with temperature increasing by thermody-
namic calculations. In this work, FactSageTM software, which contains two famous
software packages [11, 12] (Fact-Win & ChemSage) in the field of thermodynamics,
was adopted to simulate the phase transitions. The “Equilib” module was applied
with the databases “FToxid” and “FactPS”, as “Equilib” module has the function of
completing phase equilibrium calculations under the conditions of multiple coupling
reactions. According to the reports of other scholars and the author’s previous work,
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Table 1 Chemical compositions of primary slag samples (wt%)

Sample number CaO SiO2 MgO Al2O3 TiO2 FeO R

R1 29.86 27.14 8 12 8 15 1.10

R2* 31.09 25.91 8 12 8 15 1.20

R3 32.22 24.78 8 12 8 15 1.30

R4 33.25 23.75 8 12 8 15 1.40

R5 34.20 22.80 8 12 8 15 1.50

F1 36.55 30.45 8 12 8 5 1.20

F2 33.82 28.18 8 12 8 10 1.20

F3* 31.09 25.91 8 12 8 15 1.20

F4 28.36 23.64 8 12 8 20 1.20

F5 25.64 21.36 8 12 8 25 1.20

T1 33.27 27.73 8 12 4 15 1.20

T2 32.18 26.82 8 12 6 15 1.20

T3* 31.09 25.91 8 12 8 15 1.20

T4 30.00 25.00 8 12 10 15 1.20

T5 28.91 24.09 8 12 12 15 1.20

T6 27.82 23.18 8 12 14 15 1.20

T7 26.73 22.27 8 12 16 15 1.20

* Samples R2, F3, and T3 are the benchmark and have the same chemical composition.

the compositions of TiO2-bearing primary slag were determined as shown in Table 1.
Viscosity tests were conducted by picking up some of the compositions.

Sample Preparation and Viscosity Test

Samples of TiO2-bearing primary slags were prepared with analytic reagents
(CaCO3, SiO2,MgO,Al(OH)3, TiO2, and FeC2O4·2H2O). The components, i.e. CaO,
Al2O3, and FeO, of the primary slag were obtained by decomposition of CaCO3,
Al(OH)3, and FeC2O4·2H2O, the reaction equations are as follows:

CaCO3 → CaO + CO2

2Al(OH)3 → Al2O3 + 3H2O
FeC2O4·2H2O → FeO + CO + CO2 + 2H2O
Figure 1 presents the preparation procedures of TiO2-bearing primary slag

samples. Analytic reagents (CaCO3, SiO2, MgO, Al(OH)3, and TiO2, excluding
FeC2O4•2H2O) were weighted and mixed adequately as designed in Table 1. The
mixtures were ground in a corundum mortar for 15 min. The well-mixed powders
were then charged into the titanium dioxide crucibles, and put in a muffle furnace,
heated to 1150 °C, and kept for 60 h. After that, analytic reagent FeC2O4•2H2O was
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Fig. 1 Preparation procedures of TiO2-bearing primary slag samples. (Color figure online)

added to the powers and ground for another 15 min. Then, the mixed samples were
put into the nickel crucibles and arranged in a horizontal furnace, heated to 1250–
1280 °C (according to the solidus temperature of samples, which was calculated
by FactSage 7.1), and maintained for 60 min under the atmosphere of high purity
argon (99.999%). After the furnace being cooled to room temperature under argon
atmosphere, the samples were discharged from the nickel crucibles and smashed into
small particles, which would be used for viscosity tests.

The viscosity tests of TiO2-bearing primary slag were performed with typical
rotating cylinder method. The viscosity measuring equipment used in this work
is Rheotronic II-type viscometer (produced by Theta Industries Inc.) and its main
parameters are shown in Table 2. Two types of molybdenum crucibles (Testing

Table 2 Equipment
parameters of Rheotronic
II-type viscometer

Items Parameters

Type of measuring head Brookfield DV III

Range of measurement 0.05 ~ 500 Pa·s

Range of Temperature RT ~ 2000°C

Rotor speed 0.1 ~ 500 rpm

Type of thermocouple S-Type

Size of chamber �60 × 500 mm

Heating element MoSi2 bar
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Table 3 Size parameters of crucibles and spindle (mm)

Spindle Crucible Testing crucible Protecting crucible

Diameter 12 Inner-diameter 29 31.5

Height 17 Outer-diameter 31 35

Shape Fusiform Height 60 65

Fig. 2 Schematic diagram of viscosity tests and the temperature schedule of measurements

crucible and protecting crucible) and the molybdenum spindles were applied for
viscosity tests. The size parameters were summarized in Table 3. Each time 35–
45 g of prepared samples (the height of molten slag was kept at the same level in
crucible) was charged into the testing crucible for viscosity test. Schematic diagram
of viscosity tests and the temperature schedule were illustrated in Fig. 2.

Results and Discussion

Effects of Binary Basicity (R)

Figure 3 illustrates the phase transitions of different primary slagswith binary basicity
from 1.1 to 1.5. The fusion temperature (FT) of TiO2-bearing primary rises with the
increase of binary basicity.

The initial melting temperature (IMT) also rises, indicating the existence of more
compounds with a high melting point in primary slag. The IMT of primary slag with
R = 1.1 is lower than 1473 K, as some liquid phases have appeared at 1473 K. The
temperature interval between IMT and FT has a small difference (124–128 K) when
binary basicity varies from 1.2 to 1.5.

Interestingly, the melting process of TiO2-bearing primary slag can be divided
into three different temperature stageswith distinctive features according to the phase
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Fig. 3 Effects of binary basicity (R) on phase transformation of TiO2-bearing primary slags

transformation and the liquid phase proportion during melting. The main features of
each stage are as follows.

Stage I: From IMT to Point A, the liquid proportion increases dramatically, while
melilite decreases quickly. Some FeO-containing phases, such as wustite and olivine,
also decrease or disappear at the end of this stage. Meanwhile, merwinite, which has
relatively high FT (1823 K), reaches its maximum proportion in the melting process,
and the maximum proportion of merwinite increases with binary basicity improving
from 1.1 to 1.5. The two TiO2-bearing phases, i.e. titania spinel and perovskite, are
very special in this stage. When binary basicity varies from 1.1 to 1.3, the proportion
of titania spinel decreases and perovskite increases. Adversely, when binary basicity
varies from 1.4 to 1.5, the titania spinel increases and the perovskite decreases. The
main phase transformations in stage I are summarized:

melilite+wustite+ titania spinel→ liquid+ perovskite+merwinite (R= 1.1 ~ 1.3)

melilite+ olivine+ perovskite→ liquid+ titania spinel+merwinite (R= 1.4 ~ 1.5)

Stage II: FromPoint A to B, the proportion of liquid increases continuously. At the
end of this stage, melilite disappears gradually with temperature going higher. The
proportion of TiO2-bearing phases (titania spinel and perovskite) decreases slightly
because of the existence of melilite. And merwinite also dissolves totally or partly
into liquid in this stage depending on various binary basicities. Consequently, phase
transformation is relatively simple:

melilite + titania spinel + perovskite + merwinite (R = 1.3 ~ 1.5) → liquid
Stage III: Frompoint B to FT, solid phases aremainly titania spinel, perovskite and

some residual merwinites (at high binary basicity). The two TiO2-bearing phases are
the last to be dissolved into liquid. Thus, the phase transformation can be summarized
as follows:
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Fig. 4 Effects of binary
basicity (R) on viscosity of
TiO2-bearing primary slags.
(Color figure online)

titania spinel + perovskite + merwinite (R = 1.4 ~ 1.5) → liquid
Figure 4 presents the effects of binary basicity (R) on viscosity of TiO2-bearing

primary slags. TheTbr is a point at which the viscosity increases suddenly and the slag
becomes non-Newtonian in behavior because of the crystallization and solidification
[13–15] when viscosity measurements are carried out during a cooling cycle. The
Tbr is usually lower than the initial crystallization temperature and higher than the
ful crystallization temperature. That means Tbr is between IMT and FT. When the
temperature is higher than Tbr and lower than FT, solid and liquid phases co-exist in
the system, and the solid phases do not precipitate [16]. With the increase of binary
basicity, the Tbr on viscosity curve (circled points) increases about 50 K. Therefore,
A higher binary basicity corresponds to higher Tbr, IMT, and FT for TiO2-bearing
primary slag. Furthermore, the viscosity values of primary slag are at the same level
when temperature is above 1663 K.

Effects of FeO Content

Effects of FeO on phase transformation of TiO2-bearing primary slags are illustrated
in Fig. 5. The FT decreases first and then increases with FeO content varying from 5
to 25 wt%. It means that when TiO2 is contained in the primary slag, the FT would
not always decrease with the FeO increasing. The IMT increases with FeO content
increasing in the range of 5–15 wt%.

Meanwhile, IMT has no significant variation trend with FeO content increasing
when FeO is between 15 and 25 wt%. Comparing the phase transformation diagrams
in Fig. 5, perovskite decreases and titania spinel increases during melting process
with FeO varying from 5 to 25 wt%. Interestingly, in stage III of melting process,
either perovskite or titania spinel alone left would increase the FT of primary slag.
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Fig. 5 Effects of FeO on phase transformation of TiO2-bearing primary slags

However, when both of the two TiO2-bearing phases were left, FT would decrease,
as shown in Fig. 5.

Furthermore, the phase transformations of primary slags during melting are of
great difference with FeO content increasing from 5 to 25 wt%, especially in stage
I. Main phase transformations at different temperature stages are summarized as
follows.

Stage I: From IMT to Point A.
melilite + titania spinel + wustite → liquid + perovskite (FeO = 5~15 wt%)
melilite + olivine + wustite + titania spinel → liquid + perovskite + magnesia-

alumina spinel (FeO = 20 ~ 25 wt.%)
The TiO2-bearing phase olivine is an intermedium phase when FeO is 20 wt%.
Stage II: From Point A to B.
melilite + titania spinel + perovskite → liquid
Stage III: From point B to FT
TiO2-bearing phase + liquid → liquid
TiO2-bearing phase represents titania spinel and (or) perovskite in different

diagrams.
With the increase of FeO content, the temperature range of stage II gets narrower,

while stage III gets wider. When FeO is 25 wt%, temperature stages I and II are even
merged as one. Generally, TiO2-bearing primary slags with higher FeO content melt
more quickly and sharply in stages I and II.

Figure 6 shows the effects of FeO on viscosity of TiO2-bearing primary slags.
FeO has a strong influence on the viscosity. Higher FeO content corresponds to
lower viscosity and Tbr. The Tbr decreases by 87 K with FeO varying from 5 to 25
wt%. FeO is a basic oxide and acts as a network modifier [1, 3, 9] in slag, which can
decrease the viscosity of slag significantly.
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Fig. 6 Effects of FeO on
viscosity of TiO2-bearing
primary slags. (Color figure
online)

Effects of TiO2 Content

Figure 7 presents the effects of TiO2 content on phase transformation of different
primary slags. The IMT decreases when more TiO2 exists in primary slag. It even
becomes lower than 1473 K with 12–16 wt% TiO2 as considerable liquid phase has
appeared at 1473 K. Interestingly, the FT increases from 1627 K to 1682 K with
TiO2 varying from 4 to 16 wt%. That means the increase of TiO2 content in primary
slag will extend the temperature interval of solid–liquid coexistence zone.

As shown in Fig. 7, the titania spinel expands while the melilite and wustite shrink
with TiO2 ranging from 4 to 16 wt% before primary slag starting to melt. Similarly,
the melting process of TiO2-bearing primary slag can be also divided into three
different temperature stages. The main features of each stage are as follows.

Stage I: From IMT to Point A, liquid phase increases, while melilite and wustite
decrease quickly. Wustite disappears at the end of this stage. Meanwhile, perovskite
reaches its maximum proportion in melting process. Magnesia–alumina spinel starts
to form when TiO2 content increases. So the main phase transformations in stage I
are summarized:

melilite + wustite + titania spinel → liquid + perovskite (TiO2 = 4~8 wt%)
melilite + titania spinel → liquid + perovskite (TiO2 = 10 ~ 16 wt%)
Stage II: From Point A to B, the increase of liquid proportion slows down slightly.

Perovskite starts to dissolve at this stage and the melilite disappears at the end of this
stage. Consequently, phase transformation is relatively simple:

melilite + titania spinel + perovskite → liquid
Stage III: From point B to FT, solid phases are only TiO2-bearing phases, i.e.

titania spinel and perovskite. The phase transformation is the dissolution of the two
TiO2-bearing phases into liquid. So the phase transformation can be summarized as
follows:
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Fig. 7 Effects of TiO2 on phase transformation of TiO2-bearing primary slags

titania spinel + perovskite → liquid
Figure 8 shows the effects of TiO2 content on viscosity of TiO2-bearing primary

slags. The trends of the viscosity curves with relatively low TiO2 content (4 ~ 8
wt%) are of typical “short slag”. However, the viscosity curve of relatively high
TiO2 content (16 wt%) is of typical “long slag”. The Tbr increases from1578 K to
1671 K when TiO2 content varies from 4 to 16 wt%.

As for the influence of TiO2 on viscosity, it’s more complicated than basicity and
FeO because TiO2 is an amphoteric oxide [17]. Many scholars [1, 16, 18] conducted
viscosity measurements and structure analysis of slags to study and identify the role
of TiO2 in slag and found that TiO2 behaved as a basic oxide and acted as a network
modifier. That means the viscosity will decrease with the increase of TiO2 content
in slag. However, this conclusion may be correct only when the temperature is close
to or higher than 1773 K. In this work, the viscosities were measured lower than
1723 K. In the temperature range of 1723 K–Tbr, the viscosity increases with TiO2

increasing in slag. This may indicate that TiO2 acts as a weak acidic oxide [19] and
plays the role of network former. Jiao and Zhang et al. [16, 20] explained that TiO2

can capture oxygen ions and the existence of Ti2O6
4– chain units gives rise to a

higher degree of polymerization for silicate network. When the temperature is lower
than Tbr, TiO2-bearing phases (titania spinel and perovskite) start to precipitate,
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Fig. 8 Effects of TiO2 on
viscosity of TiO2-bearing
primary slags. (Color figure
online)

leading to the dramatic increase of viscosity. Zhang et al. [18] also confirmed that
TiO2 would act as a network former when temperature was low in the CaO–MgO–
Al2O3–SiO2–TiO2 slag system. But he found that TiO2 mainly existed in the form of
[TiO4] which was different from the result of Jiao’s work. Therefore, further study
is necessary to clarify the structure of TiO2 in Ti-bearing primary slag.

Comparison of IMT, FT, and Tbr

Binary basicity, FeO, and TiO2 have different influences on the melting process and
viscosity of primary slag. Figure 9 gives the comparison of Tbr with IMT and FT of
TiO2-bearing primary slag.

Tbr, IMT, and FT all increase along with binary basicity increasing from 1.1 to
1.5, as shown in Fig. 9a. Furthermore, the temperature interval between Tbr and FT
becomes narrower. That means higher binary basicity will promote the precipitation
of TiO2-bearing phases. Besides, the cohesive zone in a blast furnace tends to be
lower as IMT goes high with binary basicity.

FeO has an obvious effect on Tbr, as shown in Fig. 9b. Tbr decreases sharply
with FeO content varying from 5 to 25 wt%. Meanwhile, FT tends to decrease first
and then increase. It seems that FT will decrease when titania spinel and perovskite
dissolve into liquid together at stage III.

The effect of TiO2 on FT and Tbr is the same as the binary basicity. However, IMT
goes lower with TiO2 increasing from 4 to 16 wt%, as shown in Fig. 9c. It will lead
to the expansion of temperature interval of the cohesive zone in a blast furnace, and
then affects the smooth operation of blast furnace.
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Fig. 9 Comparison of Tbr with IMT and FT of TiO2-bearing primary slag. (Color figure online)

Conclusions

(1) The melting process of TiO2-bearing primary slag can be divided into three
stages. The first stage mainly includes not only the melting process of melilite,
titania spinel, wustite, and olivine but also the formation of perovskite and some
other intermediate compounds. The second stage is the melting of melilite and
TiO2-bearing phases. The third stage is the dissolution of TiO2-bearing phases.

(2) With the increase of binary basicity (from 1.2 to 1.5), the viscosities of primary
slag are at the same level at high temperature (above 1674 K), but the Tbr

increases 40 K with it. FeO can decrease both viscosity and Tbr because FeO
acts as a network modifier in primary slag. Tbr decreases 87 K with FeO content
varying from 5 to 25 wt%. TiO2 acts as a weak acidic oxide and plays the role
of network former in cohesive zone at relatively low temperatures, and then
increases the viscosity of primary slag. When the temperature is lower than Tbr,
TiO2-bearing phases (titania spinel and perovskite) start to precipitate, leading
to the dramatic increase of viscosity. Tbr increases from 1578 K to 1671 Kwhen
TiO2 content varies from 4 to 16 wt%.

(3) Binary basicity, FeO, and TiO2 have different influences on the trends of Tbr,
IMT, and FT. Binary basicity has the same effect on the three temperatures. Tbr
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decreases sharply with FeO varying from 5 to 25 wt%. Meanwhile, FT tends to
decrease first and then increase. The effect of TiO2 on FT and Tbr is the same as
binary basicity. IMT goes lower with TiO2 increasing from 4 to 16 wt%, leading
to the expansion of temperature interval of the cohesive zone in a blast furnace.
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Manufacture of Porous Frit Vents Using
Space Holder Methodology
for Radioisotopic Space Power Systems

Gareth Sheppard, Karl Tassenberg, Ramy Mesalam, Bogdan Nenchev,
Joel Strickland, and Hugo Williams

Abstract Porous pure copper frits were produced by sintering via both pressure-
less and space holder methods. Frits function both as a gas pressure release path
and radioisotopic fine filter for radioisotopic thermoelectric generators (RTG’s) and
radioisotopic heater units (RHU’s). Highly precise and reproducible flow rates are a
fundamental requirement in frit vent design, hence accurate characterisation of their
morphological structure is crucial. A novel bulk sample characterisation algorithm
“GAKTpore” is applied to scanning electron microscope (SEM) maps to study and
quantify the effects of processing parameters on sample heterogeneity, pore disper-
sion, and pore morphology. The purpose of the investigation is to refine the process–
property relationships and achievemanufacturable repeatable homogeneousmorpho-
logical structures. In this study, copper was used as a surrogate for platinum alloys.
All frits were tested via a purpose-built/in-house helium precision-flow rig in order
to establish a link between permeability and surface morphology. Frits manufactured
via the space holder route displayed great potential for the future development of the
manufacture of frit vents for European RTG and RHU development programs.
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Keywords Pore analysis · Homogeneity ·Metal foams · Space holders ·
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Introduction

Radioisotopic thermoelectric generators (RTG’s) and radioisotopic heater units
(RHU’s) share a similar inner containment architecture, where a ceramic radioiso-
topic heat source is contained within a compatible welded metallic structure, usually
referred to as the cladding. The design of the containment architecture is completed
to meet many safety criteria, the most important being the retention of the radioiso-
topic fuel within the vessel for all failure scenarios [1]. Failure via clad pressurisation
from the generation of gases is a mechanism of failure [2]. Gaseous pressurisation is
formed from two mechanisms; continuous helium build-up (alpha decay) from the
radioisotopic source and oxygen released from the ceramic fuel at elevated tempera-
tures. To avoid this scenario, the cladding has a small vent hole, to allow the venting
of any generated gases. The hole is covered by a frit vent, a thin disk manufactured
from a porous metal foam material serving a dual purpose: (1) allowing controlled
gas release and (2) preventing contamination of escaping radioisotopic fuel fines [3].

The porous material covering the vent is usually produced by sintering a pure
metallic powder via the pressure-less sintering route. Pure element precious metals
powders such as platinum and iridium are typically used to ensure high-temperature
material compatibility with the cladding. Porous frit dimensions vary but are usually
a few millimetres in diameter and less than a millimetre thick [4]. Therefore, frits
are challenging to manufacture and produce to the critical safety tolerances required.
To the knowledge of the authors, commercially available frits made of platinum are
not obtainable in Europe. Thus, the University of Leicester is currently developing
alternative methods of producing porous platinum disks for the European RTG and
RHU systems [5].

To bypass some of the challenges encountered of pressure-less powder sintering
route, such as reproducibility and flow rate deviation [6], a newmethod was explored
for creating controlled openporosity. The sacrificial space holdermethod employs the
use of a sacrificial material mixed into the material matrix, which is later extracted,
leaving porosity in the space it previously occupied. The quantity and particulate
size of the sacrificial space holder material determine the approximate final material
porosity, morphology and pore size distribution. Allowing effective tailoring of the
space holder volume fraction to meet the desired material permeability.

In open porous metal foams, morphological analysis is usually carried out via
simple pressure drop readings, or gas absorption methods. However, both fail
to give a full morphological characterisation and provide a measure of closed
porosity [7]. Pore morphological characterisation is usually carried out by manually
measuring features in SEM micrographs, such as using the line tool in ImageJ
(NIH, Maryland, USA). It has been recognised that these simple porosity and pore
diameter measurements are insufficient to thoroughly determine the wide variety of
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morphological features in metal foams, resulting in limiting their potential perfor-
mance. To remedy this issue, a feature extraction algorithm titled “GAKTpore” was
created at the University of Leicester to characterise bulk porous metal foams. For
a full derivation and explanation of the characterisation methods used, the reader is
referred to the journal paper [8]. The advantages of automatic feature extraction and
bulk characterisation for the discovery of novel relationships has been increasingly
highlighted in computer vision literature [9].

This paper outlines the initial design concept and characterisation of fritsmanufac-
tured via the space holder route. The porous frits were manufactured using copper
as an initial surrogate to platinum. The frits were characterised via both a flow
permeability test and the new validated feature extraction algorithm developed at the
University of Leicester “GAKTpore”. The work focuses on the applicability of the
novel characterisation method for the optimisation of the manufacturing process of
porous frit vents for space applications. For comparison, the samples manufactured
via the space holder route were assessed against the performance of frits manufac-
tured via the traditional pressure-less sintering route, which was sintered under the
same sintering cycle.

Experimental Procedure

Copper metal foams were manufactured to compare the pressure-less and space
holder metal foam manufacturing techniques. Table 1 outlines the processing
sequence of both metal foams. For the foams manufactured via the pressure-less
sintering route, the starting materials were a 325-mesh (44 µm) dendritic copper
powder from Alfa Aesar (Haverhill, Massachusetts, USA). For the space holder
route, a 5 µm 99.8% spherical copper powder and 10 µm spherical PMMA powder
from Goodfellow (Huntingdon, UK).

Figure 1 is the sintering cycle used to manufacture the copper frits. Tightly
controlled heating rates are utilised so that frits can be produced with refined
microstructures repeatably. The sintering cycle was undertaken using a 1600 °C
horizontal inert gas furnace from Elite Furnaces (UK) to try to mitigate against the

Table 1 Processing sequence

Via pressure-less sintering route Via space holder route

1. The powder is weighed and placed in a
specially designed and manufactured crucible

The powders are weighed to give a 50%
volume fraction

2. The loaded crucibles are placed on a vibrating
plate and vibrated for 20 min

Powders are mixed with 5 wt% PVA as a
binder in a pestle and mortar for 5 min

3. The loaded crucibles are placed in an inert gas
furnace

Powders are cold-pressed in a 10 mm die
at 300 MPa

4. The furnace is flushed with argon and the samples are sintered at 760 °C for 60 min
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Fig. 1 Thermal heating cycle under which the porous copper frit vents were sintered

Fig. 2 Diagram of the experimental setup used for measuring helium permeability. (Color figure
online)

volatile components released during the PMMA burnout, which are known to cause
bulk defects such as cracks and swelling [10].

Surface Morphology Characterisation

To characterise the surface morphology, the foam samples were imaged using a
Quanta 650 FEG SEM, where bulk SEM maps were produced of the full sample
using FEI MAPS 2.1 software. From the bulk sample maps: local area fraction (pore
dispersion/inhomogeneity), shape factor (circularity, waviness and aspect ratio), pore
size and area, and largest sphere fitting through a given pore (LSTP) was calculated
using the validated open-source algorithm “GAKTpore” [8].
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Permeability Tests

The permeability tests were undertaken using helium, the experimental set up is
displayed below in Fig. 2. The rig consists of a high-pressure helium source, needle
valve, sample chamber, bespoke sample holder, differential pressure sensor, and a
flow ratemeter. The rigwas calibratedwith a solid copper disk before the experiments
to check for helium leakage.

The bespoke sample holders for testing the porous copper samples were designed
to replicate the helium flow route that is currently used in the European clad
RTG/RHU architecture. In Fig. 3, the design uses a machined recess in which the
porous material is secured. A thin disk with a 3 mm hole in the middle is then press-
fitted over the top to keep the porous material tightly secured and allow helium flow
in. A 1 mm hole below the porous material is used to simulate the vent hole in the
cladding, where the helium is released. This provided configuration similar to that
used in the lightweight radioisotopic heater unit (LWRHU) [3].

Fig. 3 Cross-sectional diagram of bespoke sample holder used to replicate cladding frit vent helium
flow. Amachined recess in the cylinder is utilised with a pressed cover disk fit. (Color figure online)
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Results and Discussion

Surface Morphology Characterisation

Inhomogeneity bulk sample maps are plotted in Fig. 4. GAKTpore utilises a novel
dedicated neighbourhood algorithm that relates every point/pixel in an image to its
nearest shape/pore contour. By evaluating these relationships based on distance, an
area of free space around every pore, named territory area, is identified. This territory
area is influenced by the morphology of the pore, pore area, neighbouring pore areas,
and their proximity. The maps visually illustrate the level of local area fraction ratio

Fig. 4 Inhomogeneity maps plotting the area fraction of pore area to territory area with pores
overlaid. Lower ratios (dark blue) correspond to a larger territory area to pore area, through a
combination of smaller pores and greater pore spacing. a Sample HM3, b Sample HM3micrograph,
c Sample PFS2, d Sample PFS2 micrograph. (Color figure online)
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(homogeneity) by plotting the local pore area over its corresponding territory area.
The level of homogeneity is visualised through a colour map of contrasting colours,
displaying the frequency and distribution of different local area fractions. Figure 4a–
d shows the samples manufactured via the space holder route and pressure-less
sintering technique, respectively. For the space holder, a 10 µm spherical PMMA
powderwas used. This is clearly displayed as the pores are smaller in Fig. 4b andmore
circular than Fig. 4d. The pores created in Fig. 4d are from natural loose particulate
packing, which appear to give it a more distinct thin elongated shape.

Figure 5 allows the visualisation of the differences in samples manufactured using
the exact same parameters. Figure 5a, c are the samples made with the 10µmPMMA
space holder and Fig. 5b, d aremade using the pressure-less sintering route. Figure 5a
displays the local area fraction distributions within the samples, where the sample
HM1 is shifted slightly to the right and higher, which suggests a higher quantity
of larger pores than HM2 and HM3. Whereas, in Fig. 5c, the pore size distribution
data shows that HM1 has the lowest sigma, displaying the desirable narrow pore
distribution required.When then compared with the permeability data in Fig. 6, it can
be seen that the area fraction data is also vitally important for predicting permeability
trends between samples, proving insights that the pore size distribution data is not
enough to fully quantify how the pore morphology and permeability relate.

Figure 5b, d on the other hand display a much less ordered structure, where,
Fig. 5b shows a much greater difference in area fraction distribution range, showing

Fig. 5 Beta fits of histograms comparing data collected from the feature extraction algorithm,
“GAKTpore”. a Area fraction distributions of samples manufactured via the space holder route,
bArea fraction distributions of samplesmanufactured via the pressure-less sintering route, cLargest
sphere through a pore size distributions of samples manufactured via the space holder route,
d Largest sphere through a pore size distributions manufactured via the pressure-less sintering
route
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Table 2 The mean shape factor statistics extracted from the bulk sample map micrographs

Sample Mean Circ σ Mean Wav σ Mean AR σ

HM1 0.63 0.24 0.36 0.15 0.64 0.17

HM2 0.73 0.23 0.27 0.17 0.64 0.17

HM3 0.73 0.23 0.26 0.17 0.64 0.17

PFS1 0.57 0.25 0.39 0.18 0.58 0.16

PFS2 0.51 0.26 0.42 0.18 0.54 0.16

PFS3 0.61 0.26 0.37 0.20 0.57 0.17

larger deviations in samples manufactured using the same method. The pore size
range in Fig. 5d is shown to have a large variance in distributions, indicating a more
unreliable production method when compared to the space holder method.

The shape factors in Table 2 provide an insight into the morphology of the pores
and can be used to quantify the variation in the sample morphology for a specific
manufacturing technique and the effect of certain process parameters, i.e. being able
to quantify the effect of compaction pressure on pore morphology. This is also useful
for modelling purposes as the pores can no longer be assumed to be circular. The
waviness shows that the structures are convoluted, not simply elongated circles that
could be inferred from just the aspect ratio and circularity. The samplesmanufactured
through the space holder technique have pores that are more circular and less wavy
than the pores produced from the pressure-less sintering route.

Permeability Characterisation

Fitted linear plots of the helium permeability data are shown in Fig. 6. The three
samples that were manufactured via the space holder route are shown to have a lower
permeability compared to the single sample tested via the pressure-less sintering
route. Sample HM1 is shown to have the largest permeability of its sample batch
and HM3, the lowest. This also matches perfectly with the data in Fig. 5a, where
having the slightly larger distributions of larger pores (HM1) shows an increase in
permeability, and small distributions (HM3) show lower. This is due to the reduced
chance of pores connecting and creating open channels through the sample.

From the proof of concept study, the space holder technique has been shown to
be a potential method to manufacture frit vents for European RHU and RTG power
systems. With the aid of “GAKTpore” it is hoped that refinement of processing
parameters can be carried out in order to reduce the variance within samples manu-
factured via the samemethod and conditions. The space holder method shows greater
potential when compared to the pressure-less sintering route due to the greater
reproducibility displayed, lowering the level of manufacture parameter refinement
required, although this can only be inferred from the SEM bulk maps data as not all
of the samples could be flow tested.
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Fig. 6 Permeability testing of the porous samples produced. Hand-mixed samples 1–3 and 1
pressure-less sintered sample. The red circle shown is the average helium permeability of the
multi-mission RTG (MMRTG) frit vent as a single point of reference [3]. (Color figure online)

In this study, “GAKTpore” is implemented as an alternative method for μ

CT tomography quantification of porous structures, since the attenuation effects
of copper significantly limit the resolution of μ CT tomography. By utilising
upscaling techniques, high resolution (30 px per pore) can be attained on bulk SEM
samples (10 mm diameter), allowing a much more comprehensive extraction of pore
morphology information, compared to X-ray tomography techniques.

In futures studies, the volume fraction of the PMMA space holder will be varied
to create a frit vent using the space holder method that aims to have the same perme-
ability as the MMRTG frit vent system. Further refinement of processing parameters
using “GAKTpore” will also be completed to try to refine flow rate reproducibility.

Conclusions

In this study, the space holder route for the manufacture of controlled morphology
of porous media was explored for future European RHU and RTG vent systems.
When compared against the traditional pressure-less sintering technique, the space
holder route was shown to have a much lower variance between extracted surface
morphological features. Pore size and local area fraction distributions confirm the
reliability of manufacturing using the space holder route, producing significantly
more consistent results compared to the pressure-less sintering technique. Perme-
ability data of the space holder sampleswas shown to have a clear relationship linking
flow rate and local area fraction distributions. It is hoped that further refinement of
local area fraction distributions will produce a higher reproducibility of samples,
lowering deviations in morphological and flow properties, an important criterion for
the manufacture of frit vents. Future studies will be undertaken to match the perme-
ability of the MMRGT frit vent system and refine process–property relationship to



210 G. Sheppard et al.

allow this technique to be used to manufacture any required permeability with high
reproducibility.
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Utilization of Ferronickel Slag
for Producing Concrete

Huimin Tang, Zhiwei Peng, Foquan Gu, Lei Yang, Wenxing Shang,
Jingfeng Yu, Guangyan Zhu, Weiguang Tian, Mingjun Rao, Guanghui Li,
and Tao Jiang

Abstract Ferronickel slag, featured by high contents of SiO2 and MgO, is a kind of
solidwaste produced in the ferronickel alloy process. Proper utilization of ferronickel
slag can not only effectively reduce the environmental risk but also realize the high
value-added utilization. Based on analysis of the composition and phase characteris-
tics of various kinds of ferronickel slag obtained by different processingmethods, the
applications of the slag in producing concrete were discussed for providing insight
into efficient use of the waste.

Keywords Ferronickel slag · Utilization · Cement · Concrete · Strength

Introduction

Ferronickel slag is a byproduct discharged in the production of ferronickel alloy. Its
chemical and phase compositions and physical properties depend on raw materials
and processingmethods [1]. It was estimated that approximately 6–16 tons of slag are
produced in the productionof 1 tonof ferronickel [2]. The annual output of ferronickel
slag in China was approximately 40 million tons [3], accounting for more than 20%
of the global ferronickel slag output. However, its utilization is only about 8–10% [4,
5]. Piled ferronickel slag causes large land occupation and environmental pollution.

Although the physicochemical features of ferronickel slag may vary greatly, its
main chemical components are SiO2 (30.0–54.5 wt%), Fe2O3 (6.4–43.8 wt%), MgO
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(2.7–32.7 wt%), CaO (1.5–12.0 wt%), and Al2O3 (2.5–8.3 wt%). Its main crys-
talline minerals include enstatite, forsterite, and diopside [6]. There are mainly
two types of slag, depending on the heating furnace during the production process,
namely, blast furnace ferronickel slag (BFFS) and electric furnace ferronickel slag
(EFFS). According to the cooling method, slag can also be classified as water-cooled
ferronickel slag (W-FS) and air-cooled ferronickel slag (A-FS). Compared with W-
FS, A-FS has higher density and water absorption as well as less amorphous mineral
phase [7].

In the past decade, using ferronickel slag for producing concrete has been
attracting tremendous attention. In this study, the representative efforts in this field
were reviewed,with the aim to offer a guide for sustainable recycling and value-added
utilization of the waste.

Applications of Ferronickel Slag in the Production
of Concrete

In recent years, ferronickel slag has been used for the production of concrete due to
its similar chemical composition, low water absorption, high density, high strength,

Table 1 Chemical compositions of different ferronickel slags (wt%)

No. SiO2 MgO Fe2O3 Al2O3 CaO Cr2O3 Reference

1 24.89 9.61 2.66 17.46 32.15 – Chen et al. [2]

2 49.38 21.81 7.62 7.25 11.62 0.91 Sun et al. [3]

31.02 10.91 0.6 24.43 27.58 0.91

3 46.1 27.12 12.25 4.46 7.75 1.5 Huang et al. [4]

50.48 32.61 10.37 3.08 1.01 1.37

44.9 23.29 14.36 4.94 8.24 2.47

29.95 8.93 1.55 26.31 25.19 2.3

33.15 12.54 2.15 21.94 22.5 2.08

4 40.5 40.5 6.9 3.6 6.6 0.7 Kim et al. [5]

40.7 43.4 7.9 2.7 3.6 0.8

40.8 40.4 9.0 2.7 4.2 1.0

5 29.95 8.93 1.55 26.31 25.19 2.3 Wang et al. [6]

6 53.29 31.6 11.9 2.67 0.42 1.08 Saha et al. [9–12]

7 51.93 30.87 12.98 2.92 0.5 – Nuruzzaman et al. [13]

8 41.18 7.79 40.02 5.98 4.12 2.75 Lemonis et al. [14]

9 51.67 31.56 12.58 2.29 0.31 – Bouasria et al. [15]

10 47.61 15.94 13.24 6.56 11.49 0.70 Cao et al. [16]

11 45.90 24.14 10.30 6.39 10.25 - You et al. [17]
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Table 2 Physical properties of different ferronickel slags

No. Apparent
particle
density
(t/m3)

Fineness
modulus

Water
absorption
(%)

Density
(g/cm3)

Specific
surface
(m2/kg)

Reference

1 – – – 2.95 430 Chen et al. [2]

2 – 3.22 0.94 2.99 – Sun et al. [3]

– 2.64 3.16 2.42 –

3 – – – 2.97 436 Huang et al. [4]

– – – 2.94 447

– – – 2.89 461

– – – 2.87 391

– – – 2.91 439

4 2.85 4.07 0.42 – – Saha et al.
[9–12]

5 2.92 3.42 0.42 2.86 425.6 Nuruzzaman
et al. [13]

6 – – – 3.18 398.5 Lemonis et al.
[14]

7 – – – 2.99 355 You et al. [17]

and strong pozzolanic activity [4, 8]. Tables 1 and 2 show the chemical compositions
and physical properties of different ferronickel slags used for the purpose.

Ferronickel slag can be used as fine aggregate instead of natural sand for preparing
concrete. Its use affects the durability of concrete [9–12], which is determined by
measuring the volume of permeable voids (VPV), compressive strength, and chlo-
ride permeability of concrete. Compared to the use of 100% natural sand, the 28-
day compressive strength and VPV of concrete prepared with the addition of 50
wt% ferronickel slag were increased by 21.5% and 4%, respectively, indicating the
improvedperformance of concrete because of the addition of slag [9–12]. The specific
results are shown in Table 3. Another study [13] showed that appropriate addition
of ferronickel slag (~40%) not only increased the 28-day compressive strength and
splitting tensile strength but also reduced water absorption and VPV, resulting from
improved particle packing and interlocking by the angular ferronickel slag particles
with rough surface texture [13]. However, excessive ferronickel slag addition would
deteriorate the strength and increase water absorption due to increase of void content
of concrete [13]. The detailed results are shown in Table 3.

The effect of using BFFS and EFFS to replace sand for producing concrete on
the product properties was also investigated [3]. The 28-day compressive strength,
splitting tensile strength, and flexural strength increased with increasing addition of
BFFS, whereas the slump loss of concrete in 1 hour decreased with the increase of
BFFS, as shown in Fig. 1. Compared to the concrete prepared with the addition of
BFFS, the mechanical strength of concrete decreased with increasing EFFS addition.
In spite of the decrease of mechanical strength, the minimum 28-day compressive
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Fig. 1 Effect of addition of (a) BFFS and (b) EFFS on the strength and slump loss of concrete (Sun
et al. [3]). (Color figure online)
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strength with a water/binder ratio of 0.45 (E100) still reached 55 MPa, conforming
to the standard of C50 concrete. In addition, adding BFFS could decrease the pene-
trability and water absorption of concrete, as shown in Table 3. The charge passed of
concrete prepared with the additions of 50% slag and 75% slag varied in the range
1000–2000 C (low permeability) at 28 days, indicating good resistance to chloride
ion penetration with high BFFS addition. The addition of EFFS obviously increased
the charge passed with moderate chloride penetrability level when the addition of
ferronickel slag was 100 wt% (>2000 C), as shown in Fig. 2. It demonstrated the
weak influence of using EFFS as fine aggregate on the resistance of concrete to
chloride ion penetration.

Ferronickel slag has also been used to replace partial Portland cement in concrete.
Its effect on the properties and chloride penetration of concrete can be systematically
investigated bymeasuring chloride permeability, corrosion current, natural diffusion,
pore structure, and phase composition of product [2, 4, 5, 14]. Chen et al. [2] found
that appropriate replacement amount of ferronickel slag (up to 30%) could improve
the corrosion resistance by improving the pore structure of concrete. In addition,
the chloride binding capacity and strength of cement pastes were also enhanced
by forming hydrotalcite-like phases and higher amorphous hydrate calcium silicate
(C–S–H) with gelling property due to the high contents of calcium, magnesium,
and aluminum in ferronickel slag, which also delayed the occurrence of chloride
corrosion [2, 4, 5, 14]. Besides, the pore structure was improved by decreasing the
charge passed to a very low permeability level (≤1000 C), as shown in Table 3.
Compared to EFFS, BFFS had higher pozzolanic activity in association with its
higher contents of CaO and Al2O3 as well as lower content of MgO [4].

Conclusions

Ferronickel slag is widely used for production of concrete. Appropriate addition of
ferronickel slag can improve strength of concrete and delay the occurrence of chloride
ion corrosion by improving the pore structure of concrete, forming hydrotalcite-
like phase and increasing the C–S–H with amorphous cementitious property. By
comparing the properties of concretes produced using different ferronickel slags,
this review is expected to serve as a useful guide for promoting utilization of the slag
for building.
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Fig. 2 Effect of addition of (a) BFFS and (b) EFFS on the charge passed and water absorption of
concrete (Sun et al. [3]). (Color figure online)
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Adsorption of Methylene Blue
by CuFe2O4 Prepared from Precipitation
Flotation Sludge

Huanhuan Miao, Wenjuan Wang, Yanfang Huang, Guihong Han,
and Shengpeng Su

Abstract The adsorption materials can be prepared from the heavy metal ions
flotation sludge in the metal-containing wastewater. When the flotation sludge was
pyrolyzed in the air at 800 °C for 4.0 h as a self-template, cubic copper ferrite
(CuFe2O4) particle was prepared and tested as an adsorption material for the adsorp-
tion performance of the material. Structural analysis of the CuFe2O4 particle was
performed using scanning electron microscope (SEM), Brunauere–Emmette–Teller
(BET), X-ray diffraction (XRD), and thermogravimetric analysis (TGA) techniques.
According to the measurement results, the specific surface area of copper ferrite was
10.58 m2/g. The adsorption process of this material for the organic dye methylene
blue (MB) conformed to the Freundlich isotherm adsorption model and Dubinin–
Radushkevitch (D–R) isotherm adsorption models, and it was a multilayer phys-
ical adsorption process, which was proven to be an adsorbent with good adsorption
performance. The sludge including heavy metal ions was effectively enriched by
precipitation flotation, and the recovered sludge is pyrolyzed to form an adsorbent
material, thereby achieving the effective utilization of heavy metal resources.

Keywords Precipitation flotation · Adsorption materials · Methylene blue

Introduction

The amount of organic dye wastewater discharged from the industrial production and
application of dyes in China is 2.0–2.3 billion tons every year, which is characterized
by high chroma, strong toxicity, and high chemical oxygen demand [1]. Methylene
blue (MB) is usually discharged by several industries such as the textile industry,
paper industry, and printing industry [2]. If it is not treated effectively, it will cause a
decrease of light transmittance of the water body and great harm to the environment
and living organisms [3].
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At present, there are innumerablemethods to treat dyewastewater, such as nanofil-
tration [4], ozone oxidation [5], photodegradation [6], and adsorption [7], etc. Among
them, the adsorption method is a simple, economical, and efficient method for the
removal of various wastewater pollutants, especially for dyes that are difficult to
be degraded by biochemical processes, adsorption is proved to be a considerable
method in light of its effectiveness [8]. According to the survey, the adsorbents made
from wastes such as cotton flower agro-waste [9] and cellulose fiber from newspaper
waste [10] have been successfully explored, which were used to remove anionic and
cationic dyes from the solution. Converting waste into useful products that can be
utilized in industrial processes is a significant concept inwaste recycling research [8].

Heavy metal sludge is an addendum produced after the treatment of heavy metal
wastewater. The purpose of this research is to use precipitation flotation to treat heavy
metal wastewater, and the heavy metal sludge obtained is pretreated to adsorb days
in dye wastewater, so as to achieve the purpose of “using waste to treat waste “and
realize the sustainable development of heavy metal resources.

In this study, the copper ferrite (CuFe2O4) particle made from sludge containing
heavymetal ions had been conducted to removeMBdye from simulated dye solution.
Through XRD, TGA, SEM, and other techniques to characterize the physicochem-
ical properties of the material, the kinetics, isotherms, and influencing factor of the
material’s adsorption and removal ofMB dye fromwater were studied, which proved
that the adsorbent has practical applications inwater treatment. In general, the current
research showed that the research has broad application prospects in terms of waste
recycle and wastewater treatment value.

Experiments

Synthesis and Processing of CuFe2O4

First of all, the HA precipitant is added to heavy metal wastewater simulated with
Cu2+ solution to carry out the chelation reaction for 30 min. then the flocculant FeCl3
is added and the solution is stirred stably for 10 min, to ensure that the molar ratio of
copper and iron is 1:2. When the stable flocculation is formed, the cationic surfactant
CTAB is added, and after 3 min of reaction, transfer the solution to the microbubble
flotation column to collectwaste residue and purifiedwater. Finally, after the enriched
precipitation flotation sludge is washed and dried, in the air atmosphere, the heavy
metal sludge is heated to 800 °C at a heating rate of 5 °C/min, which are pyrolyzed
at this temperature for 4.0 h to obtain the adsorbent.
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Physical Characteristics

Thermo gravimetric analysis was performed under airflow from 30 to 1000 °C with
a rate of 10 °C min−1 (TGA, DTG-60H, Shimadzu, Japan). The XRDmeasurements
were carried out using D8ADVANCE diffractometer (CuK α, λ = 0.15406 nm), and
2θwas in the range of 10°–80° at a scanning rate of 0.3 s−1. The particle morphology
was characterized at 5.0 kV by a field emission scanning electron microscope(SEM,
ZEISSMERLIN Compact). The Brunauere–Emmette–Teller (BET) specific surface
area was determined using nitrogen adsorption/desorption with an automatic specific
surface area measuring equipment (ASAP 2460, Mike Company, American). The
functional groups of the materials were identified using Fourier transform infrared
(FTIR) from Thermo Scientific/Nicolet IS50, USA. The absorbance of MB was
determined by using an ultraviolet–visible spectrophotometer of Beijing General
Instrument (TU-1901).

Adsorption Experiment

Five milligrams of the adsorbent were added in 30 mL of methylene blue solution
with a certain concentration of 30 mg/L. The pH value of the dye solution is adjusted
between 3 and 11 using diluted HCl or NaOH solution. The adsorbent was then
added to the dye solution and stirred at 150 rpm and 25 °C. In each experiment, the
ultraviolet–visible (UV–Vis) absorbance of the solution was estimated to determine
the residue of MB at 664 nm.

The amount of adsorbed dye using the biocomposite beads was determined to the
following equations:

q = (C0 − Ce) ∗ V/m, (1)

where q is the amount of adsorbed dye on the adsorbent (mg · g−1).C0 andCe denote
the initial and equilibrium concentration of dye in solution (mg · L−1), respectively.
V (L) represents the volume of solution and m (g) is the mass of adsorbent in use.

Results and Discussion

Characterization of Adsorbent

The thermal behavior of the heavymental sludgewas shown in Fig. 1. Theweight loss
before 300 °C is generally attributed to the loss of physically adsorbed water, zeolitic
water, and crystal water in precursors, respectively. The weight loss between 300 and
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Fig. 1 TG curves of heavy mental sludge. (Color figure online)

600 °C is assigned to the decomposition of residual surfactants and organisms, along
with the release of COx, NOx, and H2O gases. In this study, the calcination of the
sludge was kept at 800 °C for 4.0 h, which ensures the oxidation process is entire.

The XRD diffractograms of the adsorbent were shown in Fig. 2a. Most peaks of
the sample at 2 thetas of 18.51, 30.17, 35.64, 43.03, 57.05, and 62.77° matched the
cubic spinel copper ferrite (which was marked as CuFe2O4) (PDF No.25-0283).

N2-adsorption/desorption isotherms were measured using the BET method to
determine the specific surface area and pore distribution of the adsorbent. As seen
in Fig. 2b, the hysteresis loop appeared at the middle-higher pressure region,which
means that there are mesoporous in the adsorbent sample. The BET specific surface
area of adsorbent is 10.58 m2/g, the calculated average pore diameter is 49.6 nm of
desorption branch, and the total pore volume of 0.064 cm3/g.

SEMmicrographs of activematerials are shown in Fig. 2c. The adsorbent displays
irregular polyhedron.

Adsorption of MB

In order to determine the kinetics ofMB adsorption by copper ferrite, we investigated
the pseudo-first-order and pseudo-second-order kinetic equations. Pseudo-first-order
and pseudo-second-order kinetics are expressed as Eqs. (2) and (3):

qt = qe
[
1 − exp(−k1t)

]
(2)
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Fig. 2 Structure and morphology characterization: a XRD diffractograms of adsorbent material.
b N2-adsorption/desorption isotherms, and c SEM micrographs of the adsorption material. (Color
figure online)

t

qt
= 1

k2q2
e

+ 1

qe
t (3)

where qe and qt are the adsorption uptakes at equilibrium and at any time t (mg/g),
respectively. The adsorption kinetics data can be fitted well by the pseudo-first-order
(R2 = 0.987) (Fig. 3a) than the pseudo-second-order rate (0.824) (Fig. 3b) kinetic
model. Moreover, the calculated value of the equilibrium adsorption capacity (qe, cal
= 101.929 mg/g) from pseudo-first-order kinetics shows excellent agreement with
the experimental value (qe, exp = 103 mg/g), in comparison, the calculated value of
the equilibrium adsorption capacity (qe, cal = 250 mg/g) from pseudo-second-order
kinetics is far apart.

The adsorption of MB on the copper ferrite increased with increasing solution
pH (Fig. 4). Zeta potential measurements show that the surface charge of the copper
ferrite is negative and that its absolute value gradually increased with the increasing
solution pH from 3 to 12. MB is a cationic dye, and its adsorption is favored by the
more highly negatively charged adsorbent under alkaline conditions [11].
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Fig. 3 Kinetics curves for the MB adsorption by CuFe2O4, fitting of a Pseudo-first order and
b Pseudo-second order model. (Color figure online)

Fig. 4 Effect of solution pH on the MB adsorption by CuFe2O4 and Zeta potential as a function
of pH. Adsorption conditions: T = 298 K

Langmuir, Freundlich, and Dubinin–Radushkevitch (D–R) isotherm models are
part of mostly adsorption studies because of their great role to investigate the adsorp-
tion mechanism of adsorbate on the surface of the adsorbent. These equations can
be described as follows:

Langmuir

Ce

qe
= 1

b ∗ qm
+ Ce

qm
(4)
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Freundlich

I nqe = I nKF + I nCe

n
(5)

D–R

I nqe = I nqDR − K ε2 (6)

ε = RT In

(
1 + 1

Ce

)
(7)

E = 1√−2K
(8)

where b refers to Langmuir adsorption constant. KF refers to Freundlich isotherm
constant, and K is D–R isotherm constant which gives mean free energy (E) per
molecule of adsorbate when it is transferred from the bulk solution to the surface of
the solid and given by Eq. (4). ε is a temperature-dependent parameter.

As is shown in Figs. 5 and 6, the linear trends were observed upon plotting
the studied models and the parameters belonging to these isotherm models for the
equilibrium adsorption of MB onto CuFe2O4 surface, calculated from the slope and
intercept, were also presented in Table 1.

Fig. 5 Effect of solution temperature on the MB adsorption by CuFe2O4. Adsorption conditions:
pH = 7. (Color figure online)
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Fig. 6 Adsorption isotherms of CuFe2O4 adsorb MB: a Langmuir isotherms of CuFe2O4 adsorb
MB; b Freundlich isotherms of CuFe2O4 adsorb MB; c D–R isotherms of CuFe2O4 adsorb MB.
(Color figure online)

Table 1 The parameters of Langmuir, Freundlich, and D–R isotherms for the adsorption of MB
onto CuFe2O4

Model Parameter T/K

298 303 308

Langmuir qm 180.1802 188.6792 191.2046

b 0.048847 0.037138 0.035293

R2 0.92701 0.95135 0.94434

Freundlich KF 12.85972 11.21789 10.82816

1/n 0.61978 0.63278 0.6397

R2 0.8937 0.96748 0.96844

D–R qDR 114.1907 101.5814 100.04

K −6.53 × 10−6 −6.35 × 10−6 −6.55 × 10−6

E 0.276769 0.280602 0.27624

R2 0.91778 0.80686 0.78094

It can be observed from the mathematical calculation of the experimental results
that Langmuir, Freundlich, and D–R isotherms adequately described the adsorption
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data in a close manner. The fitting results of the D–R model showed that the free
energy of adsorption E values at 298, 303, and 308 K are 0.27624, 0.28602, and
0.276769 kJ/mol in order, all of which are <8 kJ/mol, which belong to the category
of physical adsorption, indicating that the foam product adsorbs MB It is mainly
adsorbed by an electrostatic effect. The Freundlich model had a good fitting corre-
lation, which indicates that the adsorbent may adsorb MB on multiple molecular
layers, and the obtained parameter 1/n values were between 0 and 1, which also
indicates that the adsorption process is easy to proceed.

Conclusions

In this study, the cubic spinel copper ferrite with surface area (10.58 m2/g) was
prepared by heat treatment precipitation flotation heavy metal wastewater sludge,
and it was successfully used as an adsorbent for simulated dye wastewater treatment.
The adsorption process follows Freundlich isotherm and pseudo-first-order kinetics.
The adsorption of MB on copper ferrite is mainly through electrostatic adsorption,
and it is multi-molecular layer adsorption.
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Analysis of Potential Applications
of Kamafugite Rocks in Fertilizer

Rodrigo Lima da Motta Junior, Edson Márcio Mattiello,
Patrícia Cardoso Matias, Fabiane Carvalho Ballotin,
Gustavo Emílio Soares de Lima, Leonardo Gonçalves Pedroti,
Jéferson Silveira Martins, and Luiz Brandão

Abstract Kamafugite is a group of ultrapotassic igneous minerals, alkaline ultra-
basic rocks, composed of leucitite, olivine, leucite, kalsilite, and melilite. In Brazil,
Kamafugite can be found at Minas Gerais and Goiás state. Based on its composition
and the lack of national fertilizer production, it would be an alternative source of
potassium, phosphorus, and other important nutrients in agriculture. This research
analyzed the morphology feature, the physical and chemistry properties of the mate-
rial, and its potential as an alternative fertilizer. Samples of the Kamafugite in natura,
supplied byTerraBrazilMinerals, were enriched by the addition ofMAP, Elementary
S, and Ulexite, being the resulting powder granulated. The materials were analyzed
by SEM, EDS, TGA, XRD, Raman spectroscopy, and IPC-AES. The results showed
that Kamafugite rock is a potential source of nutrients for plants, once it is composed
of K, P, Ca, Mg, Fe, besides Ti. However, is extremely important to analyze the
material solubility in water and perform agronomic tests to assure its efficiency.

Keywords Kamafugite · Fertilizer · Potential

Introduction

Brazil is among the biggest food producers and exporters in theworld [1], the national
production reached 101.2 billion dollars [2] and is responsible for almost 40% of
Brazilian PIB [3]. At the same time of agribusiness growth, the crop demand for
fertilizer increases annually. However, the Brazilian agriculture has a high extern
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dependence on fertilizers for attending the domestic demand, being 81%of fertilizers
consumption in the country imported [4, 5].

Considering the fertilizer growing demand and the lowBrazilian production, alter-
native fertilizers sources are national product options [6]. An alternative is rock appli-
cation “in natura” in the agricultural field [7]. The big problem of these materials
is the low nutrient solubility in water, as happens in Brazilian potassic and ultra-
potassic rocks [8]. However, some volcanic rocks like Kiberilites and Kamafugites
are potential sources of potassium, calcium, and magnesium [9].

In Brazil, the biggest part of Kamafugites deposits are located at Minas Gerais
and Goiás states [11]. Kamafugites are alkaline ultrabasic rocks, rich in CaO, FeO,
TiO2, and K2O. Usually, associated with feldspar, leucites, phlogotipes, calcites, and
olivines [10]. Due to high potassium contents and other elements of agricultural
interest, this material arouses interest in areas where the nutrients have importance
[11].

Previous works evaluated the potential of using the agrominerals as fertilizer,
reminerlizers or alternative P, K, Ca, andMg source for soil [12], mainly in Brazilian
regions, where the soil are considered nutrient-poor and acids.

However, the use of additional raw materials to natural rock is an interesting
strategy to add value to the final product by incorporating nutrients of great impor-
tance in fertilization. Thus, materials such as Monoammonium Phosphate (MAP),
elementary S, andUlexite, are interesting options for the production ofmulti-nutrient
fertilizers. The use of material with a greater solubility, such as MAP, is important
to supply the initial demand of the plant for P. Ulexite and elemental S will supply
B and S, respectively, to the plants during their development.

Thus, in this work, Kamafugite in nature (KMF) and enriched Kamafugite
(KMFenr), supplied by Terra Brazil Minerals, were characterized by physical, chem-
ical, andmorphological analysis. The previous analysis showed thesematerials could
be a potential source of nutrients for plant demand, being necessary plant tests to
assure it.

Materials and Methods

Sample Collection and Preparation

The Kamafugite sample was collected in Presidente Olegário mine, at Minas Gerais
state. It was grounded with a rock mill and sifted to 0.200 mm sieve. After it, it was
grounded again, using ball mill, and sifted to 200 mesh sieve.
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Chemistry Characterization

Kamafugite “in natura” was digested by EPA 3051-A method [13]. The concen-
tration of P, K, Ca, Mg, Zn, Ni, Cu, Mn, Al, Fe, As, Co, Cr, Cd, Pb, Ti, and Si
in the extract was measured using inductively coupled plasma coupled with atomic
emission spectroscopy (ICP-AES Perkin Elmer 8300 DV, US).

Production of Kamafugite-Based Fertilizer

To optimize the nutritional potential of kamafugite as a more balanced fertilizer, the
sample was enriched with MAP (25% w w−1), elemental S (5% w w−1), and ulexite
(10%ww−1) to produce powder or granules of enrichedKamafugite-based fertilizer.

Scanning Electron Microscopy (SEM) and Energy-Dispersive
Spectrometry (EDS)

SEMandEDSwere carried out at SEMLaboratory of PhysicsDepartment, at UFV.A
JEOL’s JSM-6010LA microscope integrated with an EDS probe operating at 20 kV
was used to obtain secondary electron images of the samples, with magnification
levels from 200x to 2500x. EDS operating at 12 kV was used to investigate the
elementary chemical composition of Kamafugite.

X-Ray Diffraction (XRD)

XRD tests were carried, out at XRD Laboratory of Physics Department, at UFV,
using a D8 Discover diffractometer with CuKα radiation (α = 1.5418 Å), working
voltage of 40 kV, and electric current of 40 mA. Samples were scanned from 5º to
90º (2θ ), with a 0.05º step size and 1 s per step.

Raman Spectroscopy

Raman spectra were obtained with a Renishaw inVia spectrometer with a laser of
785 nm as excitation source, available in the Raman Spectroscopy Laboratory of
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Table 1 Concentration of main elements in Kamafugite (KMF) determined by ICP-AES, after acid
digestion

P K Ca Mg Al Fe Mn

%

1.02 2.59 2.78 4.22 3.94 9.75 0.17

Physics Department, at UFV. A randomly chosen sample point was brought into
focus with 5x objective lens.

Thermogravimetric Analysis (TGA)

TGAwas carried out in Packaging Laboratory of the Food Engineering Department,
at UFV. A DTG-60H thermogravimetric analyzer from Shimadzu was used in the
temperature range from ambient to 1000 °C, heating rate of 10 °C min−1. The initial
mass used in the test was about 5 mg. Atmospheric air was used to purge gas at 50
mLmin−1.

Results and Discussion

In order to verifyKMFcomposition, amicrowave-assisted digestionwithHCl/HNO3

[14] was performed. Table 1 summarizes the content of the elements found in the
sample. In fact, studies have shown that Kamafugite rocks are composed of chemical
elements essential to plant growth and have potential to be used as fertilizer.

Thermogravimetric analysiswas also performed to determine thematerial thermal
stability. KMF presented 10% of weight loss in the region 0–200 °C, likely related
to moisture release and dehydration of minerals, such as gibbsite [15]. At higher
temperature, e.g. 400 °C, a weight loss of 3% was verified due to kaolinite dihydrox-
ylation [16]. In fact, kaolinite dihydroxylation usually results from the interaction of
two hydroxyl groups to form a water molecule leaving oxygen bounded in the lattice
[17], and generally occurs at temperatures higher than 400 °C [18].

The Kamafugite morphology was also verified by SEM/EDS. The images
(Fig. 2a–c) showed that it is composed of heterogeneous bulky particles of 10–
30 μm, with a rounded shape. This feature can further indicate better nutrients solu-
bility. Furthermore, an EDS-mapping also verified the presence of a great quantity
of O, Mg, Si, K, Fe, and Ti (Fig. 2d–i), as showed on total digestion analysis.

As discussed in the previous analysis, Kamafugite is a rock composed of a wide
variety of nutrients. Thus, Fig. 3 shows XRD of both samples: in nature (KMF) and
enriched (KMFenr). On KMF was verified peaks relative to Fe3O4 (JCPDS Card No.
1-1111), Fe2O3 (JCPDS Card No. 3-800), (MgFe)SiO4 (JCPDS Card No. 3-195),
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Fig. 1 TG/ DTG curves of Kamafugite, heating rate 10 °C min−1, air atmosphere. (Color figure
online)

Fig. 2 Scanning electron microscopy (SEM) of KMF a 100 μm, b 50 μm, c10 μm; EDS mapping
d O; e Mg; f K; g Si; h Fe; and i Ti. (Color figure online)
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On KMFenr, was clear the presence of other minerals, confirming that the enrich-
ment process was effective. In fact, the peak at 16.58° was observed due to elemental
sulfur (JCPDS Card No. 13-144) and P2O5 (JCPDS Card No. 1-213) on the sample.
Furthermore, at 23.75 and 28.78° was verified the presence of Na3BO3 (JCPDS Card
No. 32-1047), which comes from ulexite. In addition, the peaks at 15.31, 27.67, and
54.36° are strictly related to mineral struvite, MgNH4PO4.6H2O (JCPDS Card No.
15-762), characteristic of MAP fertilizer.

A Raman analysis of each sample was performed and similar Raman spectra were
obtained for both samples with a small difference on KMFenr, which could be related
to fluorescence during the measurement.

In general, for both samples, a broad Raman band from 1000 to 2000 cm−1 was
verified, likely due to bands superposition related to the variety ofminerals present on
KMF. Hematite (Fe2O3) present bands at 225, 245,291, 411,500 611, and 1320 cm−1

[19]. Another mineral that might be responsible for the bandwidth is struvite, which
has a band at 942 cm−1, related to PO4 species (P–O symmetric stretching band) and
at 1477 cm−1 due to bending vibrations of NH4 [20]. Furthermore, the phase P2O5

also presents a band at 1390 cm−1, related to P = O stretching mode [21].
In addition, studies have reported that Kamafugite is frequently found associated

with carbonates [22] samples. Usually, carbonates present strong Raman modes due
to stretching vibrations of CO3

2− at 1050 cm−1 andweakRaman peaks at 1400 cm−1,
related to asymmetric stretching [23].

Although the materials characterization showed potential and promising results
of Kamafugite use in agriculture, water solubility as well as experiments with plants
are important to assure Kamafugite use as fertilizer.

Conclusions

In this work, potential applications of Terra Brasil Minerals’ Kamafugite rocks
enriched with fertilizers were investigated. KMF and KMFenr physical, chemical,
and morphological properties were analyzed with different analytical techniques.

The materials characterization showed through digestion and ICP-AES, TG,
SEM/EDS,XRD, andRaman spectroscopy thatKamafugite rock is a potential source
of nutrients for the plants. In fact, the material presented a wide variety of nutrients
in the rock in nature, e.g. K, Ca, Mg, Fe, Al; besides B, S, and P on KMFenr. Also, the
quantity of phases presented in XRD confirms the potential of this material to be used
as a fertilizer. However, is extremely important to analyze the material solubility in
water and perform agronomic tests to assure its efficiency.
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Application of Desulphurization Residue
in Cementitious Mortars

A. S. A. Cruz, M. T. Marvila, A. R. G. Azevedo, L. R. Cruz, J. A. L. Júnior,
C. M. F. Vieira, J. Alexandre, and S. N. Monteiro

Abstract Steel residues in general have a high cementing power, whichmakes them
potential substitutes for Portland cement. One of these residues is that of desulfur-
ization, which currently has no technological application. In this sense, the objective
of this work was to evaluate the application of this residue in mortars 1:1:6:1.5
(cement:lime:sand:water), as a substitute for cement in percentages of 0, 10, 20, and
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30%. The tests carried out were consistency, mass density, compressive strength,
water absorption, and porosity, in addition to incorporated air content. The results
demonstrate that the application of the residue as a cementitious material is possible,
due to the good mechanical parameters obtained.

Keywords Residue · Desulphurization ·Mortar

Introduction

Steel is defined as ametal alloy composed of iron ore, coal (mineral or vegetable), and
lime [1]. The steel production cycle has undergone profound changes frombirth to the
present day, developing over time. In fact, as of the 1980s, a steel industry underwent
an intense restructuring, marked not by an exponential increase in production, but
technological innovations in processes and products, greater shareholder interaction,
and fewer employees [2].

The steel production chain can be divided into four major stages, namely: Cargo
Production, Pig Iron Production, Steel Production, and finally, the Mechanical
Conformation of the steel produced.

During the first phase of the production cycle, the materials that will go to the
blast furnace for the production of pig iron are prepared: coke and sinter. Coke plays
a fuel role in the blast furnace. For its production, several types of mineral coal are
mixed and heated, at temperatures of around 1000 °C, so that the volatile moisture
in the coal is eliminated [3]. The sinter, in turn, represents the main metallic source
used in blast furnaces and consists of the agglomeration of iron ore fines with other
raw materials [4]. To reduce iron ore to pig iron, a mixture of coke and sinter is taken
to the blast furnace, which constitutes the second stage of production.

In the next phase, liquid pig iron is taken, together with iron scrap, to an oxygen
converter [5], for the production of steel. Finally, the last stage of the process
consists of mechanical shaping, in which the steel is subjected to suitable shapes
for commercialization.

Throughout this production cycle, all stages are responsible for the generation
of waste harmful to the environment, at different scales. Due to the current concern
with the management of industrial waste, and with the objective of mitigating the
environmental damage resulting from its inadequate disposal, it is common to reuse
steel residues in other industrial activities. As an example, the Blast Furnace Slag, a
residue generated during the process of obtaining pig iron, whose main destination
is the cement industry, since, like clinker, has the characteristic of hydraulicity, that
is, the ability to harden when in contact with water, making it a material option to
be added to Portland cement production [6]. Blast furnace slag can also be added
in mortars and concrete, as a partial replacement for Portland cement, being able to
increase the compressive strength of the final material.

As with slag, the steel production cycle is also responsible for the waste generated
by steel desulfurization, a process that aims to decrease the sulfur content present
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in pig iron, or in liquid steel itself, with the purpose of conserving the quality of the
final product, given that the presence of sulfur in hardened steel, often in the form
of sulfides [7], not only affects the ductility, toughness, and fatigue resistance of the
steel but can also play an important role in processes of corrosion of steel [8].

As a consequence of this, considering that, contrary to what occurs with blast
furnace slag, the residue from steel desulfurization does not yet have an adequate
destination, this work aims to evaluate the behavior of this residue when used in
mortars of settlement, in partial replacement of Portland cement and gather conclu-
sions about the technical feasibility of its use. To achieve this objective, mortar
specimens were made with the introduction of 0, 10, 20, and 30% steel desulfu-
rization residue, in relation to Portland cement, and, for experimental results, the
specimens were subjected to Consistency Index, Mass Density and Incorporated Air
tests, Water Absorption, and Porosity and Compression Resistance.

Materials and Methods

For the tests, specimens were made in the 1:1:6:1.5 line (cement:lime:sand:water),
with the insertion of the steel desulfurization residue in the percentages of 0%
(reference), 10, 20, and 30%, in relation to Portland cement mass.

The residue used in the research was obtained from the steelmaker ArcelorMittal,
in Campos dos Goytacazes, and, for its use as mineral addition in mortar, passed
through the # 200 sieve to achieve the necessary granulometry for the research.

All mortars were prepared in accordance with NBR 13276 [8], as well as the
consistency index test. The test was carried out by filling the metal cone trunk with
themortar in a fresh state, for later activation of the table for consistency index, in this
case with electric activation, to perform the 30 strokes determined by the standard.
The results determined by the arithmetic mean of the three diameters measured after
the test was carried out were expressed as a graph for better comparison between the
tested mortars.

The Mass Density and Incorporated Air Content test, governed by NBR 13278
[9], consists of using fresh mortar to fill a previously calibrated cylindrical container.
In order for the test to be as accurate as possible, it is sought to ensure that the
container has approximately all its volume filled with mortar and that there is no
material adhered to it from the outside.

Through this process it is possible to determine the mass of the mortar used in the
test, and, having this information, usingmathematical formulas, to reach the numbers
that express the mass density and the air content incorporated into the mortar.

Mortars were also subjected to a water absorption test by immersion, in which
results were also obtained about the porosity of the mortar. To carry out the test,
the specimens were weighed and dried in an oven, and their masses were again
measured at intervals of 24, 48, and 72 h. Then they were submerged in water at room
temperature and the masses were measured again at the intervals already mentioned.
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The test is governed by NBR 9778 [10], which provides equations through which,
using the information obtained in the test, it is possible to arrive at the expected results.

Finally, all specimens were cured for 28 days in order to carry out the compressive
strength test.

Results and Discussion

The results obtained in the Consistency Index test showed in Fig. 1, that the steel
desulfurization residue, applied as mineral addition in mortars, implies a decrease in
its consistency, and a consequent increase in fluidity [11].

The behavior observed in the Mass Density and Incorporated Air Content test,
showed in Figs. 2 and 3, in turn, proved to be within the expected for mortars that use
mineral additions. The increase in density presented, as well as the decrease in the
content of air incorporated into themortar, can be explained by the filler effect, which

Fig. 1 Consistency × Desulfurization Residue. (Color figure online)

Fig. 2 Density × Desulfurization Residue. (Color figure online)
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Fig. 3 Incorporated air content × Desulfurization Residue. (Color figure online)

occurs with the incorporation of a material, whose granulometry is finer than that of
cement. The voids left by the cement particles will be occupied by smaller particles
that, in the present research, belong to the steel desulfurization residue. The reduction
of voids directly implies denser and less porous cementitious mixes [12, 13].

Also due to the increase in compaction, resulting from the insertion of very fine
material in the mortar, the porosity (Fig. 4) test also showed expected results and in
accordance with the theory. Note that the addition of the residue tends to decrease
the porosity of the mortar [14].

The results obtained in the Water Absorption by Immersion test (Fig. 5), in turn,
showed an interesting behavior. It was clear that the residue had no significant inter-
ference in this physical property [14]. There was a small drop in water absorption
that remained until the percentage of 20% of residue in the mortar. Since then, water
absorption has grown again.

The results of the Compression Resistance test (Fig. 6) showed an increase in
resistance proportional to the increase in the residue content in the mortar, without
showing any drop. This conclusionwas expected and is shown to be in accordance not
only with theory but also with the increase in density observed in the Mass Density
and Porosity tests [15, 16].

Fig. 4 Porosity × Desulfurization Residue. (Color figure online)



246 A. S. A. Cruz et al.

Fig. 5 Water absorption × Desulfurization Residue. (Color figure online)

Fig. 6 Compressive strength × Desulfurization Residue. (Color figure online)

Conclusion

The insertion of steel desulfurization residue in mortar for settlement was respon-
sible for an increase in mass density proportional to the increase in the presence
of the residue. As a consequence, this behavior indicates a decrease in the mortar
porosity, also confirmed by the tests. Due to these results, the growth of the mortar’s
compressive strength was expected and can also be confirmed.

The tests also demonstrated an increase in consistency and a decrease in the
content of air incorporated into the mortar. The water absorption test showed a slight
drop in absorption, up to the content of 20% replacement of the residue in relation
to Portland cement.

In view of the results obtained, it can be seen that the steel desulfurization residue
is a viable option to be used as mineral addition in settlement mortars. It is necessary
to consider, however, the behavior observed in the Water Absorption by Immersion
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test, and, as a result, the 20% substitution content of the residue in relation to Portland
cement should be considered as ideal.
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Cause Analysis on Buildup Formation
of Carbon Sleeve in Continuous
Annealing Furnace for Low-Temperature
Grain-Oriented Silicon Steel Production

Mingsheng He

Abstract Based on the investigation and study of the topography and composi-
tion of the buildups, combined with production process of low-temperature grain-
oriented silicon steel, themechanism andmajor causes of forming buildups of carbon
sleeve were discussed from the factors such as the quality of carbon sleeve, antioxi-
dants, furnace atmosphere, dew point, running speed of carbon sleeve, and so forth.
Meanwhile, some countermeasures to reduce the formation of the buildups were
proposed.

Keywords Carbon sleeve · Causes for buildup formation · Low-temperature
grain-oriented silicon steel · Continuous annealing

Introduction

Grain-oriented silicon steels are iron-silicon alloys thatwere developed to provide the
low core loss and high permeability required for efficient and economical electrical
transformers. Due to the low heating temperature and low production cost, the low-
temperature grain-oriented silicon steel has been paid more andmore attention. After
low-temperature heating, hot rolling, and cold rolling, the steel strip must be treated
by continuous decarbonization annealing. Carbon sleeve is the most important kind
of hearth rolls in the annealing furnace to support and convey silicon steel strips.
Under the condition of the high temperature and H2–N2–H2Oweak oxidation or H2–
N2–H2O–NH3 weak basic and weak oxidation atmosphere in the annealing furnace
for low-temperature grain-oriented silicon steel production, buildups adhered (AD-
buildup) to the surface of the carbon sleeve can form after using for a period of time.
Once AD-buildups come into being on the surface of carbon sleeve, they will easily
indent, bruise, and scratch the surface of steel strip, which can affect the quality of
steel strip surface and production efficiency.
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In the past, there were few buildups in the production line of grain-oriented silicon
steel, but recently, AD-buildups formation occurred frequently. Impregnating phos-
phates is an economical, practical, and effective method to improve the oxidation
resistance of graphite materials [1]. Phosphates are widely used as antioxidants for
low- and medium-temperature carbon sleeve at home and abroad. Phosphate antiox-
idants can promote or accelerate the formation of buildups for low- and medium-
temperature carbon sleeve during the continuous annealing of non-oriented silicon
steel [2]. However, the real reason for buildups formation of oriented silicon steel
is still unknown. The quality and life time of carbon sleeve have been troubling the
production of continuous annealing line.

Materials and Methods

In order to determine the microstructure and compositions of AD-buildups, the
buildups taken from the surface of the carbon sleeve were sectioned along radial
or axial direction of the carbon sleeve, 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).

Results and Discussion

Topography and Composition of AD-Buildups

Figure 1 shows the AD-buildups forming on the surface of carbon sleeve during the
decarburizing, annealing, and nitriding for low-temperature grain-oriented silicon

Fig. 1 Photos of AD-buildups on the surface of carbon sleeve. (Color figure online)
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(a) (b)

1 2

Fig. 2 SEMmicrographs of AD-buildup: a general view, b partially enlarged. (Color figure online)

steel production. All the AD-buildups are irregular in shape. From the aspect of
morphology, the AD-buildups are completely different from that on the surface
of carbon sleeve in continuous annealing furnace for non-oriented silicon steel
production.

Figure 2a, b is SEM micrographs with different magnification. As can be seen
from Fig. 2a, the shape of the AD-buildup on the surface is irregular, and the outer
surface has been smoothed by the steel strip. Figure 3a, b is EDS spectrums of the
selected zones of the AD-buildup in Fig. 2a, b. It can be seen from Fig. 3 that the
main components of the buildups are Fe, P, O, C, and a small amount of Mn and
Si. The content of Si is higher and there is no Ca in the edge zone of the buildup
(Fig. 2b).

Figure 4 shows SEMmicrographs of the AD-buildups together with a small piece
of carbon sleeve sectioned along the axial direction of the carbon sleeve. As can
be seen from Fig. 4, it looks like the buildup has a lot of roots in the pores of the
carbon sleeve. Therefore, once the buildup was formed, it was difficult to remove
it by grinding roller. The real reason for AD-buildup formation on the surface of
carbon sleeve is that there are many pores in the surface of carbon sleeve, that is to
say, there are pores or holes where the AD-buildup can root and grow up.

Causes for Buildup Formation of Carbon Sleeve

According to the above results of analysis on the microstructure, topography, and
composition of the AD-buildups, it can be seen that buildups on the surface of the
carbon sleeve experienced the “rooting-growing up” process and the main compo-
nents are Fe, P, O. The two necessary conditions for AD-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]. Although the surface of carbon sleeve is
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Fig. 3 EDS spectrums of the AD-buildups: Region 1 (a), 2 (b). (Color figure online)

smooth after soaking of various chemical substances and processing, graphite begin
to react with water vapor over 700°C. Graphite itself is a porous material, and due
to the high dew point in continuous annealing furnace for low-temperature grain-
oriented silicon steel production, more and larger pores may be formed after using
for a period of time.

From the above results of the composition analysis, there was a large amount of
phosphide or phosphate. However, there cannot be a large amount of P in silicon
steel nor can there be a large amount of P in the refractory materials in the annealing
furnace. In addition to the anti-oxidation treatment of carbon sleeve, it was more
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(a) (b)

(c)

(d)

Fig. 4 SEM micrographs of AD-buildups sectioned along the axial direction of carbon sleeve:
a general view, b and c partially enlarged, d EDS spectrum of the selected zone. (Color figure
online)

impossible for other processes or media to bring a large amount of P into the AD-
buildups. Therefore, the phosphide or phosphate in the buildups mainly came from
antioxidants in carbon sleeve, and phosphate itselfwas an inorganic high-temperature
binder, which promoted (or accelerated) the formation of buildup. Meanwhile, many
other factors can influence on buildups formation, such as furnace atmosphere,
residues of alkali wash, speed synchronization of steel strip and carbon sleeve, dusts
inside furnace, etc.

Measures to Control and Reduce Buildups Formation

The smaller pores in the surface of carbon sleeve are, and the less material sources for
forming buildups such as phosphate, iron scale, iron rust, iron oxidation, greasy dirt
on the surface of silicon steel strip are, the less the possibility of buildup formation
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is. In order to control and reduce buildup formation, extend the service life of carbon
sleeve, the following methods and measures are proposed:

(1) Improve the surface quality of carbon sleeve, enhance its oxidation resistance,
and buildup formation resistance.

(2) Develop carbon sleeve with low phosphate or no phosphate antioxidant.
(3) As long as the product meets the performance requirements, the dew point in

the furnace can be reduced as much as possible.

Conclusions

Phosphate is one kind of inorganic high-temperature binder, which promoted the
formation of AD-buildup on the surface of carbon sleeve. This was one of the main
reasons for the buildup formation of carbon sleeve in continuous annealing furnace
for low-temperature grain-oriented silicon steel production. In terms of resistance
to buildup formation and water, phosphate was not a good antioxidant for carbon
sleeve. If new antioxidants with low phosphate or no phosphate will be developed
in the future, it is feasible and effective to take some process control in technology
or preventive measures to significantly decrease buildups formation and extend the
service life of carbon sleeve.
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Abstract Arsenopyrite is a mineral present in most of the world’s mineral deposits,
and it pollutes both the environment and base metal concentrates. In this research
work, the characterization of arsenopyrite depressionwas studied during collectorless
flotation, in the presence of Al2(SO4)3 and Na2SiO3 mixtures, in a slightly acidic
environment. The arsenopyrite used in this work consists of a single mineralogical
phase. The use of 0.1, 0.2, and 0.4 g/ton of the mixture, depresses the presence of this
phase in the concentrate by 28% w/w. The percentage of cumulative collectorless
flotation and without depressant reagents was 77% w/w, while in the presence of
depressants Al2(SO4)3 and Na2SiO3 it was 49% w/w. The pulp potential Eh (mV)
referred to the standard hydrogen electrode, to achieve arsenopyrite depression is
around Eh + 50 mV.
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Introduction

Arsenic is a toxic metal, linked to numerous types of cancer (skin, bladder, lung,
among others) [1]. In many countries, including Mexico, the problem of ground-
water contamination is relevant, it has to do with health public, due to the fact
that the water obtained from the groundwater is practically used in daily life [2,
3]. Arsenopyrite (FeAsS) is a toxic arsenic sulfide, the presence of this mineral in
the mineral concentrates of the base metals (Cu, Pb, Zn) has both economic and
environmental repercussions.

The flotation separation of arsenopyrite from copper ores typically uses a mixture
of sodium cyanide, lime, sodium hydrosulfide, sodium sulfite, and magnesium-
ammonium [4–7]. However, there are some factors that limit the industrial appli-
cations of most of these depressants, and that is that they are not friendly to the
environment, due to technical and profitability reasons.

Regarding the CN− ion as a depressant of arsenopyrite [5], it is increasingly
restricted due to its high toxicity, and its application will be prohibited [8]. Lime can
also be used as a depressant, but generally requires large dosages [6]. The addition
of large amounts of lime also reduces the rate of flotation and recovery of base metal
sulphides, also increasing plant operating costs [9].

On the subject of arsenopyrite depression, several separation technologies have
been proposed to produce high quality concentrates with low arsenic content. These
include; modification of pulp pH [10], control of pulp potential [10, 11], as well as
the development of new selective collectors or depressants [12, 13]. The technology
to control the redox potential in the flotation has turned out to be the most successful
factor [14]. Until now, the removal of the arsenic sulfide ore remains an area of
opportunity as a research topic in the mineral processing industry. Thus, the flotation
behavior of this type of arsenic and iron sulfurous mineral, arsenopyrite, has not been
clearly studied and is currently the subject of arduous research.

In this research work, the effect of aluminum sulfate-sodium silicate mixtures on
the depression of arsenopyrite during flotation without collector (without xanthate)
will be studied. To characterize the activation-depression process of arsenopyrite,
in all flotation tests, the behavior of physicochemical variables such as pH, oxide
reduction potential (ORP) mV, which refers to the potential of the standard hydrogen
electrode (SHE) and the electrical conductivity (K) µS·cm−1. Thermodynamics will
be used with the help of the Pourbaix, Eh–pH diagrams, to establish the thermody-
namic stability conditions of the different species contained in the flotation mineral
pulp.
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Experimental Methodology

To carry out the characterization of the depression or activation of arsenopyrite during
flotation using mixtures of aluminum sulfate and sodium silicate, a pure arsenopyrite
mineral from the mining region of Zimapan, Hidalgo, Mexico was used. The ore was
first fragmented to a size of approximately 2 mm, later it was ground to <74 µm in
a ball mill with a milling time of 20 min. The arsenopyrite mineral was previously
characterized and reported [15].

Deionized water and analytical grade chemical reagents were used for all the
experiments performed. To bring about the flotation tests, a 1 L laboratory Denver
cell was used, the cell made of stainless steel, the impeller and diffuser made of
polypropylene, the stirring speed of the impeller was 1200 revolutions per minute
RPM, measured with a tachometer. The air injected into the cell to form the bubbles
is sucked into the cell by the effect of the impeller movement.

During the pulp conditioning stage and at the end of the flotation, both the pH
and the potential oxide reduction ORP (mV) were monitored in each addition of
reagents (mV), these variables were measured with a potentiometer, Thermo Scien-
tific Orion 3 Star brand equipped with a pH electrode, Ross ultra triode provided
with a temperature sensor. The conditioning of the pulp was carried out inside the
flotation cell.

Initially with only deionized water, the pH, ORP, and K were measured, later the
frother agent 0.06 g·Ton−1 of methyl isobutyl carbinol MIBC was added, a condi-
tioning timewas given and the arsenopyritemineralwas added 4 grams, threeminutes
later the depressant reagents were added, first the aluminum sulfate Al2(SO4)3, and
at the end the sodium silicate Na2SiO3, it should be specified that both reagents are
soluble in water, using different concentrations; 0.05, 0.1, 0.2, 0.4, and 0.6 g·Ton−1

of each one, this procedure was repeated for all the flotation experiments carried out.
After conditioning the pulp, the flotation test was started, collecting the concen-

trate spills in times of 0.5, 1, 2, 4, 6, 8, and 10 min in previously weighed plastic
containers. At each arsenopyrite flotation time without a collector, the foam was
helped to shed with an inert material accessory. The concentrates of each time were
dried at room temperature and weighed, by weight difference, the mass of arsenopy-
rite floated in each float time was obtained, calculating the percentage of flotation
achieved in each of the analyzed times.

Results

The results of the evaluation of the depressant effect of the mixture of aluminum
sulfate and sodium silicate on the flotation of arsenopyrite at slightly acidic pH
is shown in Fig. 1 which presents the% cumulative recovery of arsenopyrite as a
function of time (minutes) for flotation tests without a collector, in the absence and
presence of a mixture of aluminum sulfate Al2(SO4)3 and sodium silicate Na2SiO3,
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Fig. 1 % of cumulative recovery FeAsS versus flotation time. Using as depressant mixtures of
Al2(SO4)3/Na2SiO3. (Color figure online)

0.05, 0.1, 0.2, 0.4, and 0.6 g·Ton−1, using 0.06 as frother agent g·Ton−1 of methyl
isobutyl carbonyl MIBC.

Collectorless flotationwas carried out at pHbetween 5.5 and 6.0. The choice of the
concentration of the depressant reagents to be investigated was based on the fact of
the typical concentrations of reagents used in other flotation tests, in this experimental
part it began with 0.05 g·Ton−1, and the value was doubled. of concentration until
finding a turning point where the effect would be opposite to that of depression.
The results of Fig. 1 show that the use of a concentration of 0.05 g·Ton−1creates
an activating effect of the arsenopyrite surface, under these conditions, the highest
recoveries are achieved, in an accumulated float time of 10 min, with about 85%w/w
float. This proportion of reagent activates the arsenopyrite surface, causing mineral
surface rich in hydrophobic species, improving its flotation.

The best arsenopyrite depression conditions are achieved when the
Al2(SO4)3/Na2SiO3 mixture is 0.1, 0.2, and 0.4 g·Ton−1, depressing the arsenopy-
rite by 28% w/w on average compared to the test of flotation without depressant
reagent, tests carried out at a pH between 5.5 and 6. In addition, from Fig. 1 it is
observed that the use of concentrations of depressant reagents of Al2(SO4)3/Na2SiO3

of 0.1–0.4 g·Ton−1 in just four minutes, about 53% w/w arsenopyrite floats on
average.
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However, the expected depressant effect of the Al2(SO4)3/Na2SiO3 mixture for
the concentration of 0.6 g·Ton−1 is reversed and the arsenopyrite surface is activated
reaching cumulative recoveries in ten minutes of flotation of 73% w/w. This clearly
indicates that an excess of the proposed mixture inhibits the desired effect, so that
the ideal concentration to achieve the greatest depression of arsenopyrite is between
0.1 and 0.4 g·Ton−1 of Al2(SO4)3/Na2SiO3. Previously, it has been established that
arsenopyrite depression occurs due to the formation of a layer of oxidation products
on the surface of the mineral particles, both ferric hydroxide Fe(OH)3 and arsenate-
type species have been detected [16]. These oxidation products on themineral surface
are detrimental to flotation due to the high demand of the collecting reagent to achieve
a satisfactory recovery of the metal sulfide [17].

During the study of the influence of the mixture of Al2(SO4)3 and Na2SiO3 in
the activation or depression of arsenopyrite, the conditions of the pulp chemistry
pH, potential, and K were monitored, during the conditioning stage, at the beginning
and at the end of the test. Figure 2 shows the behavior of the pH, it can be seen
that the tendency of the pH is to decrease, the addition of aluminum sulfate gives an
even more acid character to the pulp with pH values of around 3.7. In addition, the
change in pH is observed during each of the pupal conditioning stages, the addition
of sodium Na2SiO3 silicate increases the pH of the pulp.

Fig. 2 Behavior of pH during the conditioning stage. Mixture of Al2(SO4) 3/Na2SiO3. (Color
figure online)
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A conditioning time of 3 min was given for each reagent addition. In this way, the
starting pH of the flotation without arsenopyrite collector in the presence of different
amounts of the Al2(SO4)3/Na2SiO3 mixture is between 5.5 and 5.8. At the end of
the flotation test, the concentration of hydrogen ions in the pulp decreases, that is,
the pH tends to increase to values greater than 6.0. In the literature, it is mentioned
that arsenopyrite exhibits good recovery by flotation in acidic environments and the
recovery of arsenopyrite by flotation decreases rapidly at alkaline pH values [18], for
this reason it was decided to test the reagent mixture in suitable flotation conditions
of arsenopyrite.

It is expected that, in very alkaline environments, at a high pH value, the arsenopy-
rite surface is more easily oxidized, this oxidation process consists of Fe, As, and
sulfur losing electrons from their last energy levels and by effect from the aqueous
medium in which they are immersed, oxides, hydroxides, sulfates, oxy sulfates,
oxyhydroxides among others are formed, and these oxidation products formed
prevent the chemisorption of the flotation collectors on the mineral particles in this
particular case of investigation the molecules of frother.

The variation of the pH previously presented will consequently cause changes
in the oxidation reduction potential (ORP) mV referred to the standard hydrogen
electrode (SHE) mV. The potential is a measure of the tendency of the solution to
either gain or lose electrons when it is subject to change by the introduction of a new
species. With a more positive potential, chemical species have a greater affinity to
acquire electrons and therefore to be reduced.

The detection of changes in the redox potential of the pulp indicates changes in
the surface composition of the arsenopyrite mineral particles and this surface modi-
fication can then be explained by the variation of the oxide reduction potential. Due
to the difficulty of accurately measuring absolute potentials, potentials are defined
in reference to the standard hydrogen electrode (SHE) mV [19].

Figure 3 shows the potential measurements, plotted with reference to the standard
hydrogen electrode. Positive potentials are observed, that is, the species present
tend to lose electrons, both when arsenopyrite is depressed and when there is a good
response to flotation, the potentials are strongly oxidizing. The values of the potential
oxide reduction referred to the standard hydrogen electrode are represented in Fig. 4
which shows in the diagram Eh–pH of the As–Fe–S–H2O system, under saturated
conditions of 1 M the species formed is iron arsenate product of the oxidation of
arsenopyrite.

In the literature it has been established that many sulfides do not present natural
flotation; however, collectorless flotation can be achieved based on a specific potential
range [20]. For this experimental work, collectorless flotation and using 0.06 g·Ton−1

as frother agent methyl isobutyl carbinol MIBC, it is carried out at oxidative poten-
tials of around +250 mV measured with reference to the standard hydrogen elec-
trode. Even under moderately oxidizing conditions of pulp potential around+50mV,
around50%cumulativeflotation of arsenopyrite is achieved in the presence of depres-
sants. In collectorless sulfide flotation studies using sodium sulfide as a reagent, the
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Fig. 3 Potential oxide reduction referred to the Standard Hydrogen Electrode (mV) versus the
conditioning stage. Using the mixture as a depressant Al2(SO4)3/Na2SiO3. (Color figure online)

pulp potential decreases, and the species flotation is not carried out and is only
achieved when the pulp potential reaches a positive value [20].

However, in some investigations it has been found that freshly ground arsenopy-
rite surfaces do not float in the absence of a collector, despite the presence of potential
oxidants [20]. Figure 4 implies that theEh–pH zone of the flotationwithout arsenopy-
rite collector is within the area that formsmeta arsenate iron Fe3(AsO4)2, in addition,
it shows that arsenopyrite is stable in aqueous environments where it is a negative
reducing potential and decomposes in environments with oxidizing potentials.

On the other hand, the addition of both aluminum sulfate and sodium silicate
change the electrical environment of the pulp, due to the addition of conductive
ions. Figure 5 shows the changes in the electrical conductivity of the pulp during
the conditioning stage, it is to be expected, the increase in electrical conductivity K
(µs/cm) at a higher concentration of Al2 (SO4)3, as observed in the Fig. 5.

The addition of sodium silicate contributes to the increase in conductivity. In this
way, the depression of arsenopyrite is accompanied by a decrease in the electrical
conductivity of the pulp solution at the end of the flotation, it should bementioned that
this decrease is attributed to the reaction of ions with the surface of the arsenopyrite,
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Fig. 4 Diagram of Pourbaix Eh–pH system As–Fe–S–H2O at 25 °C and 1M. (Color figure online)

taking conduct precipitation reactions of these ions of aluminum sulfate and sodium
silicate.

Conclusions

The mixture of 0.1–0.4 g·Ton−1 of Al2(SO4)3/Na2SiO3 depresses the flotation of
arsenopyrite by 28% w/w with respect to the flotation without a collector in the
absence of depressant reagents. The cumulative percentage of flotation in the absence
and presence of depressants was 77% w/w and 49% w/w, respectively. An excess
of the mixture 0.6 g·Ton−1 has an opposite effect to the depression of arsenopyrite.
The pulp potential of around +50 mV provides the conditions for the depression
of arsenopyrite to occur through the formation of hydrophilic species such as that
detected in the Eh–pH Fe3(AsO4)2 diagram.
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Fig. 5 Electric conductivity K (µS·cm−1) versus the conditioning stage. (Color figure online)
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Chemical, Physical, and Morphological
Characterization of Eco-Clinker
Produced from Industrial Wastes

A. L. Oliveira, L. Pedroti, G. Brigolini, J. M. F. de Carvalho, J. C. L. Ribeiro,
C. M. M. de Souza, M. Altoé, A. C. P. Martins, W. Fernandes, B. C. Mendes,
C. M. Torres, G. E. S. de Lima, and M. M. S. Lopes

Abstract To mitigate the low environmental performance of civil construction,
researchers began to study the incorporation of waste from other industries in
construction materials. The aim of this research was to produce and characterize
an eco-clinker from the reuse of grits residues (produced at cellulose manufacturing
process), granite residues (produced during the processing of ornamental rocks). To
produce the eco-clinker, three mixtures were formulated considering the parameters
of lime saturation factor (LSF), calculation of the Bogue potential, silica ratio (SR),
and alumina ratio (AR). The pellets were burnt at a temperature of 1450 ºC for 20min
and then, the mixtures were characterized. The eco-clinker produced presents large
amounts of C2S-β. The mechanical properties in the early ages were out of date.
At older ages the mechanical strength of the eco-clinkers can be compared with the
mechanical strength of conventional cements.

Keywords Grits waste · Granite waste · Eco-clinker

Introduction

The concern about climate changes, global warming and the pollution increase has
made it essential to create green policies for sustainable development. In contrast,
in the civil construction, the technological process of cement production releases a
large amounts of CO2 to the atmosphere, being responsible for 5–7% of the total of
CO2 launched in the world [1–3].
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Several studies claim that the most efficient way to the construction industry
to become a sustainable activity is to incorporate waste from other industries into
construction materials. Incorporating waste into construction materials is a highly
effective strategy to minimize environmental impacts such as reducing the use of
natural resources, saving energy in production, and recovering water resources [4].
The large generation and inadequate disposal of industrial waste, whose production
is growing and whose impacts are diverse and potentially dangerous for the human
community [5].

In recent years, Brazil has stood out in the group of major world producers and
exporters in the ornamental rocks. Among the Brazilian states, Espírito Santo stands
out as the main mining and processing pole for ornamental rocks, with emphasis on
granite [6]. This implies a great concern with the waste generated in this industrial
sector, since the quantity is extremely significant and there is still no detailed
study of all the impacts that this waste can cause when released directly into the
environment [7].

Additionally, the pulp and paper mills industry is one of the most promising
business areas in the country,with an increase in productionyear after year.According
to the Indústria Brasileira dasÁrvores (Brazilian Tree Industry, in English) [8], Brazil
is one of the largest pulp producers in theworld, producing about 20,000 tons per year.
This is due to the Brazilian tropical climate, in addition to the use of biotechnology
and advances in forest technology,which favorBrazilian productivity. The gritswaste
is produced in large quantity from the production of cellulose by the kraft process,
industrial solid waste, Class II A that does not present adequate deposition [9].

These two residues (grits and granite residue) are rich in calcium carbonate
(CaCO3) and silica (SiO2) respectively, and can replace limestone and clay commonly
used in the production of clinker. The raw materials commonly used in the produc-
tion of the main component of Portland cement (clinker) are high purity limestone
(CaCO3) and clay (SiO2, Al2O3 and Fe2O3). Correctivematerials are also commonly
used to adjust the contents of SiO2, Al2O3 and Fe2O3 [10, 11].

This research aims to produce an ecological clinker from grits residues generated
in the production of cellulose and granite residue generated in the processing of
ornamental rocks. The Bogue method (1929) was used to obtain the composition of
the clinker phases produced. Ritvield refinement was used to perform the validation
of the results, which is a robust technique for the quantitative analysis of mineral
phases, through X-ray diffraction. With the use of the above mentioned waste it is
possible to take advantage of much of the material that is currently disposed of in
inappropriate places, giving them a new use in civil construction.
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Materials and Methods

Characterization of Raw Materials

Is this research the grits and granite residue were used to produce an eco-clinker. The
collection of grits was made in CENIBRA—Celulose Nipo-Brasileira located in the
city of Belo Oriente, Minas Gerais, Brazil (19.314181, −42.397282) and the granite
residue was supplied by Decolores Mármores e Granitos do Brasil, located in the
city of Cachoeiro de Itapemirim, Espírito Santo, Brazil (−20.867655,−41.019633).

The preparation of raw materials was divided into the following steps: air drying
in the courtyard of the Construction Materials Laboratory of the Federal University
of Viçosa and later in the kiln to ensure complete removal of moisture; grinding
in the Abrasion Los Angeles mill; those that were underwent to the next step, also
passed in the ball mill, to facilitate the sifting process; sifting: the materials which
were submitted to the ball mill were subsequently screened through on a 0.074 mm
mesh sieve (200 mesh).

The chemical analysis of raw materials was made by X-ray Fluorescence (XRF)
in the X-ray Laboratory of Civil Engineer of the Federal University of Ouro Preto
using Epsilon 3× equipment, Panalytical. The mineralogical analysis was made by
X-ray Diffraction (XRD) using the D8-Discover diffractometer with Co-Kα (λ =
1,789 Å) radiation.

Preparation of Eco-Clinker: Formulation and Production

For this research, five mixtures using grits and granite residues were produced. The
formulations were produced taking into account the amount of C3S, C2S, C3A and
C4AF required, seeking to maximize the amounts of C3S (variations between 35 and
60%) and smaller amounts ofC2S (variations between 20 and30%). The formulations
of the clinker compositions were performed using the parameters of lime saturation
factor (Eq. 1), calculation of the Bogue potential (Eqs. 2, 3, 4 and 5), silica ratio
(Eq. 6) and alumina ratio (Eq. 7).

LSF = CaO

2, 8SiO2 + 1, 2Al2O3 + 0, 65Fe2O3
(1)

C3S = 4, 07CaO −7, 60SiO2−6, 72Al2O3−1, 43Fe2O3 − 2, 85SO3 (2)

C2S = 2, 867SiO2 − 0, 754C3S (3)

C3A = 2, 650Al2O3−1, 692Fe2O3 (4)
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Fig. 1 Molded pellets with diameter of 1–2 cm. (Color figure online)

C4AF = 3, 043Fe2O3 (5)

SR = SiO2

Al2O3 + Fe2O3
(6)

AR = Al2O3

Fe2O3
(7)

Based on the methodology proposed by Costa et al. [12], was added water in
the raw mixtures, and hand-molded pellets with diameter of 1–2 cm (Fig. 1). The
pellets were then kept in a kiln at 100 ± 5°C for at least 24 h, then be inserted
into the furnace. The mixtures were burnt at a temperature of 1,450 ºC for 20 min.
After burning, the pellets were cooled with compressed air until they reached room
temperature. In order to obtain the eco-clinker, the cooled material was comminuted
in a ball mill for a period of 30 min and passed through the 200 mesh opening sieve
for subsequent performance of characterization tests of the material produced.

Characterization of the Produced Eco-Clinker

Table 1 shows if the physical tests performed based on current Brazilian standards.
The eco-clinker produced was characterized in terms of its chemical, mineralogical
and physical composition.

X-ray fluorescence (XRF) and X-ray diffraction (XRD) tests were performed on
the fivemixtures produced (M1,M2,M3,M4 andM5). TheXRF andXRD tests were
performedusing the sameconfigurations described in 2.1. For the quantificationof the
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Table 1 Physical tests performed on the produced eco-clinker

Tests Reference Description

Fineness [14] By the air permeability method (Blaine method)

Specific mass [15] Test performed using the Le Chatelier bottle

Residue on sieve #200 [16] Test using sieve set #200

Setting time [17] Setting time using Vicat apparatus

Expansibility [18] Test using the Le Chatelier needles

Compressive strength [19] Compressive strength performed in specimens in reduced
model (Ø 35 × 35 mm) applying correction factor of 0.87
according to ASTM C 42-04.

phases and amorphicity, 20% by weight of zincite (ZnO) was added to the samples
and the Rietveld method was used in same software, using the ICSD (Inorganic
Crystal Structure Database) database [13]. The samples were prepared using the
backload method to avoid preferential orientation of the crystalline material.

Results and Discussion

Chemical and Mineralogical Analysis of Raw Materials

The results of the chemical analysis of the rawmaterials are shown in Table 2 and the
main mineralogical phases observed in the XRD diffractograms are shown in Fig. 2.

Through the results of the X-ray fluorescence test (XRF) presented in Table 2 it
was possible to observe that the grits have a large amount of calcium oxide (CaO)
and minor amounts of SiO2, Al2O3, Fe2O3 and SO3. The granite residue has a large
amount of silicon dioxide (SiO2). The grits residue presents 53.8% of CaO in the
form of calcite (CaCO3), a result corroborated by XRD analysis (Fig. 2) and also
by data reported in the literature [20–22]. Granite residue presents large amounts of
SiO2 (72.1%), replacing clay in cement, in addition to minority amounts of Al2O3

(14.1%), K2O (4.3%) and Na2O (4.6%). According to the mineralogical characteri-
zation obtained through XRD analysis (Fig. 2), it was found that the granite residue
presents more intense peaks of quartz (SiO2) and albita (NaAlSi3O8) and low-intense
peaks of muscovite (KAl2Si3AlO10(OH,F)2).

Table 2 Chemical composition of raw materials

Materials Compounds (%)

CaO SiO2 Al2O3 Fe2O3 SO3 LOI

Grits 53.8 1.0 0.5 0.2 0.6 42.8

Granite 1.9 72.1 14.1 0.5 0.0 1.5



270 A. L. Oliveira et al.

Fig. 2 Result of XRD analysis of granite residue and grits residue

Mixtures Formulation

The list of mixtures to be made (M1, M2, M3, M4 and M5) using the chemical
characterization of raw materials (Table 2), Bogue’s Equations, silica ratio (SR) and
alumina ratio (AR) modules, and lime saturation factor (LSF) are shown in Table 3.

For the production of the five mixtures the proportion of grits residue ranged
between 81% and 77%. The residuewas used in large quantity because it is the source

Table 3 Mixtures to be made in the preparation of the eco-clinker

Mixtures Residue (%) Bogue Equation estimation LSF AR SR

Grits Granite C3S C2S C3A C4AF

1 81.0 19.0 77.71 4.68 6.60 2.54 100.4 3.63 5.72

2 80.0 20.0 68.77 13.25 6.92 2.59 96.3 3.71 5.67

3 79.0 21.0 59.84 21.82 7.24 2.64 92.5 3.79 5.63

4 78.0 22.0 50.90 30.40 7.55 2.69 88.9 3.87 5.58

5 77.0 23.0 41.97 38.97 7.87 2.74 85.4 3.94 5.54

Recommended 92–98 1–4 2–3
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of CaO in the mixture, the main oxide present in conventional Portland clinker. The
proportion of granite residue varied between 19 and 23%. Its chemical composition
obtained by FRX demonstrated large amounts of SiO2 and Al2O3, important oxides
in the formation of C2S, C3S, C3A and C4AF.

The proportion of phases estimated by Bogue are also presented in Table 3. The
amount of C3S ranged from41.97 to 77.71%while the proportion of C2S ranged from
38.97 to 4.68%. In addition, it was possible to estimate LSF, AR andMR. The recom-
mended LSF values are between 92 and 98%. According to the mixtures produced,
the results of this parameter are between 85.4 and 100.4%. The alumina ratio (AR)
parameters are all within the recommended range while the results presented for the
silica ratio (SR) showed results above the recommended ones.

Eco-Clinker Characterization

Chemical Characterization

The chemical composition (oxides) effective found through FRX analysis in the five
mixtures produced is presented in Table 4.

By observing the results presented in Table 4, it is possible to notice little discrep-
ancy between the percentages of the oxides analyzed. The mixture containing 81%
grits and 19% granite residue showed a higher amount of calcium oxide (CaO) since
the source of this oxide comes from the grits residue. However, the other mixtures
also presented satisfactory amounts of CaO, which ranged from 57.68 to 62.23%.
As for quartz (SiO2), the percentages varied between 24.98 and 28.62%. According
to Petrucci [23], Neville [24] and Taylor [25] the ideal amount of quartz for the
production of a conventional clinker ranges from 20 to 25%. Minority amounts of
Al2O3 and Fe2O3 were also observed. Al2O3 ranged from 6.67 to 7.39% and Fe2O3

ranged from 1.73 to 4.34%. The amount of Fe2O3 was not satisfactory due to the
low amount of this oxide in the raw materials, as shown in Table 2.

To study the composition of phases of the five mixtures formulated, the Rietveld
method was applied to quantify the present phases. The quantifications performed

Table 4 Chemical characterization of the five mixtures produced

Materials Compounds (%)

CaO SiO2 AL2O3 Fe2O3 SO3

81% Grits + 19% Granite 62.23 24.98 6.67 2.41 0.17

80% Grits + 20% Granite 60.74 25.04 7.39 4.34 0.15

79% Grits + 21% Granite 59.12 27.79 6.74 2.23 0.16

79% Grits + 22% Granite 57.68 28.62 6.98 1.84 0.24

77% Grits + 23% Granite 57.71 28.11 7.12 1.73 0.24
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Table 5 Estimation of the phases performed by bogue equations and quantification ofmineralogical
phases by XRD and Rietveld method

Mixture C2S C3S C3A C4AF

Estimated
(%)

Effective
(%)

Estimated
(%)

Effective
(%)

Estimated
(%)

Effective
(%)

Estimated
(%)

Effective
(%)

M1 4.68 24.34 77.71 28.45 6.60 4.45 2.54 2.59

M2 13.25 26.6 68.77 19.45 6.69 5.87 2.59 4.47

M3 21.82 29.1 59.84 11.91 7.24 4.12 2.64 3.78

M4 30.40 30.15 50.90 7.91 7.55 1.07 2.69 8.64

M5 38.97 40.7 41.97 4.37 7.87 3.31 2.74 3.10

by XRD and Rietveld’s method and the estimates made by Bogue equations of the
four phases are presented in Table 5.

Among the results presented in Table 5, the quantifications of the phases showed
great variation in all mixtures when compared to the results estimated by Bogue. It
was possible to observe a large amount ofC2S formed (ranging from24.34 to 40.7%),
a discrepant result of the values estimated by Bogue (between 4.68 and 38.97%). The
large discrepancy also occurs in the formation of C3S, since the amount estimated by
Bogue is not formed. As a consequence, the mechanical resistance in the first of the
eco-clinkers produced is lame, considering that C2S presents low reactivity due to
its high thermodynamic stability and dense structure that hinders hydration [26, 27].

Mineralogical Characterization

The mineralogical analysis performed in the five mixtures produced (M1, M2,
M3, M4 and M5) is presented in Table 6 that informs the results obtained in the
diphratograms. A total of 20% ZnO was used as an internal standard. A total of 20%
ZnOwas used as an internal standard. In the diffractograms are observed phase peaks
normally found in clinker (i.e. larnite, brownmillerite, hatrurite).

In the table presented it is possible to notice that all the mixtures produced contain
amounts of C2S-β (crystalline structure similar to the structure of the larnitemineral),

Table 6 Minerals found in
each of the mixtures by X-ray
diffraction (XRD) analyses

Mixture Mineral found

M1 Larnite, hatrurite, goethite, brownmillerite

M2 Larnite, hatrurite, gothite, gehlenite, mayneite,
brownmillerite

M3 Larnite, hatrurite, brownmillerite

M4 Larnite, hatrurite, goethite, brownmillerite,
magnetite

M5 Larnite, hatrurite, mayenite, magnetite,
brownmillerite
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Table 7 Physical and mechanical properties of the five mixtures produced and normative results
for conventional clinkers according to Brazilian standards

Tests Values recommended by
Brazilian standards

M1 M2 M3 M4 M5

Fineness (cm2/g) ≥3000 3870 3641 3204 3057 2974

Residue in the #200 (%) ≤6,0 2.87 3.12 1.03 2.26 2.98

Specific Mass (g/cm3) – 3.15 3.17 3.02 3.1 3.12

Initial setting time
(h:min)

≥1:00 1:20 1:18 1:45 2:00 2:15

Final setting time (h:min) ≤12:00 2:45 3:30 3:15 3:30 3:45

Expansibility (mm) ≤5,0 0.0 0.0 0.0 0.0 0.0

Compressive strength at
28 days (MPa)

(≥25,0; ≥32,0; ≥45,0) 7.5 8.3 6.2 3.1 4.8

results different from the results calculated by the mathematical model proposed by
Bogue. The main peaks of C2S-β observed in the mixtures are between angles 31.8º–
32.7º (2θ) and at angles 41.2º and 47.6º (2θ). Proportions can also be observed in the
C3S-T phase (crystalline structure similar to the structure of the hatrurite mineral).
The main peak of C3S for the mixtures analyzed by XRD is at the angle 29.64° (2θ).
The cooling rate, oven temperature, and presence of mineralizing crystals (such
as Mg2+ and K+) are crucial for the stabilization of this phase [25, 28]. Minority
phases such asC4AF andC3A are also observed in diffractograms.All diffractograms
showed main peaks of the C4AF phase (brownmillerite).

Physical and Mechanical Characterization

Results obtained for the physical andmechanical characterization of the fivemixtures
produced are presented in Table 7. For comparative purposes, Table 7 also presents
normative values for commercial clinkers according to Brazilian standards.

The results presented inTable 7 show that the fineness of the eco-clinkers produced
ranged from 2974 cm2/g to 3870 cm2/g, demonstrating that the grinding of the eco-
clinker was performed efficiently. The specific mass of the eco-clinker ranged from
3.02 g/cm3 to 3.17 g/cm3. This variation occurred due to the different specific masses
(ρ) of the minerals found in the mixtures. In M1, 28.45% of larnite was quantified,
which presents ρ = 3.28 g/cm3 andminority amounts of brownmillerite and hatrurite,
which present ρ = 3.76 g/cm3 and 3.02 g/cm3, respectively.

The initial and final settings time of the eco-clinker was also studied. The final
handle time recommended by Table 7 refers to the longer catch time reported by
Brazilian standards. When analyzing Table 7, it is observed that the initial setting
time of the eco-clinker varied between 1 h 18 min and 2 h 15 min (M2 and M5,
respectively) and the final pick time varied between 2 h 45 min and 3 h 45 min (M1
and M5, respectively). The M1 mixture showed shorter start and end time of handle.
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Because there are higher amounts of alite, the hydration reaction occursmore quickly
when compared to the other mixtures [30, 31].

Mechanical strength was also studied through the compressive strength assay at
the ages of 28 days. The resistance acquired at established age showed a lower result
when compared to results commonly obtained for Portland cement. This is due to the
large amount of β-C2S and a small amount of C3S-T, considering that the hydration
of β-C2S is slower due to the chemical arrangement complex, making it impossible
to penetrate water and, consequently, resulting in a late hydration [32, 33].

Conclusions

In this research, the possibility of formulating and producing an eco-clinker was
studied exclusively through recycled raw material. The grits residue from the kraft
process in the production of cellulose and the granite residue from the cutting and
processing of ornamental rocks were used. Specific conclusions were obtained at the
end of this study:

• The grits residue is rich in CaO (53.8%) in the form of CaCO3, being responsible
for the replacement of limestone in the production of conventional clinker. Granite
waste is responsible for silica.

• The estimates of the phases for the three mixtures performed using the Bogue
method showed considerable deviations when compared with effective results by
X-ray diffraction.

• The quantification of oxides obtained byX-ray fluorescence for the threemixtures
produced showed satisfactory results. All three mixtures presented amounts of
oxides within the specifications established by several authors.

• The mineralogy of the mixtures is basically composed of larnite, hatrurita,
goethite, brownmillerite, and mayenite.

• The high fineness and phase composition of the mixtures contributes to the fast
initial setting time. Mixtures with higher amounts of alita (C3S) and alumina
(C3A) showed faster catch time and mixtures with lower proportions of these
phases showed slower pick-up.
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Life Cycle Assessment Applied to Red
Ceramic Bricks Production Versus Red
Ceramic Bricks Incorporated with Stone
Wastes: A Comparative Study

J. O. Dias, G. C. Xavier, A. R. G. Azevedo, J. Alexandre, H. A. Colorado,
and C. M. F. Vieira

Abstract Ceramic bricks play an important role in the Brazilian economy and have
red clay as the basic raw material for this industry. The aim of this study was to
discuss the main environmental impacts related to the manufacturing of red clay
bricks, comparing the conventional production versus the production of red clay brick
incorporated with ornamental stone processing waste (OSPW). The environmental
performance of the production of red clay bricks in Brazil was evaluated with a
Life Cycle Assessment study based on the international standards ISO 14040 and
ISO 14044. The main impacts of brick production are associated with atmospheric
emissions at the stage of extraction and transformation. In both systems studied, the
analysis showed relevance regarding the impacts related to human health. This is due
to the respiratory effects caused by the clay extraction and burning process, since this
step is largely responsible for CO2 and particulates emissions. The mass reduction
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of the red clay raw material represents a possibility to reduce environmental impacts
and improve the sustainability of ceramic bricks, since the bricks incorporated with
5% of OSPW increases the useful life 2.91-fold when compared to the traditional
product. The improvement in the estimated useful life of ceramic bricks can reduce
the disposal of these materials in landfills, leading to reduction in the environmental
impacts.

Keywords Life cycle assessment · Red ceramic ·Waste

Introduction

Themain requirements for sustainable development are to guarantee the protection of
the environment and natural resources and providing the capacity to meet current and
future demands. Hence, there is a need for functional development that, together with
urban, agricultural, industrial, technological, and logistical development, establishes
the bases that guarantee sustainable development. This need is due to the excessive
extraction of natural resources,mainlymineral resources for civil construction,which
caused the sector to adapt its processes, such as sustainable building materials [1].

Ceramic bricks are materials used widely in the civil construction, applied to
sealing masonry, and both acoustic and thermal insulation. Ceramic brick production
uses red clay as the base rawmaterial. In viewof the environmental impacts associated
with construction activities and its segments, it is essential to obtain and evaluate reli-
able data on the environmental performance of various building materials, including
ceramic bricks [2].

In Brazil, the state of Rio de Janeiro has the fourth largest segment of red ceramic,
and the city of Campos dos Goytacazes has a considerable participation in this
segment, in addition to being the second-largest producer of blocks for sealing
purposes in the country, in 2017 it stood out as the largest ceramic manufacturing
pole in the state with more than 120 unionized companies generating about R$ 168
million per year, and an estimated production of 90 million pieces per month [3].

In view of productive activities, the ceramic industry consumes a large amount
of non-renewable resources and energy, in addition to generating gaseous emissions
and waste discharges as by-product, which makes an assessment of the associated
environmental impacts relevant [4, 5]. Several studies evaluated the use of industrial
waste in the development of alternative construction materials, such as cementitious
and ceramic matrices. However, these studies initially sought an analysis of the
technological conditions of application of these materials, thus leaving questions
such as environmental factors unanswered, which has demanded new research in
this segment [6].

Efforts have been directed towards the development of new environmentally
friendly materials and products, including ceramic bricks with the incorporation
of waste. In addition, the incorporation of waste in the production of ceramic bricks



Life Cycle Assessment Applied to Red Ceramic Bricks Production … 279

contributes to the avoided impact of the industrial waste disposal in landfills, also
collaborating to solve the scarcity of natural resources [7].

The incorporation of industrial residues from ornamental stones processing waste
(OSPW) in ceramic parts provided an increase in the estimated useful life of these
materials [8]. In Brazil, the ornamental stone industry is mainly focused on the
production of granite, slates, and siliceous rocks. The estimated amount of OSPW
is 240000 tons per year [9]. The state of Espírito Santo is the main producer and
largest processor of ornamental stones in Brazil, accounting for more than half of
Brazilian exports. On the other hand, Espírito Santo suffers from the generation of
a large amount of waste from the processing of ornamental stones, such as cutting
and polishing [10].

Due to the development of alternativematerials, some environmentalmanagement
tools, such as LifeCycleAssessment (LCA), are important in the analysis alternatives
with ecological potential. In this sense, measuring impacts over the life cycle of
a product enables a comprehensive diagnosis of the environmental viability of the
alternatives [11]. LCA applies to products, processes, or services, from the extraction
of raw materials, through the stages of transportation, production, distribution, use,
and disposal. Through the quantification and characterization of the elements flow of
input and output of matter, energy, among others, it becomes possible to understand
an action of a product system in the environment [12].

The main objective of this work is to study the development of environmen-
tally friendly construction materials from the incorporation of industrial waste from
ornamental stone in red clay to produce ceramic bricks.

Materials and Methods

The environmental performance of clay brick production in Brazil was assessed
with a LCA study based on the international standards ISO 14040 and ISO 14044
[13, 14]. The goal of the present study is to evaluate the environmental impacts
associated with the manufacture of clay bricks, comparing the conventional process
and the incorporation of OSPW in the composition of clay bricks.

Scope of the Study: Functional Unit and System Boundaries

The functional unit was defined as the production of 1 kg of clay brick, according to
the characteristics of the clay sample, from the city of Campos dos Goytacazes-RJ,
as well as the ornamental stone processing waste incorporated in the study, from the
city of Cachoeiro de Itapemirim—ES.

Two scenarios were created: the first scenario (S1) represents traditional produc-
tion of clay brick (0 W), the second scenario (S2) represents the production of clay
brick incorporated with 5%, in mass, of OSPW (5 W). The boundaries for both
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Fig. 1 System boundaries considering the S1 and S2. (Color figure online)

systems were defined from the extraction and processing of raw materials to the
end-of-life stage. The system boundaries are shown in Fig. 1.

Life Cycle Inventory and Data Collection

This LCI study reports inventory and impact assessment data (Table 1) associated
with the manufacturing of clay bricks from the cradle to the gate, and the end-of-life
impact is generated after the useful life. This analysis assumes that the useful life of
the ceramic brick incorporatedwithOSPW(5W) increases 2.91-foldwhen compared
to traditional bricks [8]. After their useful life has expired, bricks are removed and
sent to a landfill.

Data input into the model is based on the Brazilian context for both alternatives.
Chemical composition data in the production of red ceramic bricks (0 W) and the
production of red ceramic bricks with stone waste (5 W) were collected on a labora-
tory scale (Table 2), according to [8]. Incomplete or inaccessible data was complete
from secondary data, extracted from Ecoinvent 3.3.

Life Cycle Impact Assessment

The assessment tool used in order to assist in modeling was SimaPro 9.0. For
the impact analysis, the method used was the Recipe Midpoint (V 1.13; Europe
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Table 1 Input values considered for the life cycle inventory

Process S1 S2 Unit

Description Value Value

Input

Claya 1.35 1.2825 kg

Electricity 3.91E-6 3.91E-6 kWh

Water 7.36E-5 7.36E-5 m3

Diesel 0.0297 0.0297 MJ

Flat Pallet 1.61E-5 1.61E-5 p

Lubricating oil 1.32E-5 1.32E-5 kg

Tap water 0.027 0.027 kg

Wood Chips 8.9E-3 8.9E-3 kg

Heat—wood chips 0.225 0.225 MJ

OSPWa – 0.064 kg

Output

Product

Clay brick 1 1 kg

Emissions to air

Benzene 2.96E-6 2.81E-6 kg

Carbon dioxide 0.18 0.17 kg

Carbon monoxide 3.9E-4 3.7E-4 kg

Formaldehyde 1.64E-5 1.56E-5 kg

Hydrogen chloride 1.22E-5 1.16E-5 kg

Hydrogen fluoride 1.06E-5 1.007E-5 kg

Nitrogen oxides 2.6E-4 2.5E-4 kg

Phenol 1.3E-7 1.2E-07 kg

Sulfur dioxide 9.98E-5 9.48 E-5 kg

Water 1.51E-5 1.43 E-5 m3

Particulates, <2.5 um – 5.1E-7 kg

Particulates, >10 um – 7.2E-6 kg

Particulates, >2.5 um and <10 um – 2.6E-6 kg

Emissions to water

Water 8.57E-5 8.14 E-5 m3

Waste for treatment

Wood ash 3.96E-4 3.96E-4 kg

aData from laboratory scale
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Table 2 Chemical composition of raw materials [8]

Raw materials (%) SiO2 Al2O3 FeO3 K2O Na2O TiO2 SO3 CaO MnO LOIa

Clay 48.83 35.46 8.87 3.17 – 1.62 0.90 0.89 0.26 14.89

OSPW 55.09 19.86 12.47 3.70 3.05 1.83 – 2.99 1.00 1.86

aLOI—Loss on ignition

Recipe H). The midpoint categories analyzed in this study were Global Warming
(GW), Stratospheric ozone depletion (OD), Ionizing radiation (IR), Ozone forma-
tion, Human health (OFHH), Ozone formation, Terrestrial ecosystems (OFTE),
Terrestrial acidification (TA), Freshwater eutrophication (FE),Marine eutrophication
(ME), Terrestrial ecotoxicity (TE), Freshwater ecotoxicity (FEC), marine ecotoxi-
city (MEC), Human carcinogenic toxicity (HCT), Human non-carcinogenic toxicity
(HNCT), Land use (LU), Mineral resource scarcity (MRS), Fossil resource scarcity
(FRS), and Water Consumption (WC) [15–17].

Results and Discussion

Regarding the comparative system studied and the respective input, Table 3 was
obtained from the data characterized and normalized according to SimaPro soft-
ware. From the values obtained for each impact category evaluated, it was possible
to infer that the clay brick incorporated with OSPW (5 W) showed better environ-
mental performance when compared to traditional clay brick (0 W) (Fig. 2). The
characterized data represents the impacts recorded in each category according to a
specified unit. Normalized data, on the other hand, provide a generalized metric of
which categories have the greatest impact on the global analysis.

This analysis did not consider the avoided impact of the landfill for theOSPW.The
relative impact refers to the comparative environmental performance, considering the
phases of rawmaterial extraction, production, use, and disposal of the products (5W)
and (0 W).

The results, in Fig. 3, show that the FEC,MEC, andHCT categories have a greater
participation in the environmental impacts caused for each system analyzed. These
categories are related to human exposure to toxic substances, especially through
ingestion and inhalation. This is due to the respiratory effects caused by the clay
extraction and brick burning process, since this step is largely responsible for CO2

emissions. These categories are expressed in kg 1.4-dichlorobenzene equivalents
(1.4DCB-eq), a unit used as a characterization factor at the midpoint level for human
toxicity. In addition, the clay brick (5 W) has positive effects in the categories
mentioned, presenting a reduction in impacts to the S2 system, which shows that
an incorporation of OSPW in the manufacture of clay bricks is an alternative to
reduce the negative effects on human health caused by the ceramics industry (Fig. 3)
[18].
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Table 3 Impact values—Life Cycle impact assessment

Impact
category

Characterized data Normalized data (%)

Unit Clay brick
(0 W)

Clay brick
(5 W)

Clay brick
(0 W)

Clay brick
(5 W)

GW kg CO2 eq 0.19 0.18 0.5771 0.5741

OD kg CFC11 eq 9.36E-09 9.23E-09 0.0036 0.0038

IR kBq Co-60 eq 5.7E-4 5.4E-4 0.0278 0.0279

OFHH kg NOx eq 3.8E-4 3.6E-4 0.4392 0.4335

OFTE kg NOx eq 3.9E-4 3.6E-4 0.5150 0.5084

TA kg SO2 eq 2.9E-4 2.7E-4 0.1646 0.1638

FE kg P eq 7.38E-06 7.01E-06 0.2638 0.2639

ME kg N eq 4.34E-07 4.13E-07 0.0022 0.0022

TE kg 1.4-DCB 0.17 0.16 3.8495 3.8499

FEC kg 1.4-DCB 1.1E-3 1.0E-3 20.399 20.403

MEC kg 1.4-DCB 1.57E-3 1.4E-3 35.456 35.463

HCT kg 1.4-DCB 3.8E-3 3.6E-3 32.397 32.40

HNCT kg 1.4-DCB 3.6E-2 3.5E-2 5.7348 5.7353

LU m2a crop eq 6.1E-3 5.7E-3 0.0229 0.0227

MRS kg Cu eq 1.4E-2 1.3E-2 0.0028 0.0028

FRS kg oil eq 5.5E-3 5.2E-3 0.1302 0.1307

WC m3 1.48E-4 1.41E-4 0.0129 0.0129
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Fig. 2 Characterized data for comparative analyses by relative impact. (Color figure online)
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Fig. 3 Normalized data for impact contributions. (Color figure online)

Additionally, the impact assessment of the S2 system was carried out, analyzing
the contribution of each input to the categories of impact. According to Fig. 4 it
was observed that nine of seventeen evaluated categories contain clay extraction as
the main source of impact, registering levels above 70%. Considering the categories
FEC, MEC, and HCT, which had a large participation in the global impacts of the
evaluated system, it is noted that the impacts caused by the clay extraction activity
were around 92%, 91%, and 71%, respectively. This can be attributed mainly to
consumption of fossil fuel by equipment used in this stage of the process. Moreover,
the addition of OSPW to a ceramic clay (5 W) has a positive effect on WC category
by avoiding impact (negative value in the Fig. 4). In that case, the addition of 5%
OSPW improved water consumption by 9% compared with conventional bricks [19].
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Conclusion

Thus, it is possible to conclude that the main environmental impacts presented by
the studied system are associated with the extraction and burning activities of clay
production.Due to the use of equipment that requires fossil fuels, the extraction phase
of the raw material clay has a considerable contribution to the air emissions. Hence,
the mass reduction of the clay rawmaterial in the production of ceramic bricks, when
OSPW is incorporated, is a possibility to reduce environmental impacts and improve
the sustainability of ceramic bricks. In the clay extraction stage the use of more
efficient equipment that uses clean energy sources can contribute to a significant
reduction in the global impacts of the evaluated system.

Furthermore, the incorporation with 5% mass of OSPW in the manufacturing of
ceramic bricks increased the useful life of red ceramic products. The improvement in
the estimated useful life of ceramic bricks can reduce the disposal of these materials
in landfills, leading to a reduction in the environmental impacts associated with
disposal. Besides that, OSPW is nonhazardous and nontoxic and incorporation into
the clay makes the residue inert. Moreover, in situations of disposal due to damage
or after the useful life, this material is not considered hazardous.

The main contribution of this work is to subsidize the technological results
obtained by [8], evaluating environmentally the process of incorporating residues
in ceramic materials and presenting the performance of traditional products and
incorporated with OSPW.
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Comparison Between Red Ceramic Parts
With and Without Ornamental Stone
Waste Under Wetting and Drying Cycles
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Abstract Various examples of scientific research are promoted in Brazil and in the
world to evaluate alternativematerials in the industrial process of red ceramics. Thus,
the objective is to reduce the amount of clay by incorporating another material in the
production line of the red ceramic parts and consequently to prolong the extraction
time of the clay reserves. The ornamental stone industries generate a lot of waste
when cutting blocks. The research analyzes the behavior of the flexural strength of
red ceramic parts with the incorporation of these residues. The percentages of waste
addition were 0% (0R) 5% (5R) and 10% (10R) by mass. Three firing temperatures
were analyzed: 750, 850, and 950 °C. The main objective is, after 175 cycles of
wetting and drying, to compare the flexural strength of ceramic partswith andwithout
the addition of ornamental stone waste. Flexural strength was obtained using the 3-
point method. According to the results, samples 0R and 10R at all firing temperatures
showed lower flexural strength than samples 5R. The 5R samples sintered at 950 °C
were the most resistant with a value of 3.5 MPa after 175 wetting and drying cycles.
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Introduction

From the dawn of humanity to the present day natural resources are used for survival
but in recent years they have been used in an unbridled way, which reflects the
consumption behavior of society in this century [1]. The results of these actions to
the environment are serious, as they can cause scarcity of resources, in addition to
generating large amounts ofwaste [2]. Civil construction stands out for the expressive
volume of raw material consumed which for the most part has a finite origin [2]. The
red ceramic industry uses an exhaustible resource, clay. Thus, scientific research is
promoted in Brazil and in the world to evaluate alternative materials in the industrial
process of red ceramics [3]. So, the objective is to reduce the amount of clay by
incorporating another material in the production line of the red ceramic pieces and
consequently to prolong the extraction time of the clay reserves. The city of Campos
dos Goytacazes, in Brazil, stands out in the production of red ceramic products
playing an important role in the economic development of the State of Rio de Janeiro
[4].

The ornamental stone sector in addition to being characterized as an extractive
activity of exhaustible resources produces a large amount of waste called stone
powder. Generally, these materials are not handled properly in their respective
deposits and are disposed of inappropriatelywhich causes adverse effects on the envi-
ronment [2]. Thus,water sources such as rivers and lakes and the soil are pollutedwith
this material which is easily transported by the wind [2]. Ornamental stone residues
are identified as possible materials that can participate in the process of making red
ceramic arta, including improving certain characteristics such as service life [5]. The
residue is generated when cutting the stone blocks, this is due to the abrasion caused
by the movement of the diamond saw that cuts the stones. [5]. The municipality of
SantoAntônio de Pádua, specifically, stands out as the largest producer of ornamental
stones in the state of Rio de Janeiro, in Brazil [6].

In search of sustainable development, companies in the red ceramic sector have
played an important role in recycling and using ornamental stone powder residues in
their industrial production in recent years [4]. The city of Campos dos Goytacazes
and Santo Antônio de Pádua are located in the same state, Rio de Janeiro, this enables
the partnership between companies in the field of red ceramics and exploration and
production of ornamental stones. The durability of red ceramic parts is affected by
wind, air, sun, and water, so those that are exposed to these factors degrade faster [5].
In this research, the wetting and drying cycles performed in the laboratory simulate
the cycles of natural degradation of the environment.

Thus, the objective of this research is to compare the red ceramic parts without
and with the addition of ornamental stone waste in two situations, intact and after
175 wetting and drying cycles. It is intended to analyze the behavior of the samples
submitted to the flexion test which allows to know the time that the parts reach the
minimum resistance value after the degradation test. Therefore, the objective is to
compare the flexural strength of the different values of percentage of addition of
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ornamental stone waste and firing temperature and demonstrate that is possible to
produce more resistant and durable red ceramic parts.

Materials and Methods

The main materials used in this research in red ceramic parts with and without
the addition of ornamental stone waste are clay and ornamental stone powder. The
clay was acquired in a specific red ceramic industry located in the city of Campos
dos Goytacazes and the stone waste was supplied by a company in the ornamental
stone exploration sector located in the municipality of Santo Antônio de Pádua. The
following Figs. 1 and 2 show the images of the clay deposit and the disposal site for
the ornamental stone waste.

First, the materials were characterized, in this stage mineralogical analyzes of the
clay and ornamental stone waste were carried out. Thus, 200 g of clay andwaste were
sieved in the 100mesh (0.074mm) openmesh and subsequently oven dried at 105 °C.
The qualitative mineralogical composition was obtained by X-ray diffraction, using
the Shimadzu XRD 7000 equipment. The generator configurations were 30 kV and
30 mA, Cu-Kα1 angular step of 0.02° and time interval 1 s and 2θ with variation
between 5° and 60° [5]. The Match3! software was used to quantify the crystalline
phases, based on the Rietveld model with the provision of refinement parameters [5].

In the sample preparation process, the clay and the ornamental stone waste were
previously oven dried at 105 °C. These materials were then sieved in a 100 mesh
(0.149 mm). Three types of samples were prepared for making the ceramic parts,
one with only clay and the other two with 5% and 10% mass addition of ornamental

Fig. 1 Clay deposit. (Color figure online)
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Fig. 2 Disposal of ornamental stone waste. (Color figure online)

Table 1 Composition of the
samples. [5]

Samples Composition (%)

Ornamental stone waste Clay

0R 0 100

5R 5 95

10R 10 90

stone waste. Materials without addition were classified as 0R, those that received 5
and 10%mass addition of waste, 5R and 10R, respectively (Table 1). Then, the three
batches of materials were milled for 30 min for homogenization and moistened with
a moisture content of 8%. The following table shows the composition of each of the
three sample lots adopted in this research.

To make the ceramic parts in prisms with dimensions of 10 × 2 × 1 cm it was
necessary to press the sample with 25 MPa. Thirteen specimens were molded for
each percentage of addition and for the three different firing temperatures, 750, 850,
and 950 °C. (Figure 3) After modeling the ceramic parts, they were sintered at 750,
850, and 950 °C in an electronic muffle with a heating rate of 2°/min, for 180 min.
Cooling took place at room temperature. The image below shows the ceramic parts
in the firing phase in an electronic muffle.

After burning, the degradation test was started. The main natural agents of dete-
rioration of ceramic parts are the actions of climatic factors over time, which in
tropical climates are more severe [5]. The wetting and drying cycles are considered
the most unfavorable condition in the deterioration of red ceramic materials [7].
Thus in this project a laboratory degradation experiment with cycles of temperature
and humidity variation was implemented. The wetting and drying cycles simulate
the variation of temperature and humidity, called laboratory degradation experiment.
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Fig. 3 Ceramic parts in the firing phase in an electronic muffle. (Color figure online)

So, 175 wetting and drying cycles were carried out on 13 ceramic parts from each
batch. In each cycle, the samples were immersed in water for 10 h and then placed
in an oven at 105°C for 14 h.

After the degradation cycles, all the red ceramic parts were submitted to the
flexural strength test, including the intact samples, those that did not participate in
the laboratory deterioration process. The samples were tested according to the 3-
point method, standardized according to ASTM C-674-77 [8]. The load rate was
0.5 mm/min and the distance between the supports was 9 cm [5].

From the comparison of the flexural strength values of the samples that were
degraded (FS) in relation to the intact samples (FS0), it is possible to calculate
the loss of flexural strength index (I LFS) of the red ceramic parts. The formula that
allows defining the loss of flexural strength index (I LFS) is

I LFS = |FS0 − FS|
FS0

X100%

The loss of flexural strength index (I LFS) value ranges from zero for intact mate-
rial to a maximum value, always less than 100%, for the most degraded material [5].
Based on the values obtained, the I PRF is calculated for each set of samples after
the degradation times. Given the correlation of time in days and the I PRF curves, it
is possible to define the time in which the material sample will lose strength, up to
the minimum allowed.
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Results and Discussion

The following figure shows the X-ray diffractogram of the clay in the Match (3!)
program and quantification by Rietveld (Fig. 4).

The diffractogram above shows the presence of kaolinite (55.4%), quartz (23.0%),
microcline (17.1%), and gibbsite (4.6%), can be observed in Fig. 5.

Fig. 4 Clay X-ray diffractogram. (Color figure online)

Fig. 5 X-ray diffractogram of the ornamental stone waste. (Color figure online)
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Fig. 6 The flexural strength results of the intact samples [5]

The diffractogram above shows the presence of microcline (27.9%), quartz
(27.8%), anorthoclase (26.3%), and biotite (18.0%). The flexural strength results
of the intact samples are shown in the following in Fig. 6.

All intact rights have values above the established minimum [8, 9]. As the firing
temperature increases, the parts become more resistant to flexural. This occurred
in all the percentage of incorporation of ornamental stone waste. The 5R samples
sintered at 950 °C reached the highest value of 4.6MPa [5]. The results of the flexural
strength of the samples after 175wetting and drying cycles are shown in the following
in Fig. 7.

There was a loss in flexural strength after 175 cycles of wetting and drying, when
compared to the intact samples. All samples sintered at 850 and 950 °C presented
values above the established minimum [10–12]. The samples sintered at 750 °Cwere
fragile after 175 cycles, as they reached the established minimum. However, the 5R
samples at 750 °C did not reach the minimum, being still in conditions of use. The
5R samples sintered at 950 °C are the most resistant with a value of 3.5 MPa [11].

The following figure shows the flexural strength loss index (I LFS) of samples
5R sintered at 950 °C after 175 cycles of wetting and drying. These samples were
chosen because they present greater strength in relation to the others (Fig. 8) [13].

The index of loss of resistance to flexion was higher for samples 0R than for
5R, 59.8% and 39.19%, respectively. This occurs due to the presence of microcline,
anorthoclase, and biotite in the ornamental stone waste that forms a liquid phase in
the sintering of the samples [14, 15].
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Fig. 7 The flexural strength results of the samples after 175 cycles of wetting and drying
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Fig. 8 The results of the flexural strength loss index (I LFS) of samples 0R and 5R sintered at 950
°C after 175 cycles. (Color figure online)

Conclusions

Kaolinite stands out in the mineralogical composition of clay and microcline and
quartz in ornamental stone residues. The samples with the addition of 5% by mass,
5R, presented better results. Samples without added ornamental stone residues are
less resistant. Analyzing the sintered samples at 950 °C, the 5R are more resistant
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than the 0R. The index of loss of resistance to flexion was higher for samples 0R
than for 5R. The presence of microcline, anorthoclase, and biotite in the ornamental
stone waste improves the performance of the ceramic parts in relation to flexural
strength. Therefore, the addition of ornamental stone waste to the ceramic materials
improves flexural strength. In addition, there is less clay extraction and an interesting
application of the ornamental stone waste. It is suggested for further research that
the analyzes be carried out with more wetting and drying cycles.
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Compressive Properties of Additively
Manufactured Titanium-Carbide

Heet Amin, Jianshen Wang, Ali A. H. Ameri, Hongxu Wang, Daniel East,
and Juan P. Escobedo-Diaz

Abstract The quasistatic compressive behaviour of additively manufactured
titanium-carbide (Ti-6Al4-V-C or Ti-C) was investigated through quasistatic
compression andmicrohardness tests. The carbon contentwithin the titanium-carbide
samples was varied in order to identify the influence of graphite on the properties
of the material. The information gathered through the mechanical tests and optical
microscopy was used in order to identify the effectiveness of titanium-carbide as a
functionally graded material applied in ballistic protection. Initial QS compression
testing on 5.3 and 6 wt%C content yielded similar results in mechanical proper-
ties. This contradicts the hypothesis which predicts an increase in strength with an
increase in carbon content. Further details on the results will be presented in this
study.

Keywords Additive manufacturing · Titanium-carbide ·Microstructure
characterisation ·Mechanical properties

Introduction

Titanium alone provides desirable mechanical properties such as high strength and
corrosion resistance while maintaining a low density as compared to other common
metals such as steel, copper, and nickel [1]. Titanium is also abundant in nature
in the form of minerals such as rutile, ilmenite, and titanite. Carbon is also abun-
dantly available in the form of diamond, amorphous carbon, and graphite, its most
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common form. By alloying titanium and carbon, certain mechanical properties are
enhanced. Titanium-carbide (Ti-C) can have various applications where wear resis-
tance, thermal stability, and high strength are necessary such as ballistic armour,
aerospace, and turbine parts. Previous studies show increasing carbon content in the
Ti-C alloy increases Young’s modulus, hardness and yield strength whilst reducing
the toughness and ductility of the material [2].

Titanium has shown potential to be formed into a functionally graded material
(FGM)where the properties andmicrostructure of amaterial changes across a certain
distance. With its introduction in 1987 in applications for a high-temperature propul-
sion system, FGMs have numerous modern-day applications [3]. One such potential
application is the use of functionally gradedTi-C for ballistic armour. FGMhas shown
greater ballistic properties in comparison to homogenous materials [4]. Graded Ti-C
with varying ductility, hardness, and strength properties can be arranged so that it
can provide desirable protection from high-velocity impacts and compressive forces.
There is limited to no relevant research which verifies this theory for Ti-C.

The fabrication method also affects the properties of the material. This study
investigates the compressive properties of additively manufactured Ti-C. Ti-C is a
relatively modern material, with the introduction of efficient methods to produce
Ti-C only beginning in the 1980s (through powder sintering) [5]. A modern Ti-C
additive manufacturing process is Laser Engineered Net Shaping (LENS) which
was first introduced in 1996 by Sandia National Laboratories and commercialised
in 1997 with Optomec. LENS utilises a high-power laser to melt metal powder
supplied through a coaxial powder feed system. Depending on the make and model
of the LENS machine, the powder feed system can have up to 3–4 nozzles with each
nozzle providing different powders allowing the machine to form alloyed products.

Although some research has been conducted into Ti-C. There is minimal research
or data which describes the compressive response of additively manufactured Ti-C
under quasistatic strain rates. Most of the current research regarding the compressive
properties of additively manufactured Ti-C has been conducted by JianshenWang in
2019. This study intends on providing more data and information in order to further
advance the research into additivelymanufactured Ti-C and its application as ballistic
protection.

Methodology

Fabrication of Samples

An Optomec LENS MR-7 system was used to additively manufacture homogenous
Ti-C MMC. This system utilises four nozzles and a 1070 nm wavelength fibre laser
to form a melt pool focussed on a targeted area (as illustrated in Fig. 1). The power
of the laser ranges from 0.5 to 1 kW. The melt pool then allows the powder fed
through the nozzles to be absorbed, forming a composite. Nozzles can feed various
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Fig. 1 The image illustrates the key components of the Optomec LENS MR-7 additive manufac-
turing system (Optomec Inc, 2018). (Color figure online)

powders in order to form numerous composite materials. For the samples used in
this study, the nozzles fed Ti-6Al-4 V powder and nickel-coated graphite. Nickel was
required whilst feeding through the nozzles, as pure graphite powder was too fine.
Fine powder results in blockages in the piping between the powder hopper and the
deposition head. In order to prevent this and create more coarse grains in the powder,
nickel was added. The carbon (graphite) content was controlled by varying the feed
rate of the graphite relative to the deposition rate of the Ti-6Al-4 V powder.

Electric Discharge Wire Cutting

The samples were prepared for testing via EDMwire cutting. EDM cutting processes
utilise the electric conductivity of the sample material. An electrically charged wire
connected to two spools cuts through a material submerged in dielectric fluid. The
dielectric fluid acts as a semi-conductive medium between the electric wires and the
workpiece as well as a cooling agent and flushing agent. The most common EDM
dielectric fluid is deionised water; however, hydrocarbon oils are also occasionally
utilised [6]. The wire cutting process can achieve tolerances up to ±0.005 mm.
The samples used in the study were 6 mm in diameter and length with a design
tolerance of±0.05 mm for both dimensions. These dimensions will be used for both
the quasistatic compression and SHPB testing. Furthermore, the EDM wire cutting
generates good, consistent surface finishing, hence further processing is not required
for sample preparation.
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Sample Preparation and Optical Microscopy

In order to conduct Vickers hardness tests and optical microscopy, the samples
were prepared via grinding and polishing in accordance with Titanium prepara-
tion methods outlined by Struers (2015). The plane surface of a Ti-C sample was
first grinded using an MD-Mezzo 220. The grinding surface was submerged under
a thin layer of water which acted as a lubricant. This was followed by a single fine
grinding step where an MD-Largo grinding surface was submerged under DiaPro
Allegro/Largo 9 µm suspension (lubricant). Finally, the Ti-C surface was polished
using a chemical-mechanical technique.A colloidal silicamixture consisting of silica
oxide (OP-S) and hydrogen peroxide (H2O2) with a volume ratio of 9:1 was used.
In an aqueous condition, the Titanium in the Ti-C reacts with the hydrogen peroxide
to form titanium dioxide (TiO2) [7]. The titanium dioxide on the surface of the Ti-C
sample is continuously removed by the silica suspension. This leaves the surface free
of mechanical deformities that may have occurred due to grinding and prepares the
sample for hardness testing (Fig. 2).

After optical microscopy ImageJ software was utilised to calculate the carbon
area fractions of the samples. As shown in Table 1, both the 5.3 and 6%wt.C Ti-C
samples have similar carbon area fractionwith exception of sample 1 of 6%wt.C. This
demonstrated how the consistency of the carbon in the samples can vary even when
the LENSMR-7 system has been set to generate samples with specific samples. This
also highlights the necessity for optical microscopy of the fracture materials after
testing.

Fig. 2 Image of Ti-6Al-4 V with 5.3 wt%C (A) and 6 wt%.C (B). (Color figure online)
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Table 1 Area fractions of
Ti-C samples. Two samples of
each carbon percentage were
measured to understand the
consistency of carbon
composition within the
samples. Note that these
samples are not the same as
the samples used for QS
compression testing. The
analysis was completed using
ImageJ

Sample (wt%) Area (mm2) %Area %Area for Carbon

5.3%C Sample 1 26.78 88.67 11.33

5.3%C Sample 2 27.44 89.59 10.41

6%C Sample 1 27.01 94.20 5.80

6%C Sample 2 27.57 88.10 11.90

Quasistatic (QS) Compression Test Method

QS compression testing describes the behaviour of a material under a load. This
testing reveals numerous materials properties such as the yield point, toughness,
and elastic modulus. The tests were conducted in accordance with ASTM E9-09
standards. A strain rate of 10−3 s−1 was used for all tests in order to achieve QS
compression. This meant a crosshead velocity of 3.6 mm/min is required for the
6 mm long sample. All samples were compressed until failure.

The uncertainties present in the displacement values measured by the Shimadzu
universal testing machine needed to be considered for data analysis. In order to
account for this, compliance testing of the machine was conducted prior to all the
compression tests in order to ensure accurate readings for measurements.

As illustrated in Fig. 3, the tests were set using inserts which prevent the crosshead
from being damaged due to the hard Ti-C specimens. Before each test, the surface of
all inserts and samples were lightly lubricated using Molybdenum Disulfide (MoS2)
in order to prevent friction effects on the results. After the completion of each test,
the fracture material was collected for further analysis. The inserts and test area were
then cleaned using ethanol. The work area was also brushed and cleared using a
vacuum in order to remove previous test fragments.

Three tests were conducted at each carbon range. Table 2 shows the parameters
the test was conducted within. The dimensions of each sample were measured three
times using a digital calliper in order to ensure accurate measurements.

Results and Discussion

Three QS compressions tests were on 5.3 and 6wt%CTi-C samples. All tests yielded
different stress–strain curves as illustrated in Fig. 4. Only similarity that was noted
was the compressions’ strengths. Although it was expected that the compressive
strengths of the samples would vary with carbon content, the compressive strengths
were still similar. With the exception of test 2 for 5.3 wt%C and test 4 for 6 wt%C
Ti-C, the compressive strengths of the samples ranged between 1.32 and 1.44 GPa.
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Fig. 3 Image of a QS compression test setup of a titanium-carbide sample being sandwiched
between tool steel and tungsten carbide inserts. This setup is on the Shimadzu Autograph AGS-X.
(Color figure online)

Table 2 Experiment parameter table showing the dimensions of the samples which were used in
QS compression tests

Exp no. Carbon (wt%) Average measured dimension (LS × DS) (mm) LS/DS Ratios

1.1 5.3 5.993× 5.980 1.002

1.2 5.3 5.960× 5.960 1.000

1.3 5.3 5.970× 5.957 1.002

2.1 6 5.967× 5.970 0.999

2.2 6 5.963× 5.983 0.967

2.3 6 5.963× 5.970 0.999

That is overall quite similar in comparison to additively manufactured pure Ti-6Al-
4 V which has a compressive strength ranging between 1.44 and 1.49 GPa [2]. The
QS tests alone suggest that carbon significantly affects the material properties at
low strain rates, in particularly the compressive strength. As illustrated in Fig. 4, the
compressive strength increased with carbon content up until 5.3 wt%C Ti-C. Based
on that figure, at some composition between 3.6 and 5.3 wt%C, the carbon begins to
act detrimentally towards the compressive strength of the samples. This is shown by
the drop in compressive strength for the 5.3 and 6 wt%C Ti-C samples.

Figure 4 also has significant error bars indicating variability in the mechanical
properties of the samples. A potential reason behind such varying stress–strain prop-
erties (reference error bars in Fig. 4) and presence of anomalies in the compressive
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Fig. 4 Stress–strain results from the QS tests on various samples with different carbon contents
(wt%). The strain rate of all the tests was 10−3 s−1. (Color figure online)

strength could be due to the variability in the carbon composition in themicrostructure
of the sample. Using the optical microscope, the area fraction of the carbon particles
in the alloy was measured. As shown in table, 1, the carbon levels in each sample
are slightly different even after the LENS MR-7 system was set to form samples of
specified carbon compositions. A major outlier that is noticeable in Table 1 is shown
by ‘6 wt%C Sample 1’. The sample only has 5.8 wt% carbon covering the surface
area. This is significantly lower than the other area fractions which range between
10 and 12 wt%.

It is important to note that the percent carbon area of a sample does not indicate
the carbon composition with complete accuracy. The distribution of carbonmay vary
throughout the volume of the sample and the area fraction only represents one cross
section. Instead the area fraction provides a sound indication and reasoning as to
why some samples may have varying mechanical properties (Fig. 5).

Images were taken using an optical microscope on randomly selected samples. A
deeper analysis of the samples showed the presence of dendrites in the grain structure
of the material. These dendrites were pure titanium-carbide dendrites. The samples
were not etched and hence only the dendrites and graphite particles can be properly
visualised under an optical microscope as shown in Fig. 6.

Microhardness tests were conducted on the same samples used for the optical
microscopy. Six tests were conducted on each sample to understand the microhard-
ness properties of the samples on different components of the sample surface. It
was noticed that dendrites had a hardening effect on samples. Regions with high
dendrite concentrations had a significantly greater microhardness value as compared
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Fig. 5 The figure above shows how the compressive strength of Ti-C varies with carbon
composition. Values for 0, 1.5, and 3.6 wt%C were determined by Wang [2]. (Color figure online)

Fig. 6 The image above illustrates the presence pure titanium-carbide dendrites as well as the
graphite particles present in the un-etched Ti-C samples. The image above is of ‘6 wt%C sample
#2’, captured at a magnification of ×50 by the optical microscope. (Color figure online)

to regions with low dendrite concentrations. Table 3 shows that the pure titanium-
carbide dendrites significantly increased the microhardness of the material. Note that
the average microhardness values for the low dendrite regions are similar regardless
of the sample. However, the microhardness of the high dendrite regions increases at
varying rates. Sample 2 with 6 wt%C increased by 115.9% in hardness in compar-
ison to sample 1 with 5.3 wt%C which only increased by 31.3%. The microhard-
ness measurements for sample 1 with 6 wt%C had the lowest microhardness values
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Table 3 Table below
displays the microhardness
values measured for all the
samples that were analysed
under the optical microscope.
Note that sample 2 with
5.3 wt%C did not have a flat
surface which resulted in
asymmetric indentations and
hence did not provide
accurate measurements

Average Microhardness Values (HV)

Dendrite
concentration

5.3 wt%C Sample #1 6 wt%C Sample #2

Low dendrite
concentration

611 507

High dendrite
concentration

802 1095

Percent increase
(%)

31 116

overall; this was expected due to the low carbon area fraction outlined in Table 1
earlier. A low graphite content will result in fewer dendrites being formed hence the
lower microhardness measurements.

Figure 7 showswhat ismeant by ‘low’ and ‘high’ dendrite concentrations. Figure 7
further highlights the effects of the dendrites on mechanical properties of the sample.
For low dendrite regions, such as ‘Ti-C 5.3 wt%C #1’, the indentation created slip

Fig. 7 The figure above displays images of the indentations made on the different samples that
were tested. The figure also qualitatively highlights the difference between low and high dendrite
regions. (Color figure online)
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planes; a property more common in ductile materials. Whereas the high dendrite
regions such as ‘Ti-C 6 wt%C #2’, the indentation created cracks which suggests
dendrites also increase the brittleness of the material.

Conclusion

The mechanical response of Ti-C with 5.3 and 6 wt%Cwere tested. QS compression
tests, microhardness tests, and opticalmicroscopywas conducted on samples in order
to understand how and why the Ti-C samples reacted to compressive loads. The QS
compression tests showed that the compressive strength of the 5.3 and 6 wt%C
samples were similar with the exception of certain anomalies. This showed that
a difference of 0.7 wt%C does not have a significant effect on the compressive
strength of the Ti-C under low strain rates (10−3 s−1). However, it also proved that
the presence of graphite in themicrostructure of the sample has a strengthening effect
on the compressive response of the sample as the overall compressive strengths were
significantly greater than Ti-6Al-4 V.

Optical microscopy showed that the LENS MR-7 system does not produce
samples with complete accuracy in terms of carbon composition. This provides some
justification as towhy some anomalies were present during theQS compression tests.
It also highlights the necessity to analyse the samples after testing in order to corre-
late the mechanical properties with the microstructure and carbon composition of the
sample. A major finding during testing was the effect of carbon on the compressive
strength of Ti-C. It was demonstrated that carbon increases the compressive strength
of the samples only up to a certain carbon composition. Beyond this point, additional
carbon actually reduces the compressive strength of the sample. The exact compo-
sition could not be conclusively determined; however, it is likely to range between
3.6 and 5.3 wt%C.

Second, anothermajor findingwas the presence of pure titanium-carbide dendrites
and its effect on the hardness and brittleness of the Ti-C material. Microhardness
testing showed that the dendrites significantly increased the hardness of the samples.
Cracks formed by the indentations on regions with high concentrations of dendrites
suggests that the brittleness of the samples is also increased by the presence of
dendrites. Whereas regions with a low dendrite concentration had lower microhard-
ness values. Slip deformation also occurred as a result of the indentations in these
low dendrite regions.
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Density Weibull Analysis of Tucum Fiber
with Different Diameters

Michelle Souza Oliveira, Fabio da Costa Garcia Filho,
Fernanda Santos da Luz, and Sergio Neves Monteiro

Abstract The replacement of synthetic fibers to natural fibers has been the subject
of intense research, particularly as applied in composites. Astrocaryum vulgare is
an important palm tree employed for many people along the Amazonian region in
handcrafts and other products, by traditionalmanipulation techniques. The aimof this
work is to perform a densityWeibull analysis of Astrocaryum vulgare (Tucum) fibers
with different diameters. The results obtained may be a database of Astrocaryum
vulgare fibers, helping future research that will address its application potential as
an alternative fiber applied in polymer composites.

Keywords Density analysis · Natural fibers · Tucum fiber · Weibull analysis

Introduction

The technological development and expectations for the use of natural resources have
increased [1–10], and this has raised questions related to the availability of materials,
such as those derived from sustainable resources, which can be processed with less
energy consumption, as well as recyclable materials, including those from which
energy can be recovered.

Moreover, the search for new materials, preferably those of natural origin, is
constant. Research currently developed needs to consider not only the functionality
of the material, but also its production process, products used, as well as the disposal
of that material.

Vegetable fibers, such as sisal [11, 12], fique [13], coir [14], and PALF [15] fiber,
among others, are sustainablematerials, already having current applications (produc-
tion of yarns, fabrics, nonwovens, composites, etc.) and other applications still being
investigated. On the other hand, many other Brazilian plant species and their respec-
tive fibers, such as tucum fiber, little or nothing are known about its characteristics
and possible applications. The leaves of the Astocaryum vulgare palm tree, known

M. S. Oliveira (B) · F. da Costa Garcia Filho · F. S. da Luz · S. N. Monteiro
Military Institute of Engineering – IME, Rio de Janeiro, Brazil
e-mail: oliveirasmichelle@gmail.com

© The Minerals, Metals & Materials Society 2021
J. Li et al., Characterization of Minerals, Metals, and Materials 2021,
The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-65493-1_30

309

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65493-1_30&domain=pdf
mailto:oliveirasmichelle@gmail.com
https://doi.org/10.1007/978-3-030-65493-1_30


310 M. S. Oliveira et al.

as tucum in the western Brazilian Amazon, are a potential source of vegetable fiber.
Such fibers have already been studied by authors, who occasionally related their use
to traditional communities [16–18], however, the physical characterization of the
fiber was reported only once [18].

Thus, it is necessary to know the physical characteristics of the tucum fiber, which
is little investigated in the literature.

Materials and Methods

The basic material investigated in this work was tucum fiber. Here it is worth
mentioning that this tucum fiber was obtained from a local market in the state of
Amazonas, Brazil.

Determination of Fiber Density: Fiber Geometry

One hundred fibers were randomly separated for a statistical evaluation of their
dimension. Based on the diameters obtained in a model Olympus BX53M optical
microscope (OM). Five different parts of the same fiber, at 0° and 90°, were analyzed.
The rotation ensures the correct values for the average diameter estimate for each
fiber.

The histogram in Fig. 1 shows a great dispersion in the values of the diameter of the
tucum fiber, considering 6 ranges of diameters, a consequence of the heterogeneity
of the physical characteristics of the lignocellulosic fibers.

In this figure it is important to notice that the diameter varies between 0.12 and
0.65 mm with an average diameter of 0.42 mm. The density of each fiber was
calculated considering a cylindrical volume of the tucum fibers, using the following
mathematical equation.

ρ = 4M/(πd2l) (1)

where ρ is the density in g/cm3, M is the mass in grams, d is the diameter, l is the
length of the fiber. From the captured values of mass and volume, a density value
was obtained for each tucum fiber. Statistical analyzes were performed using the
program Weibull Analysis.

Surface Morphology

The surface morphology and cross section of tucum fiber were analyzed by scan-
ning electron microscopy (SEM) attached by conducting carbon tape to a metallic
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Fig. 1 Histogram of the frequency of the tucumfibers for each diameter range. (Color figure online)

support and then gold sputtered to allow observation in a model SSX-550 Shimadzu
microscope operating with secondary electrons accelerated at a maximum voltage
of 5 kV.

Results and Discussion

Analysis of the Diameter and Density of the Tucum Fiber

The values of densities were analyzed by the Weibull statistic method for each
one of the 6 diameters intervals shown in the histogram of Fig. 1. In addition, the
Weibull Analysis computer program provides the following parameters: θ (charac-
teristic density), β (Weibull modulus), R2 (precision adjustment), as well as a mean
density based on theWeibull distribution with related deviations. The values of these
parameters are listed in Table 1.

Furthermore, the Weibull Analysis program provides the graphs shown in Fig. 2.
In this figure it is important to observe that all graphs are unimodal, which indicates
that fibers present that same behavior in each diameter interval.

In Fig. 2 there is a clear tendency for the parameter to vary inversely with the
average tucum fiber diameter. This indicates that the thinner the fiber the high tends
to be the characteristic density. The relationship between diameter and density is
inversely proportional.
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Table 1 Weibull parameters for the density of tucum fibers associated with the different diameter
ranges

Diameter range
(mm)

Weibull
module (β)

Characteristic
density (θ)
(g/cm3)

Precision
adjustment
(R2)

Average
density
(g/cm3)

Standard
deviation
(g/cm3)

0.12 ≤ d < 0.20 4.202 1.329 0.964 1.532 0.619

0.20 ≤ d < 0.29 1.892 0.586 0.977 0.543 0.214

0.29 ≤ d < 0.38 3.076 0.423 0.911 0.404 0.170

0.38 ≤ -d < 0.46 3.949 0.329 0.975 0.330 0.090

0.46 ≤ d < 0.55 13.94 0.251 0.983 0.263 0.088

0.55 ≤ d ≤ 0.64 2.522 0.202 0.956 0.178 0.100

Fig. 2 Graphs of Weibull probability, maximum density, and characteristic density of tucum fibers
in different diameter ranges. (Color figure online)

The variation of the characteristic density (θ) with the average fiber diameter for
each one of its intervals is presented in Fig. 3. By means of a mathematic correlation,
a hyperbolic type of equation was proposed to fit the data. A regular tendency for
the θ parameter to vary with the inverse of the tucum fiber diameter.

θ(g/cm3) = d/(3.62d − 2.87) (2)

In order to analyze the physical meaning of Eq. (2), the Weibull average density,
ρ¬, evaluated in this work for the tucum fiber was plotted as a function of the
equivalent mean diameter in Fig. 4.
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Fig. 3 Variation of the tucum fiber characteristic density, θ, from the Weibull analysis with the
corresponding mean equivalent diameter. (Color figure online)

Fig. 4 Variation of the average density with the diameter for each interval in Fig. 1. (Color figure
online)
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Fig. 5 SEM images longitudinal, (a) and (b), and OM image (c) of tucum fiber

In this figure, an apparent hyperbolic inverse correlation also exists between ρ¬
and d within the error bars (statistical deviations) and investigated limits. Figure 5
reveals by SEM and OMmicrographs the aspects of surface morphology, Fig. 5a and
b, and cross section, Fig. 5c.

It can be seen in this Fig. 5a displays less a natural flaw and few internal voids, On
the other hand, Fig. 5b shows a heterogeneous surface comprising relatively more
flaws and voids.

Summary and Conclusions

• The analysis of 100 fibers of tucum fibers showed an inverse dependence between
the density and fiber diameter, so that the larger the diameter the lower the density.

• Weibull’s statistical method proved to be fundamental for the analysis of density
values as a function of the diameter ranges of the tucum fibers.

• A SEM analysis disclosed heterogeneity of tucum fibers.
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Ecological Mortars with Blast Slag Waste
Application

J. A. T. Linhares Jr., M. T. Marvila, A. R. G. Azevedo, L. Reis, A. Azeredo,
C. M. Vieira, and S. Monteiro

Abstract The objective of this work is to evaluate the replacement of cement and
sand by blast furnace slag waste, in order to produce mortars with better mechanical
properties. Mortars were used 1:3:1.5 (cement: sand: water), with substitution of 0,
10, 20, and 30% of cement by slag. A referencemortar was also produced without the
application of the waste. Cures were evaluated at normal and thermal temperatures at
60 °C and tests were performed on compressive strength, water absorption, porosity,
density, and consistency. The results indicate that the slag is viable in the application
of both replacing sand and replacing cement.

Keywords Mortars · Waste · Substitution

Introduction

Avariety of studies in the area of ecological mortars have been developed by science,
with a tax to reduce the impacts generated by the industry, both the cement industry,
and other deliberations that waste in its processes.
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The cement industry has linked to its production processes, stages that generate
residues that have a negative impact on human health, such as the emission of pollu-
tants into the air, soil, and water. This industrial branch still has the potential to
generate social impacts in communities that occupy the surroundings of production
plants [1].

Steel has significant economic importance and many investments are made in its
production. It has much required properties such as ductility and mechanical resis-
tance. With the great need for this metal in the world, questions about the wastes and
environmental impacts produced in steel mills are beginning to emerge. It becomes
necessary to correctly dispose of waste, reduce its impacts and, if possible, generate
some economic gain. Legislation further leverages the need to give the most correct
destination to waste, seeking greater development, based on sustainability [2].

In an international context, currently the steel industry has made promising
advances in reducing the impacts generated by waste, however there is still a good
potential for reducing these impacts. In integrated plants, about 80% of the waste
generated comes from the steel reduction and refining stages, in semi-integrated
plants the refining and rawmaterials stages generate practically all the waste. Among
these steel co-products, blast furnace slag is the one that appears in greater quantity,
with a capacity around 210–310 kg of solid waste per ton of pig iron produced.
Cement industries already make use of slag generated in blast furnaces, given that,
one of the challenges of environmental management in steel mills is better processing
of these wastes, to add more quality and value to their specific purposes [3].

In general, there are two ways to produce glassy slag, the same that will be
incorporated as a binder in mortar, the first of which is called granulation. In this
process, the slag in its liquid state, in free fall, undergoes the action of a jet of water,
on average in the proportion of 3 tons of water per 1 of slag, which is placed in a
tank with water. Due to the speed of cooling, the slag takes on a glassy granular
geometry, as there is not enough time for the crystalline material to form completely.
In the second form of processing, pelletizing occurs, where the slag still in a liquid
phase falls on a cylinder, which has teeth and rotates in an approximate rotation of
300 RPM, cooled by blasted cold water in a proportion of 1:1 tons of water and slag,
the grains are thrown into the air, forming less homogeneous grains. In this second
process, grains with a larger diameter are generally used as aggregate and those with
a smaller diameter as a binder [4].

The glassy granules formed from blast furnace slag have limited hydraulic prop-
erties, however it is necessary to apply activators that speed up the water absorption
process. There are generally three types of activators, they are chemical, physical,
and thermal activators [5]. The purpose of this work is to use wastes from blast
furnaces to incorporate them, in the agglomerating fraction of the mortar, and to
observe, from a trace of a parameter, the variation of their mechanical properties.
The replacement percentages will be 10, 20, and 30% of agglomerate per slag. The
tests used to obtain quantitative data on the mechanical properties are compressive
strength, water absorption, porosity, density, and consistency. The cures were carried
out at normal and thermal temperatures at 60 °C.
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Materials and Methods

The mortars for the tests used in this study were prepared in accordance with NBR
13276 [6], being properly mixed and homogenized. With the mortar still in the fresh
state, consistency tests were carried out, to guide the procedures, the guidelines of
the NBR 13276 standard were followed [7]. The consistency index recommended
by this standard is 260 ± 5 mm.

A tapered trunk of 12.5 cm in diameter at the base, 8 cm in diameter at the top,
and with a height of 6 cm. A circular table meeting the minimum diameter of 50 cm,
the weight of 12 kg, and the drop height of 14 mm was used in the experiment.

The mortar was introduced into the mold, placed in the center of the table, in three
homogeneous layers, and for the first layer 15 strokes were applied with a socket,
distributed equally, in the second layer 10 strokes were applied and in the third 5.
After the three layers, with the use of a metallic ruler, the mortar was scraped close to
the edge of the mold, then it was removed and 30 falls were performed, in an interval
of 30 s. Thus, the spreading of themortar wasmeasured using a ruler in three different
directions. The consistency index was then obtained with the average of the three
measurements recorded, so the higher this value, the better the workability of the
mortar.

For the compressive strength test, three specimens were produced with three
layers of the same volume of mortar, and in each layer 15 strokes were applied,
evenly distributed, executed with a hammer specific to the procedure, according to
specifications of NBR 5739 standard [8]. The dimensions of the specimens were,
50 mm in diameter and 100 mm in height, having reached rupture with the gradual
application of 500 ± 10 N/s load, in an EMIC universal testing machine with a
capacity of 30 kN as exposed in Fig. 1. The described procedure was performed for

Fig. 1 Compressive strength
test, with cylindrical
specimen. (Color figure
online)
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specimens produced with normal curing and with thermal curing at a temperature of
60 °C.

After the rupture, it was possible to calculate the compressive strength using the
function below (Eq. 1).

Rc = Fc

625π
(1)

where

Rc = compressive strength (MPa);

Fc = maximum applied load (N).
The water absorption and void index test (porosity) were performed in accordance

with the NBR 9778 standard [9], three specimens were made to perform the proce-
dures. In the first stage, the specimens were inserted in a greenhouse for 72 h. After
time, the masses (Ms) were measured, then immersed in water also for 72 h. With
saturation at room temperature, the specimens were brought to a boil, remaining for
5 h, with the volume of water in the container being kept constant. After the time, it
was waited until the temperature reached the environment, naturally, then the mass
of the immersed specimens (mi) was recorded, with the use of a hydrostatic scale.
In the last stage of the procedure, the specimens were removed from the water and
dried with a damp cloth and their saturated masses were measured (msat).

Using the data recorded during the procedure, it was possible with the use of the
equations below, to obtain water absorption (Eq. 2) and voids index (Eq. 3):

A = msat − ms

ms
(2)

Iv = msat − ms

msat − mi
(3)

Rc = Fc

625π
(4)

where

A = water absorption by immersion (%);

Iv = voids index (%);

Msat = sample mass saturated in water after immersion and boiling (g);

Ms = kiln dried sample mass (g);

Mi = mass of the saturated sample immersed in water after boiling (g).
Mass density in the hardened state wasmeasured by tests on submitted specimens,

thermal curing, and normal curing, following the procedure described byNBR13280
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[10]. Three cylindrical geometry specimens weremade and their measurements were
taken using a caliper. Then the masses of the specimens were recorded, with the aid
of a laboratory scale. After recording the parameters mentioned above, the volume
of the specimens with the expression below was first calculated (Eq. 5).

v = π ∗ R2 ∗ h (5)

where

V = specimen volume;

R = cylinder base radius;

h = cylinder height.
With the volume of the specimens, mass density was calculated with the following

Eq. 6.

ρ = m

v
∗ 100 (6)

where

ρ = bulk density in the hardened state;

m = mass of the specimen;

V = specimen volume.

Results

With the mortar still in the fresh state, the consistency test was performed, as already
described in the methodology, the values obtained were displayed graphically in
Fig. 2.

In the mortar without waste, a consistency of 263.33 mmwas obtained, with 10%
of residue replacing the cement, the value dropped to 259.21 mm, and a slightly
sharp fall followed progressively. With 20 and 30% blast furnace waste, the values
of 254.23 mm and 252.74 mm were removed in this order [11].

In the compressive strength, there was an increase in the specimens submitted to
thermal curing, when incorporated 10 and 20% of the waste, increasing this property
from 4.59 MPa to 4.79 and 4.82 MPa, respectively, when added 30% of waste as a
binder, there was a drop in resistance, pointing to a possible limit for the improve-
ment of this property, with the use of waste. In normal curing, the compressive
strength dropped more linearly, as the percentage of added waste increased. In the
parameter mortar, that is, without incorporation, it had a resistance of 4.25 MPa, as
the percentage of added waste increased, to 10, 20, and to 30%, the compressive
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Fig. 2 Behavior of consistency in relation to the substitution of the binder by the waste. (Color
figure online)

strength reached the values of 4.08 MPa, 3.88 MPa, and 3.62 MPa, respectively.
Figure 3 shows these values [12].

The porosity, or voids index, had a considerable percentage increase in normal cure
and a subtle drop, when using thermal cure, this divergence can be better visualized in
Fig. 4. In the tests,which used the normal curing process, themortarwithout replacing
the binder by residue, obtained a porosity of 17.25%, from which an empty index
of 18.23% was obtained for 10% and for 20% and 30%, 20.12% and 22.63% were
obtained respectively. In the thermal curing process, in the parameter line, the index
adopted a value of 16.23%, falling to 16.04% in the mortar with 10% waste, and
remaining in decline with 20 and 30% waste, assuming 15.98% and 15.42% in that
order [11].
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Fig. 3 Behavior of compressive strength, with the incorporation of blast furnace waste. (Color
figure online)
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Fig. 4 Normal and thermal curing porosity. (Color figure online)
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Fig. 5 Behavior of water absorption, in normal and thermal curing. (Color figure online)

In the water absorption tests, a percentage increase occurred, as the percentage of
wastewas increased, where the specimenswere subjected to normal curing. Inmortar
without replacement of cement by waste, the absorption was 12.28%, with 10 and
20%, the percentages were 13.54 and 15.23%, respectively, where the substitution
of the agglomerate portion was 30%, absorption was 18.96% [13].

When thermal curingwas used, the highest percentage of absorptionwaswith 10%
of the substitution of the agglomerating portion, the value obtained being 12.23%.
When 20% of cement was replaced, the absorption percentage was 10.23%, the
absorption in the parameter mortar, assumed the value of 11.23%.With 30% replace-
ment, absorption dropped slightly to 10.04% compared to mortar with 20% waste.
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Fig. 6 Density behavior in normal and thermal curing, with the percentage increase of incorporated
waste. (Color figure online)

In Fig. 5 below, it is possible to graphically display the difference between the types
of curing, in this property as the percentage of waste in the mortar increases [11].

The results obtained in the density tests had a slight drop,when the cement replace-
ment was carried out, both in the specimens where the normal cure was applied, and
where the thermal cure was applied, except for the mortars in which 30% were
replaced of the agglomerate portion by the waste, reaching a value of 1.94 g/cm3 for
normal curing and 1.95 g/cm3 for thermal curing. The values obtained from param-
eter mortars were 1.97 g/cm3 for normal curing and 1.98 g/cm3 for thermal. With 10
and 20%waste, the densities obtained were 1.93 g/cm3 and 1.92 g/cm3, respectively,
when normal curing was used. In thermal curing the values obtained were 1.96 g/cm3

for 10% and 1.93 g/cm3 for 20% replacement [13]. The behavior of this property, as
the waste content increases, can be described in Fig. 6.

Conclusion

After obtaining the results, it was possible to conclude that

• The use of blast furnacewaste, in the agglomerating fraction of themortar, consid-
erably changes its properties, increasing porosity and consequently water absorp-
tion, however this improvement only occurred when the normal curing process
was used, in the thermal curing occurred a decline, becoming a healing process
not indicated, when necessary the increase of these characteristics.

• When analyzing the behavior of themortar, in relation to its mechanical properties
such as resistance to compression and density of mass, a drop is observed in
general. The density decreased in both normal and thermal curing, as expected



Ecological Mortars with Blast Slag Waste Application 325

due to a considerable increase in porosity and water absorption. The compressive
strength was almost linear, as there was only a subtle increase when using the
thermal curing process. In normal cure a drop in resistance was observed, as
possiblywith the increase in porosity and the increase in the formation of potential
points of tension accumulation, this property tends to fall.

• Consistencywas the property where the greatest dropwas observed, as the content
of blast slag waste in the mortar increased, this drop showed less workability. Due
to this drop, the incorporation of this waste is not indicated, when it is desired to
obtain an increase in the workability of the material.

• The incorporation of slag waste, showed a potential for improvement in some
properties, giving up the improvement in others. This is something common,
when an incorporation is projected. We cannot yet improve so-called antagonistic
properties, such as density and porosity. However, the study has a sustainable
bias, that is, with the incorporation, there is the potential to reduce major impacts
of the steel and cement industry, pointing to healthy economic and social growth.
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Effect of Flying Ash as an Additive
or Substitute for Portland Cement
on Compression Strength in Concrete
Blocks (Vibro-Compacted)

H. G. Ortiz, F. L. García, M. R. Pérez, M. P. Labra, E. C. Legorreta,
A. M. T. Ruiz, F. R. B. Hernández, and J. C. J. Tapia

Abstract This study aimed to find the effect of flying ash as an additive or substitute
for cement in compression strength of concrete blocks (vibro-compacted). For this
purpose, a control specimen was manufactured without Portland cement substitution
or addition, denominated as the comparison standard with a strength of 6.99 MPa.
With this reference parameter, Portland cement was added with 15% flying ash,
reaching a strength of 7.1 MPa and replaced by three different percentages of the
mixture, in proportions of 15, 30, and 50%, reaching strengths of 6.92, 6.4, and
5.07 MPa, respectively. The results showed that the compression strength decreases
with increasing substitution percentage; however, at low percentages, flying ash can
replace Portland cement without compromising compression strength. The physical
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tests were carried out under the ONNCCE standard. The flying ash was character-
ized using the techniques of scanning electron microscopy (SEM), X-ray diffraction
(XRD), and laser particle size analyzer (LPSA).

Keywords Flying ash · Concrete · Compression strength · Additive ·
Vibro-compacted

Introduction

The world electrical energy generation in one year is approximately 26,913 Tera watt
hours (TWh) [1], and more than 80% are produced with fossil fuels [2]. Owing to
that the burning of natural coal is a common practice in countries that have reserves
of this mineral. One of the main by-products of this process is flying ash.

TheASTM-C-618-03 [3] standard defines this term as: “Thefinely divided residue
that results from the combustion of mineral or finely ground coal and which is trans-
ported in the gaseous flow”, and these ashes have been studied already by different
researchers as an additive or substitute for Portland cement in concrete high strength
to improve compression strength.

For several years, these ashes have covered large areas of land, which is harmful
to the waters underground; previous studies have reported that when rainwater
comes into contact with these ashes, these are filtered dragging harmful particles,
contaminating the earth and the water present in the subsoils [4].

National Geographic conducted a research entitled: “Looking for a safer future
for discarded ash from coal-fired power plants”, where it has been pointed out that
flying ash and other coal residues burned represent one of the most important waste
groups for the United States and Europe with figures higher than 136million and 100
million annually, respectively [5].Meanwhile, the scientists of the ChinaAcademy of
Building Materials and Industry Technical Information Institute Construction Mate-
rials evaluated that in their country approximately 2,500 million tons of ash come
from coal burning [5].

Owing to the alarming figures in tonnage of the ash amounts that are generated
and how harmful they are for the environment, it is important to carry out studies
focused on applying these residues of carbo-electrics, because it is estimated that its
production will hardly stop; on the contrary, it will continue increasing.

Regarding the aforementioned, in 2003 Yasar et al. [6] made a mixture of
lightweight concrete, adding 20% flying ash as a replacement for cement based
on weight. Tests were performed with cylindrical samples 150 mm in diameter by
300mm in height. The results obtained from the sample with the addition of ash were
favorable and significant, reporting that the resistance compression was 29 MPa and
the density of the concrete stepped from 1955 to 1932 kg/m3, respectively.

Something important to consider when studying compression strength in concrete
is the use that will be given to these. So in 2006 Hossain K et al. [7] incorporated
different ash percentages, in the range of 5–20%, noting that the addition of flying
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ash does not necessarily affects positively the compression strength of the specimens,
reporting that by adding 5% of ash, an increase in compression strength is obtained
from 79.5–82.4 MPa.

However, in recent years one of the main objectives is to reduce the amount of
cement used to make concrete; in this sense, in 2008 Chen et al. [8] performed
various tests with flying ash for lightweight, high-strength concrete, replacing Port-
land cement in the range of 10–40%, and finding the optimization in compression
strength between 10 and 20%, with values 2.5 and 6 MPa higher than a control test
with a resistance of 50 MPa.

As it could be observed, the central analysis of the investigations carried out by the
authors Yasar, Hossain and Chen was the use of different percentages of substitution
of Portland cement, using different types of concretes for different objectives, as is
the case of the present study, which analyzes the addition and/or substitution of flying
ash in the production of vibro-compacted blocks, which have the characteristic of
containing lowpercentages ofwater, causing the slump in fresh state to be amaximum
of two units.

Experimentation

To carry out the elaboration of the vibro-compacted blocks, first, it was necessary
to carry out the mineralogical and morphological characterization of the flying ash,
using the ray diffraction equipment X (DRX) brand Inel model Equinox 2000, in a
range of 5°–100° with cobalt radiation (CoKα1), and a scanning electronmicroscope
(SEM) brand JOEL model JSM-IT300 at different magnifications. For the particle
size analysis, the Beckman and Coulter model LS13320 equipment was used.

Subsequently, for manufacture of blocks, the CPO-40R ordinal Portland cement
mixture was used: fine stone material (sand), coarse material (gravel), and water.
Using a water/cement ratio of 0.48, the dimensions of the block are 20× 40× 12 cm
with two central holes under theNMX-C-038-2013 [9]. For this study, it was essential
to have a comparison sample named “Control”, which is made without additives and
is not altered in the water/cement ratio.

For the different mixtures used in the present study, the addition of flying ash was
15%. In addition to the substitution of 15, 30, and 50%, these percentages correspond
to the quantity by weight (kg), of the cement used.

The mixing of raw materials for manufacture of vibro-compacted blocks was
standardized. The stone materials used, their reduction, and the discrimination of
thick and thinmaterialswere governed by the standardsNMX-C-030-2004,NMX-C-
170-1997, and NMX-C-077-1997 [10–12]. Subsequently, to determine the specific
densities of the fine and coarse aggregates, the standards NMX-C-164-2014 and
NMX-C-165-2014 [13, 14] were used.

After complying with the parameters established by the standards used, the spec-
imenwas elaborated bymixing the stonematerials and adding 50% of the total water.
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Later the cement was added followed by the flying ash, and finally it was added to
the amount of water missing.

The completely homogeneous mixture was poured into the vibro-compacting
machine inside the molds, for a time of 7 s to later remove the mold. It should be
noted that at the end of this process it is no longer considered a mixture, but a block
in state fresh, which only has enough strength to keep its shape; with the passage
of time, the compression strength increases, which made it possible to carry out the
compression strength tests at 3, 7, 14, and 28 days after its manufacture, under the
NMX-C-036-2004 standard [15]. Themechanical tests of the blocks were carried out
using an ELVEC equipment model E660. The vibro-compacted blocks were tested in
the horizontal direction, previously capped with sulfur mortar. The load was applied
with a uniform and continuous speed, without producing impact.

Results

X-Ray Diffraction (XRD)

In the diffractogram of Fig. 1, the results obtained from the mineralogical characteri-
zation of flying ash through X-ray diffraction technique are shown, and four mineral
phases can be observed to be present in the form of oxides. As expected, the majority

Fig. 1 Mineralogical characterization of flying ash, XRD. (Color figure online)
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phase corresponds to quartz [(SiO2) (PDF 12-0708)] with the main peak at 2θ ≈
30.69°, followed by iron and calcium oxide [(Ca 0.15 Fe 2.85 O4) (PDF 46-0291)]
with the main peak at 2θ ≈ 41.03°, hematite [(Fe 2 O 3) (PDF 16-0653)] with the
main peak at 2θ ≈ 38.28°, and aluminum oxide Al2O3 (PDF 35-0121) with the main
peak at 2θ ≈ 38.25°. It is important to highlight that these results are characteristic
of a typical mineralogical composition of flying ash and are consistent with those
reported by Gomes and François in 2000 [16].

Scanning Electron Microscopy (SEM)

The morphological study of flying ash was carried out using the scanning electron
microscopy (SEM) technique. A micrograph obtained at 500× is showed in Fig. 2,
where mainly a solid spherical morphology of the ash with a smooth texture is
observed and that the particle size is very heterogeneous. Additionally, the presence
of some agglomerations of these particles can be observed to a lesser extent as had
already been reported by Kutchko and Kim [17]. It can be noted that the morphology
is a function of the carbon particle used, the combustion temperature, and the cooling
rate [18]; therefore, from these variables the size and shape of the flying ash can vary.

Laser Particle Analyzer (ATP)

As had already been observed through the scanning electron microscopy technique,
there is a wide distribution of particle sizes in the flying ash, which was confirmed
by the laser particle analyzer. The results are showed in the graph of Fig. 3. Observe
first that the ash sizes are present in the range from 0.868 to 146.8 μm and that the
average size is 12.59 μm. In 2006, Kutchko and Kim [17] reported a distribution of
particle sizes between 1 and 200 μm and that they were mostly present in sizes of

Fig. 2 SEM micrograph, obtained at 500×, revealing the morphology of the fly ash
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Fig. 3 Volume percentage
proportion curve of the
diameter of the flying ash.
(Color figure online)

1 and 100 μm. These data are of importance because recent research carried out by
Yunpeng [19] in 2020 reveals that the distribution and particle size of flying ash can
positively affect compression strength.

Compression Strength

Table 1 shows the results obtained from the compression test of the vibro-compacted
concrete blocks after 3, 7, 14, and 28 days, as well as the standard deviation of the
recorded values of differentmixtures, including the standard sample. These values are
intended to demonstrate the validation of the reproducibility of the experiments. The
data obtained from the compressive strength correspond to the arithmetic mean of
five specimens under theNMX-C-036-ONNCCE standard. These results are relevant
and are used to determine if the concrete mix meets the specified strength. Mainly

Table 1 Results obtained from the compression resistance tests in MPa of the flying ash and
corresponding standard deviation (s)

Mixture 3 Days 7 Days 14 Days 28 Days

15% addition 5.67 (0.19) 6.81 (0.07) 6.82 (0.09) 7.10 (0.12)

15% substitution 4.36 (0.03) 5.57 (0.09) 6.44 (0.06) 6.92 (0.1)

30% substitution 4.31 (0.03) 5.21 (0.04) 5.69 (0.08) 6.40 (0.08)

50% substitution 2.92 (0.05) 3.42 (0.03) 3.93 (0.16) 5.07 (0.09)

comparison standard 4.24 (0.03) 5.23 (0.18) 5.71 (0.03) 6.99 (0.08)

Average: N = 5/(s is standard deviation)
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the compressive strength test at 28 days is essential to evaluate the quality of the
concrete [20].

It can be clearly seen that the compression strength is affected in different propor-
tions depending on the amount of addition or substitution of the CPO-40R ordinal
Portland cement, by the flying ash, in addition to the setting time of the block. The
most significant data can be observed in the sample evaluated at 28 days and with the
addition of 15% flying ash, because the resistance is affected positively by increasing
0.11 MPa; however, when evaluating the tests of substitution on the same days of
drying, a contrary effect can be seen, mainly with the substitution of 50%. The fore-
going suggests that flying ash under these conditions contributes to improving the
compression strength only when it is addedwithout replacing the cement for a setting
time of 28 days.

In the graphs of Fig. 4, the behavior of the resistance to compression of the
standard sample is presented: The mixture with 15% addition and the mixtures with
substitutions of 15, 30, and 50% of CPO-40R cement at the different days of setting.

As can be seen, the results of the mixtures with 30% substitution and the reference
sample have a comparatively similar compression strength at 28 days. However, the
behavior through the setting time is different, observing that at early ages, for example
at 3 and 7 days, significant compression strength is obtained only for mixtures with
15% substitution; hence it is not advisable to use in both cases the 50% replacement
of flying ash.

Fig. 4 Graph showing the behavior of compression strength and error bars of different samples at
3, 7, 14, and 28 days of setting. (Color figure online)
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Hossain et al. [7] in 2006 reported in concrete set at 28 days that with a 15% substi-
tution, the resistance decreased from 79.5 to 67.4MPa, being negatively affected due
to the fact that these are of high resistance.

Flying ash is not only used as a substitute for cement, but it has also been used
by Mien et al. [21]. In 2019, as an additive to improve the workability of concrete
mixtures, the substitution or addition of ash does not affect only the resistance to
compression but also the behavior of it over time.

Conclusions

The characterization techniques used to reveal the mineralogy, morphology, and
particle size distribution of the flying ash confirmed that the results obtained are
consistent with those reported in previous research by different authors.

Through the study of compression strength, it is possible to evaluate the effect
of flying ash used as an additive or partial substitute for CPO-40R cement in dry
concretes, used for the manufacture of vibro-compacted blocks from 0 to 28 days
setting.

The results obtained from themechanical characterization of the vibro-compacted
blocks revealed that the resistance to compression has a favorable effect when the
flying ash is added without replacing the cement, in the different setting times
proposed. However, for early ages, such as at 3 and 7 days of setting, the substi-
tution of 15% ash also favors the resistance to compression, increasing 4.36 and
5.57 MPa with respect to the reference sample. Additionally, it is confirmed that it is
not advisable to carry out the replacement of 50% of flying ash in any of the mixtures
used.
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Effect of Mg with Different Combination
Form of Mg–Ca in MgO-Bearing Fluxes
on Fluidity of Liquid Phase in Sintering
Process

Shaoguo Chen, Wen Pan, Yapeng Zhang, Huaiying Ma, and Zhixing Zhao

Abstract MgO was considered to be an indispensable mineral composition of the
modern sintering process. Fluidity of liquid phase reflecting the scope of effective
bondingmakes a clear distinction amongMgO-bearingfluxes in the sinteringprocess.
Mg–Ca combination forms of dolomite, l-dolomite, serpentine and their influence on
the fluidity of liquid phase and bonding strength of sinter body were investigated and
analyzed. The results showed that there were non-separated, partly-separated, and
completely-separated states of Mg–Ca in different MgO-bearing fluxes. Further-
more, development of the separation degree of Mg–Ca combination states led to
the decrease of Mg content melt in silico-ferrite of calcium and aluminum (SFCA)
and increase of Mg content in magnetite. Consequently, fluidity of liquid phase was
improved due to decline of viscosity of liquid phase. Moreover, bonding strength had
a good positive correlation with fluidity of liquid phase. Hence, increase of Mg–Ca
separation degree was beneficial for improvement of bonding strength.

Keywords Fluidity of liquid phase · Sintering ·MgO-bearing fluxes ·Mg–Ca
combination states

Introduction

Suitable amounts of MgO in sinters can greatly improve the slag properties of blast
furnaces. Simultaneously, it plays an important role for alleviating the low temper-
ature reduction degradation phenomenon of sinters in blast furnaces. Hence, MgO
was considered to be an indispensable mineral composition of modern sinter [1–4].
In sintering process, MgO is provided by MgO-bearing fluxes. Different types of
MgO-bearing fluxes cause significant differences of sintering performance [5–8].
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Table 1 Chemical composition of fluxes and ores in the study (mass, %)

TFe SiO2 CaO MgO Al2O3 LOI

Dolomite 0 1.88 31.12 19.64 0.44 45.73

L-Dolomite 0 1.37 49.83 31.69 0 16.85

Serpentine 0 38.19 2.13 38.05 0.93 12.07

Ore-A 65.26 1.92 0.03 0.03 1.27 2.08

Ore-B 60.33 4.30 0.32 0.07 1.50 5.58

Much research on reaction mechanism of MgO and reaction route of MgO-bearing
fluxes has been reported in sintering process [9–11]. Influence of Mg–Ca combina-
tion states in MgO-bearing fluxes on fluidity and bonding strength of liquid phase in
sintering was rarely studied.

In this work, Mg–Ca combination states of different MgO-bearing fluxes were
confirmed. Tests of fluidity of liquid phase and bonding strength were carried out
with different Mg–Ca combination states. Influence of Mg–Ca combination states
on sintering characteristics was discussed.

Experimental Materials

Iron ore fines, dolomite, l-dolomite (light-burned dolomite), serpentine, and pure
reagents (including Fe2O3, CaO, SiO2, Al2O3) were used, see details in Table 1.
All the fluxes were produced in China. Ore-A was hematite from Brazil. Ore-B was
blending ore from a large-scale Chinese steel enterprise.

Experimental Methods

Study of Mg–Ca Combination State

Thermogravimetric analysis anddifferential scanning calorimetry (TG-DSC)method
was used to elucidate the differences of Mg–Ca combination states among various
MgO-bearing materials.

Fluidity of Liquid Phase

To elucidate the influence of different Mg–Ca combination states of MgO-bearing
materials on fluidity of liquid phase during sintering, fluidity tests were carried out
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with the method of fluidity of liquid phase test, [12] see details in Figs. 1 and 2.
Materials were mixed and compressed as a single cylinder tablet of 0.8 g under a
pressure of 15MPa. Then the tablet of aboutF 8 mm× 5 mmwas sent to an infrared
heating furnace named Micro-Sinter equipment [13]. The experiment temperature
was 1280 °C. After experiments, the fluidity area of liquid phase was obtained. Index
of fluidity of liquid phase (IFL) was achieved by comparing the area of liquid phase
before and after tests. As shown in Eq. (1), IFLs were calculated.

Fig. 1 Schematic diagram of fluidity of liquid phase tests. (Color figure online)

Fig. 2 Temperature system and atmosphere of the liquid phase fluidity tests
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Table 2 Mixing conditions
of fine materials in fluidity of
liquid phase tests (mass, %)

Case1 Case2 Case3

Dolomite 26.05 0 0

L-Dolomite 0 15.84 0

Serpentine 0 0 15.00

Fe2O3 57.38 64.82 63.00

CaO 10.12 11.55 20.00

SiO2 5.63 6.73 1.10

Al2O3 0.82 1.06 0.90

Total 100.00 100.00 100.00

I FL = (FA−OA) /OA (1)

where FA is the flowing area, in mm2; and OA is the original area, in mm2.
The mixing condition of fine materials used in liquid phase fluidity tests is shown

in Table 2. The chemical composition of the fine mixture was maintained constant,
that is, Fe2O3 = 45.80 mass%, SiO2 = 6.95 mass%, CaO = 20.69 mass%, MgO =
5.81 mass%, Al2O3 = 1.06 mass%, basicity was 3.0, by adjusting the proportion of
pure reagent.

Bonding Strength Test

Bonding strength tests were carried out to study the influence of different Mg–Ca
combination states on the strength of sinter. Dolomite, l-dolomite, and serpentine
below 0.15 mmwere used as MgO-bearing materials. Simultaneously, pure reagents
were also used, including Fe2O3, SiO2, CaO, MgO, and Al2O3. Figure 3 shows the

Fig. 3 Schematic diagram of sintering body in bonding strength tests. (Color figure online)
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schematic diagram of sintering body in bonding strength tests. About 200 quasi-
particles made in disc-pelletizer mixer were put into a quartz crucible. The nuclei
ore used in the tests were Ore-A from Brazil, and the adhesive powder consisted
of MgO-bearing materials, Ore-B and pure reagents. The chemical composition of
quasi-particles was maintained constant, that is, Fe2O3 = 53.30 mass%, SiO2 = 5.93
mass%, CaO = 11.86 mass%, MgO = 3.70 mass%, Al2O3 = 1.26 mass%, basicity
was 2.0, by adjusting the proportion of pure reagent.

The experiment equipment, temperature system, and atmosphere of bonging
strength tests were the same as the fluidity tests. After sintering, the weight (orig-
inal weight) of sinter body was measured. Then, shatter test was carried out to obtain
shatter indexes. The sinter bodywas freely dropped fromaheight of 2m, and screened
the pieces with 5mmperforated screen. The first shatter indexwas obtained by calcu-
lating the pieces weight above 5 mm as a share of the original weight. Sequentially,
the above 5 mm pieces were freely dropped from 2 mm height and screened. The
second shatter index was obtained by calculating the pieces weight above 5 mm
as a share of the original weight. The third to tenth shatter indexes were obtained
similarly.

Fig. 4 Thermal decomposition characteristic of dolomite. (Color figure online)
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Experimental Results and Analysis

The Mg–Ca Combination State of MgO-Bearing Fluxes

Figure 4 shows the result of thermal decomposition characteristic of dolomite. It can
be divided into three stages. But the boundary of second and third stage was not
obvious, both of which were continuous endothermic process. The first stage was at
about 104 °Cwhere a littleweight loss occurred, and itwas analyzed to be the removal
of physical water. The second stage started at 772 °C and the peak temperature
was 816.8 °C. However, when the second did not finish completely, the third stage
had already begun, the peak temperature was about 860 °C, and it ended at about
884 °C. Both of the decomposition temperature intervals were relatively narrow, but
the weight loss was larger at 48%. It was analyzed that CaMg(CO3)2 decomposed
into MgO, CO2, and CaCO3 in the second stage, and then CaCO3 decomposed into
CaO and CO2 in the third stage. According to the thermal decomposition process
of dolomite, MgO was generated in the second stage and CaO was produced in
the third stage, respectively. Therefore, when dolomite is as MgO-bearing material,
MgO would be quickly produced accompanying with the generation of CaO during
sintering. Mg–Ca state is non-separated state which is defined as Case1.

Figure 5 shows the result of thermal decomposition characteristic of l-dolomite.
It consisted of three stages, and the boundaries were relatively obvious. All the
stages were endothermic process. Decomposition temperature of the first stage was
about 100 °C with a little weight loss, and it was analyzed to be due to removal of
physical water. Decomposition temperature of the second stage was between 412 and
495 °C, the weight loss was about 7.6%. It was analyzed to be the decomposition

Fig. 5 Thermal decomposition characteristic of l-dolomite
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Fig. 6 Thermal decomposition characteristic of serpentine

of modified Ca(OH)2. Thirdly, the temperature range of the third stage was between
635 and 836 °C with weight loss of about 11.2%. It was analyzed that CaCO3

decomposed into CaO and CO2. According to the thermal decomposition process
of l-dolomite, it contained MgO and CaO at room temperature. Additionally, partial
CaO was generated in high temperature. Therefore, when l-dolomite is as MgO-
bearing material in sintering process, Mg–Ca state is partly-separated state which is
defined as Case2.

Figure 6 shows the result of thermal decomposition characteristic of serpentine.
It also included three stages. The first stage was at about 110 °C with weight loss
of 1.3%. It was analyzed to be the removal of physical water. The second stage was
between 600 and 800 °C and had a more powerful endothermic peak. It was analyzed
to be the removal of crystal water. The third stage was between 800 and 850 °C.
Although it had an obvious exothermic peak, the exothermal interval was narrower.
It was analyzed that the enstatites were formed by free silica and partial forsterite.
According to the thermal decomposition process of serpentine, when the serpentine
is as MgO-bearing material in the sintering process, CaO is completely provided by
external CaO-bearing material. Therefore, Mg–Ca state is a completely-separated
state which is defined as Case3.

Fluidity of Liquid Phase

Fluidity of liquid phase reflects the flow of generated liquid phase and the ability
of bonding material around. Figure 7 shows the pictures of macroscopic feature of
liquid phase in the fluidity tests. There were differences in area from Case1 to Case3.
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Fig. 7 Macroscopic feature of liquid phase in the fluidity tests. (Color figure online)

Fig. 8 Fluidity of liquid
phase with three kinds of
MgO-bearing material

Figure 8 shows the results of fluidity of liquid phase with three kinds of MgO-
bearing material which had different Mg–Ca combination states. IFL of Case3 was
the highest, then Case2 and Case1. It indicated that separation degree of Mg–Ca
could influence the fluidity of liquid phase.

Bonding Strength of Sinter Body

Sinter body was made up of many sinter body sub-units. As shown in Fig. 9, the
sub-units of Case1 bonded each other deficiently. However, the sub-units of Case3
bonded each other effectively.
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Fig. 9 Macroscopic feature of sinter body in the bonding strength tests. (Color figure online)

Figure 10 shows the results of the eighth shatter index of bonding strength tests.
The bonding strength of sinter samples had significant differences based on different
Mg–Ca combined state. Similar to the results of fluidity of liquid phase, Case3 which
used serpentine had the highest bonding strength, then Case2 (l-dolomite) and Case1
(dolomite). It indicates that increase of Mg–Ca separation degree was conducive to
improvement of bonding strength.

Fig. 10 Bonding strength of
different Mg–Ca
combination states
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Discussion

Influence of Mg–Ca Combination State on Fluidity of Liquid
Phase

In order to clarify the influence of different Mg–Ca separation degree on fluidity of
liquid phase, it was analyzed by two aspects of both Mg and Ca.

As forMg aspect, to further verify the differences ofMgmelting in calcium ferrite
(CF) based on three kinds of Mg–Ca combination states, microstructure and energy
spectrum analysis of liquid phase was performed, as shown in Fig. 11. Magnetite
and CF minerals of three kinds Mg–Ca combination states were observed clearly.
Table 3 shows the results of energy spectrum analysis of liquid phase. On comparing
Mg content in CF, Case3 had the lowest value, then Case2 andCase1. The situation of
Mg content in magnetite was the opposite. That means increase ofMg–Ca separation
is bad for Mg melting in CF, but good for Mg melting in magnetite.

CF is the main bonding phase of sinter. Viscosity of CF with different MgO
contents was calculated with Factsage [14] to clarify the reason of fluidity difference
of liquid phase. Table 4 shows the mixing conditions used in viscosity calculation.
As shown in Fig. 12, it implied that an increase of MgO content in CF caused an
increase of viscosity, which was in accordance with other paper [15]. That is, an
increase of MgO melting into CF is bad for fluidity of liquid phase.

Fig. 11 Microstructure of sintering samples after fluidity of liquid phase tests. M-Magnetite; CF-
Calcium ferrite

Table 3 Energy spectrum analysis results of the liquid phase (mass percent, %)

Liquid phase O Si Mg Ca Fe Total

Case1 CF 28.49 1.53 2.78 7.34 59.86 100.00

M 31.06 0 3.91 1.54 63.49 100.00

Case2 CF 29.70 4.21 0.78 12.20 53.11 100.00

M 28.81 0 6.69 2.06 62.44 100.00

Case3 CF 31.69 3.09 0.74 12.37 52.11 100.00

M 29.41 0 6.71 1.88 62.00 100.00
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Table 4 Mixing conditions used in viscosity calculation of liquid phase (mass, %)

Fe2O3 CaO MgO Total

Sch1 74.07 25.93 0 100.00

Sch2 73.33 25.67 1.00 100.00

Sch3 72.59 25.41 2.00 100.00

Sch4 71.85 25.15 3.00 100.00

Sch5 71.11 24.89 4.00 100.00

Sch6 70.37 24.63 5.00 100.00

Fig. 12 Relationship
between viscosity of calcium
ferrite and solubility of MgO

As for Ca aspect, free CaO was introduced to explain the influence of CaO of
different Mg–Ca combination states on fluidity of liquid phase. Figure 13 shows
the results of correlativity between free CaO content and liquid phase fluidity of

Fig. 13 Relationship
between fluidity of liquid
phase and free CaO content



348 S. Chen et al.

Fig. 14 Correlativity of
fluidity of liquid phase with
bonding strength

different Mg–Ca combination states of flux materials. Free CaO content was defined
as elementary substance content of CaO at room temperature which could be found
from Table 2. But one thing to note, free CaO content of Case2 needed to add
11.6% extra CaO content of l-dolomite existing at room temperature. According
to Fig. 13, with an increase of Mg–Ca separation degree, free CaO content also
increases, which is found as a positive correlation with fluidity of liquid phase.
Increase of free CaO would be beneficial to early formation of CF liquid phase,
which facilitated improvement of fluidity of liquid phase.

Influence of Mg–Ca Combination States on Bonding Strength

Mg–Ca combination states influenced the fluidity of liquid phase, which could also
influence the bonding strength of sinter body further. Figure 14 shows the results
analysis of correlativity of fluidity of liquid phase with bonding strength. It means
that the bonding strength increased with the increase of fluidity of liquid phase.
Bonding phase that had high fluidity of liquid phase could bond the un-melted nuclei
ores together better, which led to high bonding strength of sinter body. Therefore,
the increase of Mg–Ca separated degree is conducive to the improvement of bonding
strength, as a result of an increase of fluidity of liquid phase.

Conclusions

(1) When dolomite, l-dolomite, and serpentine were solely used as MgO-bearing
fluxes in the sintering process,Mg–Ca combination state has three kind of states:
non-separation, partly-separation, and completely-separation.
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(2) Mg–Ca combination state had important effect on fluidity of liquid. An increase
of Mg–Ca separated degree was beneficial to improvement of fluidity of liquid
phase and further to bonding strength.

(3) The larger the separation degree of Mg–Ca state was, the less Mg content melt
in the calcium ferrite and more Mg in magnetite, which cause the increase of
fluidity of liquid phase because of decline of liquid phase viscosity.

(4) The bonding strength has a good positive correlation with fluidity of liquid
phase, which could explain that increase of separation degree of Mg–Ca was
conducive to improvement of bonding strength.
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Effect of SiO2 Sources Addition
on the Microstructure and Thermal
Shock Performance of Alumina–Spinel
Castables

Yang Liu, Min Chen, Shan Wang, and Xianglan Yang

Abstract Considering the thermal shock resistance of ladle lining castable, which
is strongly dependent on the phase composition and microstructure, the influence of
SiO2 sources on the thermal shock resistanceof alumina–spinel castableswas studied.
The results indicate that trace addition of SiO2 was detrimental to the mechanical
properties of the samples, due to its acceleration onvolume expansion of phase forma-
tion and the low-meltingphase formedat high temperature.However, the formationof
low-melting phase has the potential to improve thermal shock resistance attributed to
the loose microstructure stacked by equiaxial plate-like calcium hexaluminate owing
to its promotion of ion mobility. Meanwhile, it was also confirmed by the samples
with the fused silica because of the maximum retained moduli values and relatively
slight influence on high temperature mechanical properties in contrast with other
SiO2 sources addition.

Keywords SiO2 sources · Microstructure · Thermal shock resistance ·
Alumina–spinel castables

Introduction

Thermal shock is one of the most severe conditions to which a ladle lining can be
subjected to during its service. Thus, as a widely used ladle lining material, alumina–
spinel castable although known for their outstanding chemical stability and thermo-
mechanical properties, improving their thermal shock performance has always been
the focus of research [1–5]. Extensive works related to this subject have been devoted
to the study of adjusting the types or grades of corundum and spinel [6–8], the phase
composition of matrix [9], or the addition of particle size with specific morphology
[10]. Tracing to the fundamental method is to improve the thermal shock resistance
of the castable through optimizing the forming material microstructure due to strong
correlation between them.
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An important aspect related to microstructure of alumina–spinel castable is the
morphology of toughening phase calcium hexaluminate (CA6), which present with
interlaced structures in the refractory. Sako et al. [11] systematically investigated the
effect of silica fume on the CA6 formation in cement-bonded spinel refractory casta-
bles, and they found that the morphology of CA6 crystal was affected by different
reaction mechanism, and that the acicular CA6 is usually generated in the casta-
bles matrix when the diffusion mechanism was liquid phase, controlled due to the
low-melting point phases formation in Al2O3–CaO–SiO2 system. Braulio et al. [12]
pointed out that silica fume addition reduced CA2 expansion, but led to a greater CA6

expansion rate while investigating the silica content effects on alumina–magnesia
castables. Considering that silica has a great influence of the development of CaO–
Al2O3 phases, whereas the influence of SiO2 sources on alumina–spinel castable
has not been widely reported in the literature. Hence, alumina–spinel with low silica
content—introduced by different SiO2 sources including silica fume, silica, fused
silica, and fused mullite—was developed in this paper. Also, a series of compar-
ison experiments have been carried out among the alumina–spinel castables with
different SiO2 sources, so as to systematically assess their effects on the thermal
shock resistance and its associated physical properties of this material.

Experimental

Sample Preparation

In this work, the main starting materials include tabular alumina (T60/T64, Al2O3

≥ 99.25wt%, Almatis), pure calcium aluminate cement (Secar 71; Imerys), sintered
spinel (AR78, Almatis), and reactive alumina powder (CL370, Al2O3 ≥ 99.56 wt%,
Almatis). Four sources of SiO2 were selected (0.5 wt% in the castable) and their
chemical composition is shown in Table 1. Table 2 displays the formulations of the
castables with different SiO2 sources. They were marked as AS0, AS1, AS2, AS3,
andAS4, in which sample AS0 has no SiO2, while the others were respectively added
silica fume, silica, fused silica, and fused mullite.

The starting powder mixtures were dry-mixed for 30 s, and then wet-mixed in
a compulsory mixer with an appropriate amount of water for 180 s. After mixing,
prismatic castableswere cast intomolds of 40mm×40mm×160mmwithvibration.
Afterwards, the samples were cured at 20 °C and 95% relative humidity for 24 h.
In order to remove the free water, binding water, and release water vapor pressure
sufficiently, the samples were dried for 24 h at 100 and 400 °C, respectively. Then
they were fired in a high temperature electric furnace at a heating rate of 5 °C·min−1

up to 1550 °C with a dwell time of 3 h and were furnace cooled.
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Table 1 Chemical compositions of different SiO2 sources

Oxide (wt%) Silica fume Silica Fused silica Fused mullite

SiO2 97.03 97.76 99.64 24.16

CaO 0.25 0.05 0.04 0.07

MgO 0.37 0.35 0.02 0.13

Al2O3 0.17 0.56 0.03 75.18

Fe2O3 0.13 0.97 0.03 0.04

TiO2 0.07 0.03 0.01 0.07

Na2O 0.11 0.05 0.06 0.24

K2O 0.35 0.12 – 0.01

P2O5 0.11 – – –

Cr2O3 0.02 0.08 – 0.01

L.O.I 1.45 0.12 0.17 0.12

Table 2 Composition of alumina–spinel castables containing different SiO2 sources (wt/%)

Raw materials AS0 AS1 AS2 AS3 AS4

Tabular alumina ≤6 mm 50 50 50 50 50

≤0.088 mm 14 14 14 14 14

Sintered spinel(mm) 1–0.2 mm 6 6 6 6 6

≤0.088 mm 10 10 10 10 10

Calcium aluminate cement d50 = 3.03 μm 5 5 5 5 5

Silica fume 0.52

Silica 0.51

Fused silica 0.50

Fused mullite 2.07

Reactive alumina d50 = 2.00 μm 5 5 5 5 5

Additives 0.5 0.5 0.5 0.5 0.5

Characterization

It was found that 4.3% water was enough to obtain a well-dispersed castable system.
So the flowability of castables with that water addition was evaluated by filling them
into an inverted cone placed on a vibration table and then the flow diameter of the
castables under vibration (10 s) was measured after removing the cone [13]. The
bulk density (B.D.) and the apparent porosity (A.P.) of the material were measured
by the Archimedes method with water as medium. The permanent linear change
(PLC) of the fired samples was measured by the percentage difference between the
final and initial bar length. The linear expansion of samples was tested in a high-
temperature thermal dilatometer (model RPZ-04P, Luoyang ATLIRR Instrument for
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Testing Refractories Co., Ltd, China). Crystalline phases formed were analyzed by
X-ray powder diffraction (XRD, Philips 3020 equipment with Cu-Kα radiation in
Ni filter at 40 kV−20 mA) using Cu-Kα1 radiation (λ = 1·5406 Å) at a step of
0.02° (2θ). Field-emission scanning electron microscopy (SEM, SIGMA HD, Zeiss,
Germany) was employed to characterize sample’s microstructure.

Thermal shock evaluation: The TSR of the fired samples was evaluated using the
air quenching method. The heating−cooling group was put into a 1100 °C furnace
for 30 min and then were air-cooled with a fan (air speed of 8870 m3/h) for 20 min.
Afterwards, the modulus of rupture (MOR) of the reference group without any
thermal shock and the heating−cooling groups after three thermal shock cycles was
measured. The retained MOR values, the ratio of the value after three thermal shock
to the value without any thermal shock times one hundred to obtain the percentage,
were used to verify the TSR of samples.

Results and Discussion

Physical Properties

Figure 1 shows the relationship between SiO2 sources and the flowability exhibited
by the experimental castables. Notice from this figure that the flow diameter of
samples varies slightly in the range of 110–130 mm, in which the flow diameter of
sample AS1 reaches a maximum and presents well self-flowability. It is attributed to
the spherical shape of silica fume which plays an active role in the improvement of
flowability. Different from the sample with silica fume, the sample with other silica
sources has a slight decrease in flow value due to the relatively increased surface
area in contact with water.

Fig. 1 Effect of SiO2
sources addition on flowing
of alumina–spinel castables
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The comparisons of change inMOR and PLCwith different SiO2 sources addition
in alumina–spinel castables at different temperatures are given in Figs. 2 and 3,
respectively. From Fig. 2, sample AS1 shows relatively mechanical strength after
drying at 110 °C for 24 h. This improved castable strength with silica fume can be
ascribed to the silanol groups replaced by siloxane groups during the gelling process
like the Eq. 1 shows [14]. Siloxane groups and cement hydration products work
together to bridge the particles and form close-packed clumps.

−SiOH + HOSi− → −SiOSi− + H2O (1)

After treating at 400 °C for 24 h, a lightly loss of strength is found due to reduction
of the special surface as well as because of the formation of voids around the C3AH6.
With the treatment temperature elevating to 1550 °C, an obvious decrease in theMOR

Fig. 2 Modulus of rupture
for alumina–spinel castables
containing different SiO2
sources

Fig. 3 Permanent linear
change for alumina–spinel
castables containing different
SiO2 sources. (Color figure
online)
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Fig. 4 a Linear expansion and b expansion rate for alumina–spinel castables containing different
SiO2 sources. (from room temperature to 1550 °C). (Color figure online)

value occurs in the samples containing different SiO2 sources, and it can be concluded
that even trace addition of SiO2 can reduce MOR at high temperature.

Figure 3 shows the permanent linear change of specimens after drying at 400 °C
and firing at 1550 °C for 3 h. It can be seen that all specimens exhibit shrinkage
after drying at 400 °C, which is attributed to the dehydration process of a series of
hydration products. After firing at 1550 °C for 3 h, specimens present an overall
expansion, the introduction of SiO2 has an obvious effect on the volume expansion,
and the PLC of the sample has a step from 0.38% to the maximum value of 1.54%.
According to Braulio [15], the excessive expansion due to CA6 formation could
result in cracks and deteriorate the castable’s properties, which is confirmed by the
decrease of MOR at 1550 °C.

Considering the close correlation between SiO2 andmaterial expansion, the linear
expansion and expansion rate for alumina–spinel castables containing different SiO2

sources was measured from room temperature to 1550 °C, aiming to understand
how various SiO2 sources affected the overall expansion of the castables. Figure 4a
presents the higher expansion behavior of alumina–spinel castables containing
different SiO2 sources. Among them, the sample with silica resulted in the lowest
expansion level, pointing out its relatively high lattice defects. The derivative of
linear expansion curves results in the castables’ expansion rates with the tempera-
ture, pointing out the distinct reactions that take place throughout the test. In Fig. 4b,
there are three different peaks that can be detected in the expansion rates of each
samples containing different SiO2 sources. As analyzed in previous work of Braulio
et al. [12, 15], they are correlated to: (1) the CA2 formation nearly at 1100 °C; (2) the
sintering shrinkage of the samples at the temperature range from 1300 to 1400 °C;
and (3) the CA6 formation at over 1400 °C. Considering the CA2 formation, the
castables with fused silica and fused mullite (AS3 and AS4) showed higher expan-
sion rate due to lack of reactivity to react with CaO at that temperature, which left a
free path for the CA2 formation, and that it also provides a premise for their promo-
tion effect on CA6 formation than the other sources. In addition, compared with
the sample without SiO2, the peak corresponding to sintering densification of other
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samples show a significant deviation toward low temperature, which indicates that
the low-melting-point phase, generated by introducing SiO2, effectively promoted
sintering.

Thermal Shock Resistance

The MOR and the residual MOR of fired samples after undergoing three thermal
cycles at 1100 °C are depicted in Fig. 5. It can be observed that although a great
loss of strength took place after thermal shock for each sample, the residual MOR
ratio of the alumina–spinel castables containing different SiO2 sources is obviously
better than the sample AS0 without SiO2. The maximum residual MOR ratio value
is 37.30% from the sample AS3 with fused silica. To further confirm the influence of
SiO2 sources on thermal shock resistance of castable, the microstructure of samples
AS1 and AS3 with higher residual MOR rate and blank sample AS0 is compared.

Figure 6 shows the fracture surfaces of a castable after firing at 1550 °C for 3 h and
the morphology of CA6 can be compared with that shown in partial enlarged view.
Notice from this figure that althoughCA6 crystals develop to an interlocking structure
between grain boundaries of corundum and spinel in each sample, the microstructure

Fig. 5 Effect of SiO2
sources on thermal shock
resistance of specimens

Fig. 6 SEM image of castables fracture with different amount of CAC addition fired at 1550 °C
for 3 h: a AS0 b AS1, c AS3
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they involved exists obvious differences. The sample AS0 consists of two kinds of
CA6 crystals which are flake and granular crystals (nucleation), respectively. They
grow together and adhere to each other, making the structure relatively dense. In
comparison, the platelet CA6 grains gradually increase and grow up for samples of
AR1, AR3. According to [16], the mirror layer of CA6 structure is loose because the
large cations stuff; thus, ions are easy to diffuse perpendicularly to the c-axis. The
SiO2 addition just accelerates the ion mobility of Al3+ via low-melting-point phase
(such as anorthite and gehlenite), and further enhances the formation of hexagonal
plate-like microstructure, and that is the reason why CA6 crystals in the sample
with SiO2 are relatively well developed. The sample AS1 shows obviously thicker
CA6 flake crystals than the one in sample AS3, because the suitable morphology
and relatively small particle size of silica fume are conducive to diffusion and mass
transfer. Moreover, the glassy phases are detected in the interlocking structure of
CA6 in sample AS3 (Fig. 6c).

Combined with the above analysis, it is not difficult to conclude that the sample
with fused silica has favorable thermal shock resistance due to the loose structure and
the buffering effect of amorphous relative thermal stress which filled in the reticular
structure.

Conclusions

After a series of comparison experiments among the alumina–spinel castables
containing different SiO2 sources, the results show the presence of SiO2 and its
sources significantly influence the CA6 formation, increasing the expansion rate
when compared to the sample without SiO2. These two factors further affect the
microstructure which is strongly related to thermal shock resistance of this mate-
rial. SiO2 additions speed up the CA6 formation via liquid-state reaction, resulting
in higher values of expansion due to the abrupt crystal growth. Moreover, although
the expansion leads to the strength loss of the sample, it also results in a relatively
loose structure of the matrix. The choice of fused silica as silicon source is beneficial
to obtain favorable thermal shock resistance of alumina–spinel castables due to the
well-developed flake CA6 crystals interpenetration of the “loose” structure and the
buffering effect of glassy phases relative thermal stress which filled in the reticular
structure.
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Effect of the Incorporation of Bauxite
and Iron Ore Tailings on the Properties
of Clay Bricks

Beatryz C. Mendes, Leonardo G. Pedroti, Bianca R. Bonomo,
Anna Carolina L. Lucas, Lívia S. Silva, Márcia M. S. Lopes,
and Gustavo E. S. Lima

Abstract Mining industries generate high amounts of tailings, which are usually
allocated in dams. These structures cause severe environmental impacts and serious
risks to the safety of the surrounding population. Another way to dispose these
wastes is the addition into building materials. This work aimed to study the incor-
poration of bauxite and iron ore tailings in clay bricks. The raw materials were the
tailings and one clay. The mixture design of experiments was applied to obtain the
mixtures, and cylinder specimens were produced by pressing. After drying and firing
at 950 °C, the specimens were evaluated for mechanical strength, water absorption,
linear firing shrinkage, and apparent specific mass. Based on standards criteria, the
optimal mixture was determined containing 40% wt. of clay, 45% wt. of bauxite
residue, and 15% wt. of iron ore tailings. This study proved the technical feasibility
of using high percentages of mining tailings for ceramic production, which is also a
sustainable action.

Keywords Red mud · Iron ore tailings · Clay bricks · Sustainability

Introduction

The civil construction sector contributes significantly to the worldwide economy,
being responsible for the generation of profits and employment. On the other hand,
this sector is also responsible for the exploration and consumption of many natural
resources. Some industries still contribute to the emission of pollutant gases and
waste generation. One example is the red ceramic industry, which uses clay as raw
material. Clays are non-renewable materials and extracted from nature [1, 2].
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One way to reduce the impacts caused by red ceramic industries would be the
inclusion of guidelines related to sustainable development concept. As clays are natu-
rally heterogeneous materials, the ceramic industry is promising for the absorption
of many solid wastes in their productive chain, provided that these wastes ensure or
improve the final products quality [3]. Under this point of view, several studies have
been carried out in recent years, addressing the incorporation of industrial wastes in
the production of red ceramic bricks and tiles: glass waste [4], fly ashes [5], granite
andmarblewastes [6], grog [7], and so on. The tailings frommining industries should
also bementioned, such as iron ore tailings (IOT), redmud, and copper tailings [8, 9].

Generally, the mining tailings present particle sizes and chemical composition
similar to those found in clays. Researches about the partial addition of iron ore
tailings showed that the IOT can be included in the ceramic mass as a non-plastic
material, which promotes the adjustment of plasticity and improves the control of
linear shrinkage in drying and firing stages [10]. Mendes et al. [11] pointed out
that approximately 30% of IOT can be added to a mixture with two highly plastic
clays, maintaining the quality requirements for construction clay bricks (no struc-
tural function). In relation to red mud, some authors have demonstrated that higher
contents can be incorporated to ceramic masses. This waste is obtained from bauxite
mining, presenting significant amounts of silica, alumina, and iron oxide. Besides,
this material can be considered as moderately plastic and shows suitable plasticity
behavior for extrusion process. Arhin et al. [12] have evaluated the incorporation of
high concentrations of red mud (50, 60, 70, and 80%), mixed with a clay, for the
production of prismatic specimens. According to this research, it was possible to add
about 50% of red mud to obtain a suitable product.

Although there are several studies, in the technical literature, comprising the appli-
cation of the two tailings previously mentioned, the addition of both simultaneously
is still little explored. Mainly the application of an experimental design allows the
optimization of the properties of interest and the definition of an optimal mixture,
incorporating the maximum possible levels of the two materials.

The present work aimed to assess the physical and mechanical properties of
ceramic mixtures produced from iron ore tailings, red mud, and a highly plastic
clayey soil. By means of the mixture design of experiments (simplex network), it
was possible to determine the appropriate percentages of incorporation of the wastes,
ensuring the required technical performance for construction clay bricks.

Methodology

The raw materials used in this research were iron ore tailings (IOT), red mud
(RM), and a clayey soil named as “gray clay” (GC). The materials were previously
ground, air-dried, and passed through the ASTM 50 sieve. The characterization of
the raw materials consisted of the following determinations: particle size distribu-
tion, according to NBR 7181 [13]; specific mass of the grains, following the NBR
6508 [14]; Atterberg limits, according to NBR 7180 [15] and NBR 6459 [16]; and
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chemical composition by means of XRF technique, using the spectrometer Philips
PANalytical, MagiX - PW2404 model, with automatic sample PW2540 and Rh tube
at 2.4 kW.

The mixtures were defined according to the design of experiments (simplex
network) with three components, using the special cubic model with the augment
of internal points. The intervals of addition were chosen after the performance of
preliminary tests, being: 40–70% of gray clay; 20–50% of red mud, and 10–40% of
iron ore tailings. Ten mixtures were obtained, following the design and percentages
shown in Fig. 1 and Table 1.

Fig. 1 Pseudo-components
triangle with the mixtures
defined. (Color figure online)

Table 1 Composition of the
mixtures (percentages of
incorporation)

Mixtures Gray clay (GC)
(%)

Red mud (RM)
(%)

Iron ore tailings
(IOT) (%)

1 50 30 20

2 55 20 25

3 45 40 15

4 40 20 40

5 40 50 10

6 55 35 10

7 40 35 25

8 60 25 15

9 70 20 10

10 45 25 30
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After the preparation of the mixtures, cylindrical specimens were produced by
pressing, with constant moisture of 10%. The pressing load was variable between
the mixtures, in order to maintain the green bulk density within the adequate limits
(1.8–2.1 g/cm3). Subsequently, the samples were dried in an oven at 110 °C during
24 h. The firing was applied after the drying, using an electric furnace at 950 °C.
The peak temperature was maintained for 3 h. The fired samples were character-
ized by firing linear shrinkage, apparent specific mass, water absorption, and axial
compressive strength. The experimental results were subjected to the Chauvenet test
for the elimination of outliers. Using the software Minitab®, the statistical analysis
was conducted by ANOVA, with the generation of response surfaces and regres-
sion equations. The desirability function was used in order to obtain the optimal
composition, according to the national and international standards requirements.

Results and Discussion

Characterization of the Raw Materials

The particle size distributions of gray clay, iron ore tailings, and red mud are shown
in Fig. 2. The iron ore tailings are basically composed of sand and silt, with lower
content of clay (only 11.9%). The redmud and gray clay presented 48.1 and 62.4% of
fine particles (<0.002 mm), respectively. These two materials are mainly constituted
by fine particles, unlike the IOT which has the predominance of larger particles. The
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Table 2 Specific mass and Atterberg limits of raw materials

Raw material Specific mass
(g/cm3)

Plasticity limit (%) Liquid limit (%) Plasticity index
(%)

Gray clay 2.609 44 60 16

Iron ore tailings 2.933 0 0 0

Red mud 2.519 24 36 12

significant presence of fine particles is a good characteristic for application in clay
bricks. According to Pracidelli and Melchiades [17], the clay fraction is responsible
for high plasticity of the soil.

Table 2 shows the specific mass and Atterberg limits of the raw materials. One
can notice that the iron ore tailings presented higher specific mass, probably due to
the higher amounts of iron and silica in this material. About the Atterberg limits, the
gray clay can be classified as very plastic (PI > 15%). The red mud can be defined as
medium plastic (7% < PI < 15%), and the iron ore tailings as a non-plastic material.
A non-plastic material improves the performance of the ceramic specimens on the
drying and firing stages, reducing the shrinkage and any defects. Baccour et al. [18]
indicate that values of liquid limit between 30 and 60% are suitable for ceramic
production. High plasticity limits, such as the correspondent to gray clay, can lead to
problems in the drying and firing stages [19]. As expected by particle distribution,
the materials with higher amounts of fine particles (RM and GC) presented higher
values of plasticity index.

The extrusion prognostic diagram can be used to classify the materials as suitable
or not for extrusion process, according to the results of Atterberg limits [20]. Figure 3
shows that the gray clay is out of the acceptable zone for extrusion, unlike the red
mud. Therefore, the mixture of the three materials can form a ceramic mass that falls
within the acceptable or even optimal zone.

The chemical characterization of the raw materials is presented in Table 3. The
three materials showed great contents of SiO2, Al2O3, and Fe2O3. High amounts of

Fig. 3 Extrusion prognostic
diagram
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Table 3 Chemical composition of raw materials

Chemical composition (%)

Material SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O P2O5 SO3 Others LoIa

GC 44.29 32.53 4.62 1.92 0.44 0.09 0.27 0.37 – 0.26 15.21

IOT 63.09 7.17 25.79 0.28 0.20 0.12 0.32 0.39 – 0.26 2.28

RM 30.27 43.14 20.5 1.88 – – 0.34 – 1.67 0.21 21.3

aLOI—Loss on Ignition

SiO2 and Al2O3 can indicate the significant presence of clay minerals, which are
responsible for plasticity and formation of important mineral phases (such as mullite
and spinel) after firing. Fe2O3 is associated with the reddish color of the red ceramic
products [21]. Alkaline and earth-alkaline oxides play the role of fluxes, reducing
the firing temperature [22].

Characterization of the Ceramic Specimens

All the following response surfaces and equations were obtained from the statistical
analysis, performed on the software Minitab®. The signs and values of the coeffi-
cients in the equations indicate the influence of each raw material. Figure 4 shows
the response surface obtained for firing linear shrinkage, which can be described by
Eq. 1. One can notice that the interaction between gray clay and iron ore tailings
tends to reduce the shrinkage. Indeed, the iron ore tailings are composed of coarse
particles compared to the others materials. These particles can increase the packing
of the system and fill the gaps of thematrix. Besides, IOT presented an inert behavior,

Fig. 4 Surface response of
firing linear shrinkage.
(Color figure online)
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Fig. 5 Surface response of
apparent specific mass.
(Color figure online)

which is confirmed by the low loss on ignition [11]. The gray clay is the component
that more contribute to increase of firing shrinkage. It can be explained by the great
amount of mineral clays in this material, which turns it more reactive.

FLS = 8.459 ∗ GC − 0.511 ∗ RM + 9.212 ∗ IOT − 0.391 ∗ GC ∗ IOT

R2 = 98.25% (1)

The surface response for apparent specific mass is shown in Fig. 5. Equation 2
indicates that the IOT is mainly responsible for the increase of specific mass (higher
coefficient). It can be explained by the higher specific mass of grains correspondent
to this component.With the increase of gray clay in themixture, the values of specific
mass are lower.

ASM = 1.554 ∗ GC + 1.732 ∗ RM + 1.776 ∗ IOT R2 = 62.64% (2)

The property of water absorption is an important quality indicator for ceramic
products. National and international standards specify the range of values suitable
for each type of product. In relation to clay bricks, NBR 15270-1 [23] establishes a
range of 8–25%. Figure 6 shows the surface response obtained in this experimental
program. The incorporation of gray clay tends to reduce the water absorption, unlike
the IOT, which promotes the reverse effect. During the firing stage at 950 °C, the
beginning of the formation of liquid (or vitreous) phase occurs. This liquid phase fills
the porous of ceramic matrix and causes the densification of ceramic bricks. There-
fore, the sintering mechanisms lead to reduction of open porosity and absorption.
The clay minerals are responsible for vitreous phase formation, and the gray clay is
the raw material with greater amount of these compounds.

The higher the IOT and RM contents, the lower the formation of liquid phase,
reducing the densification process. The IOT is also an inert material, which increases
the concentration of open and interconnect pores [24]. Thus, higher percentages
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Fig. 6 Surface response of
water absorption. (Color
figure online)

of IOT and RM promote the increase of water absorption in accordance with the
Eq. 3 coefficients. Red mud causes less negative impact compared to IOT, due to
its chemical composition—richer in Al2O3 and lower content of SiO2—and particle
size distribution.

WA = 19.961 ∗ GC + 22.336 ∗ RM + 23.114 ∗ IOT R2 = 66.14% (3)

The clay bricks must also meet mechanical strength criteria, even if they are
not used as a structural material. The evaluated property was the axial compressive
strength, whose response surface is presented in Fig. 7. TheASTMC62 [25] standard

Fig. 7 Surface response of
compressive strength. (Color
figure online)
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specifies a minimum of 17.2 MPa. Both gray clay and red mud contribute to increase
of compressive strength, due to the chemical composition of these materials and
the presence of clay minerals in GC. The sintering of clay minerals promotes the
formation of others mineral phases that are responsible for the gain of strength. The
IOT tends to decrease the mechanical strength, which is related to the increase of
porosity. Besides, the higher amounts of quartz and hematite particles hinder the
sintering process of the clay minerals [10]. Therefore, IOT has a strong negative
influence on the compressive strength and Eq. 4 can confirm it.

CS = 37.598 ∗ GC + 24.565 ∗ RM −38.368 ∗ IOT R2 = 83.75% (4)

The values of R2 (determination coefficient) indicate how the fitted equations (or
models) can explain the experimental data. This means that high values of R2 are
associated to a better adjustment of the model. For the properties of firing linear
shrinkage and compressive strength, the R2 value was above 80%, indicating a good
adjustment of the equations or less variation of the experimental results. On the other
hand, the R2 values of apparent specific mass and water absorption were lower, thus
suggesting that the equations fit less well or higher in variation. Considering all the
properties, it can be assumed that the equations can describe the experimental data.

In order to prove that the regression analysis performed is valid, the “residuals”
versus “predicted values” graphs and the normal probability graphs were analyzed.
For all the properties, the errors presented a random distribution around the mean
equal to zero, suggesting homogeneity of variances [11]. Besides, the errors are
normally distributed in all properties. Thus, one can conclude that the analysis was
effective.

Considering the requirements ofNBR15270-1 [23] andASTMC62 [25] forwater
absorption and compressive strength, respectively, the optimal zone was determined
(Fig. 8). This region includes high percentages of gray clay and red mud. This study
aimed to incorporate as much wastes content as possible, meeting the standards

Fig. 8 Optimal region for
water absorption and
compressive strength
properties. (Color figure
online)
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Table 4 Prediction of
behavior of optimal mixture

Properties Estimated value for optimal
mixture

Firing linear shrinkage (%) 2.19

Apparent specific mass
(g/cm3)

1.67

Water absorption (%) 21.51

Axial compressive strength
(MPa)

20.34

criterion. Thus, one optimal mixture was defined by means of desirability analysis,
composed of 40% GC, 45% RM, and 15% IOT.

It is possible to estimate the values of the analyzed properties, corresponding to
optimal mixture, using the regression equations obtained previously. Table 4 shows
the results. The optimal composition was also located onWinkler’s diagram (Fig. 9).
The zones A, B, C, and D correspond to suitable areas for production of high-quality
materials, roof tiles, hollow bricks, and solid bricks, respectively. One can notice
that the mixture is not situated in the appropriate zone for clay bricks production
(C and D zones). However, this diagram is only a referential based on the particle
size of the mixture. The quality of ceramic products also depends on the chemical
composition and thermal behavior. Even if the composition is out of the suitable
area, it can be technically satisfactory. Besides, the optimal composition is closer to
B zone, indicating another possible application (roof tiles production).

Fig. 9 Location of optimal mixture on Winkler’s diagram. (Color figure online)
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Conclusions

This study aimed to evaluate the physical and mechanical behavior of clay bricks
produced from gray clay, iron ore tailings, and red mud. According to the experi-
mental program and the statistical tools applied (mixture design of experiments), one
can conclude the following:

• Both iron ore tailings and redmud presented physical and chemical characteristics
that justify their incorporation in fired ceramic products. The IOT can act as a non-
plastic material, contributing to better performance on drying and firing stages.
RM has great amount of clay and silt fractions, besides high percentages of SiO2

and Al2O3;
• Analyzing the effect of iron ore tailings and red mud, the red mud presented

less negative impact on the mechanical strength and water absorption. It can
be explained by its chemical composition and particle size distribution (finer
material);

• The design of experiments contributed to the optimization of the experimental
program, and the regression equations presented significant reliability. It was
possible to analyze the effect of each raw material on the final properties of the
mixtures;

• The incorporation of red mud and iron ore tailings in the production of clay bricks
was proved as technically feasible. Thus, it is an attractive alternative to recycling
these wastes, giving them a sustainable destination and preventing the occurrence
of security and environmental damages.
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Effects of K2O Addition on the Reduction
Smelting of Phosphorite for the Yellow
Phosphorus Production

Hongquan Jing, Yuan Yao, Cuihong Hou, Haobin Wang, and Shouyu Gu

Abstract Yellowphosphorus produced by electric furnace is an important rawmate-
rial for the production of high-purity phosphorus fine chemicals. High temperature
of the slag system for the smelting of phosphorite resulted in the energy-extensive
consumption. Moreover, the low activity of slag led to the low utilization efficiency.
In the current study, the effects of K2O addition on the reduction smelting of phos-
phorite were investigated via thermodynamic calculations and experiment validation
in order to reduce the smelting temperature and increase the activity of the slag.
It has been found that K2O could reduce the melting temperature of SiO2–CaO–
Al2O3 ternary system and accelerate the liquid-phase formation. Higher phosphorus
volatilization ratio over 97% was obtained when the phosphorite smelted at 1500 °C
with binary basicity of 0.8 and 3 wt.% K2O addition . Moreover, a K-bearing slag
with high activity was obtained and it can be used as micronutrient fertilizer.

Keywords SiO2–CaO–Al2O3 · K2O addition · Yellow phosphorus production ·
Micronutrient fertilizer

Introduction

Yellow phosphorus is an important rawmaterial used for the preparation of inorganic
and organic fine phosphorus chemical products [1, 2]. At present, China is the largest
manufacturer of yellow phosphorous, producing about 83% of the world’s supply in
2018 [3].

Yellow phosphorus production is the process of carbothermic reduction of phos-
phorite. Phosphate ore, silica, and coke are evenlymixedwith a certain proportion and
then are smelted at a phosphorus furnace. When the reaction temperature is heated to
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1500 °C by electric energy, the materials generate simple phosphorus gas, and then
refined to obtain yellow phosphorus. The general reaction formula of phosphorus
production by electric furnace is as follows [1, 3]:

4Ca5(PO4)3F + 30C + 21SiO2 → 3P4 + 20CaSiO3 + SiF4 + 30CO (1)

Yellow phosphorus production by electric furnace process is characterized as high
consumption of energy and material. It consumes 12–14 tonnes of raw materials and
about 13,000–15,000 kWh electricity to produce 1 ton yellow phosphorus, accompa-
nied by producing 10 ton slag [4]. Slag is themolten industrial solid waste discharged
from the process. However, unlike the regular industrial slag, the slag generated
from the phosphate ore covers lots of micronutrients required for the plants, such as
CaO, SiO2, MgO, and Fe2O3. The nutrients in the slag are wasted since most of the
slag is used to produce cement for the construction industry [5, 6]. The production
of yellow phosphorus is a complex process of energy-intensive and environmental
pollution, which is facing great challenges of economic and environmental. It is
extremely important to study and develop energy-saving, cost-reducing technolo-
gies and enhance the utilization efficiency of slag for the sustainable development of
furnace-based phosphorous production.

Some attempts were made to reduce the smelting temperature of phosphate ore. It
was shown that the melting effect of potash feldspar is better than that of traditional
silica flux [7–9]. In our previous work, micronutrients fertilizer rich in various nutri-
ents was prepared in medium- to low-grade phosphate by high temperature melting
flowed and quickly quenched by water, which provided an alternative technology for
the efficient utilization of yellow phosphorus slag [10].

In order to reduce the energy consumption of yellow phosphorus production and
improve the utilization value of water-quenched slag, the carbothermal reduction
process of phosphate was conducted using the pure K2O as the K-bearing addi-
tion. Thermodynamic analyses of SiO2–CaO–Al2O3 and SiO2–CaO–Al2O3–K2O
systems were investigated first to determine the melting characteristics of the slag.
The activities of the micronutrients and the volatilization of phosphorus and K2O
were also studied.

Experimental

Materials

The phosphate ore, silica, and coke used in the experiments were taken fromYunnan,
China. The main compositions of raw phosphate ore and silica samples were listed
in Table 1. The coke is with 80.26 wt.% fixed carbon. In order to study the effect of
K2O on slagging and fluxing in yellow phosphorus production process via electric
furnace, the chemically pureK2SO4 with a purity of 99wt.%was used as the addition.
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Before reduction smelting, all raw materials were dried at 105 °C for 4 h, then were
crushed and ground to a particle size less than 180 µm.

Reduction Smelting Procedure

Before reduction smelting, phosphorus, silica, coke, and K2SO4 were evenly mixed
with a certain proportion of m(SiO2)/m(CaO) = 0.8. Carbothermic reduction of
phosphorite process was conducted in the shaft furnace with an inner diameter of
170 mm, which is shown in Fig. 1. Mixture was smelted in a cylindrical graphite
crucible (size: 50 mm × 80 mm) under N2 atmosphere at a given temperature for
1 h, and then the liquid slag was rapidly quenched in cold water. Phosphorus vapor
was recycled by a water tank. The slag was dried at 105 °C for the subsequent
characterization.

Fig. 1 Schematic diagram of experimental equipment for carbothermal reduction smelting. (Color
figure online)
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Fig. 2 Ternary phase diagram of SiO2–CaO–Al2O3 (a), and quaternary phase diagram of SiO2–
CaO–Al2O3 at 3 wt.% K2O system (b). (Color figure online)

Characterization

FactSage 7.3 thermodynamic software was used to analyze the phase diagram. The
formation of liquid phase and the volatilization rate of phosphorus about the SiO2–
CaO–Al2O3 and SiO2–CaO–Al2O3–K2O system were analyzed in the module of
“Phase Diagram” and “Equilib”. The used databases were “FToxid”, “FactPS”, and
“Factsalt”.

The mass fraction of phosphorus pentoxide (P2O5) and potassium oxide (K2O)
was measured by quinoline phosphomolybdate gravimetric method and sodium
tetraphenylborate gravimetric method, respectively. The volatilization ratio of
component was calculated as in the following Eq. (2):

X = W0 − W1

W0
× 100% (2)

where X is the volatilization ratio of component, wt.%;W0 is the mass of component
in the pre-smelting in the furnace, g; W1 is the residual mass of component in the
slag, g.

For plants, nutrients can be divided into two forms: Absorbable (effective content)
and non-absorbable. It is generally difficult for plants to directly absorb the nutrient
elements contained in natural ores, so the activation of nutrient elements in minerals
is very important. In this experiment, the activation rates of different components
were determined. The totalmass fraction of SiO2, CaO,MgO, andK2Owasmeasured
by chemical analyses. In order to simulate the absorption effect of micronutrients by
crops, the effective SiO2 CaO, MgO were determined by 0.5 mol/L HCl solution as
the extractant, and the effective contents of K2Owas determined by 2wt.% citric acid
solution [11]. The activation ratios of the micronutrients are according to Eq. (3):
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η = C1

T0
× 100% (3)

where η is the activation ratio, wt.%; T 0 is the total mass of component in the slag,
g; C1 is the effective mass of component in the slag, g.

Themelting ratio ofmaterials represents the proportion of liquid-phase formation.
In this study, the melting ratio of materials was calculated by FactSage 7.3 in the
module “Equilib”. The melting ratio of materials according to Eq. (4) is

C = Q1

Q0
× 100% (4)

where C is the melting ratio of materials, wt.%; Q0 is the total mass of liquid phase
and solid phase of SiO2–CaO–Al2O3–K2O system, g; Q1 is the mass of liquid phase
of SiO2–CaO–Al2O3–K2O system, g.

Results and Discussion

Phase Diagram of SiO2–CaO–Al2O3–K2O System

SiO, CaO, and Al2O3 are the main components in the slag. In addition, CO and
P4 are the main atmosphere in the furnace, which accounted for 85.93 and 9.97%,
respectively [12]. In order to study the influence of K2O on the melting properties
of materials, the phase diagram of SiO2–CaO–Al2O3 and SiO2–CaO–Al2O3–K2O
systems was calculated and analyzed under CO atmosphere.

In the conventional industrial yellow phosphorus production process, the binary
basicity of m(SiO2)/m(CaO) in slag is controlled in the range of 0.75–0.85, and the
operation temperature is 1500–1550 °C [1]. As shown in Fig. 2a, when the content
of Al2O3 is less than 5 wt.%, the formed phases of SiO2–CaO–Al2O3 system lie
in the region of alpha-dicalcium silicate (Ca2SiO4(s3)), Rankinite (Ca3Si2O7), and
ps-wollastonite (CaSiO3(s2)), where isotherms distribute closely and the melting
temperature increases from 1400 to 1700 °C with increasing basicity. It is also found
that Al2O3 helps to reduce the melting temperature of slag. Point 9 and point 14 are
two special four-phase intersection points in SiO2–CaO–Al2O3 system, which has
binary basicity of 0.8, melting temperature decreases from 1437.06 to 1333.15 °C
with the Al2O3 content increasing from 3.24 to 13.55 wt.%, and with a decreasing
extent 103.91 °C.

Compared with SiO2–CaO–Al2O3 system, the lowest fusion point and the highest
fusion point of the eutectic mixture are lowered in SiO2–CaO–Al2O3–K2O system
(Fig. 2b), from 1184.29 to 1177.11 °C, and from 2572.00 to 2512.60 °C, separately.
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Furthermore, the main phase of SiO2–CaO–Al2O3–K2O system is Ca2SiO4(s3) at
the basicity range of 0.75–0.85, where the distribution of isotherms is looser than that
of SiO2–CaO–Al2O3 system. As a result, the basicity range is expanded, in which
the temperature is controlled lower than 1500 °C.

Liquid-phase and Phosphorus Formation
of the SiO2–CaO–Al2O3–K2O System

The melting rate of materials and the volatilization rate of phosphorus in SiO2–
CaO–Al2O3 system are calculated and listed in Fig. 3. As displayed in Fig. 3a, it is
found that the temperature for 50%melting rate ofmaterials of the SiO2–CaO–Al2O3

system decreases from 1340 to 1190 °C with the K2O content increase from 0 to 8%.
The initial temperatures for the liquid-phase formation from 1225 °C decrease to
1175–1125 °C. It has been demonstrated that the presence of K2O can accelerate the
formation of liquid phase. In special case, when the K2O content is 0, the temperature
for 100% melting rate of materials of the SiO2–CaO–Al2O3 system is over 1400 °C.
In other words, the fusion point of the SiO2–CaO–Al2O3 system is 1400 °C. But the
temperature of fusion point of the SiO2–CaO–Al2O3 system does not decrease with
the increase of K2O content. The fusion point of the SiO2–CaO–Al2O3 system with
2, 4, 6, and 8 wt.% K2O is 1375, 1325, 1325, and 1350 °C, separately. Therefore,
the addition of K2O should be less than 6 wt.%.

On the other hand, it is also found that K2O inhibits the volatilization of phos-
phorus below 1340 °C, but promotes the volatilization of phosphorus above 1340
°C. As shown in Fig. 3b, below 1340 °C, the volatilization rate of phosphorus is
decreased with the increase of K2O content under the same temperature. When the
temperature is increased over 1340 °C, the rate is increased with the increase of

Fig. 3 Effect of K2O content on the melting rate of materials (a) and the volatilization rate of
phosphorus (b) in SiO2–CaO–Al2O3 system. (Color figure online)
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K2O content. Therefore, considering the fusion point of materials and the yield of
yellow phosphorus, when K2O as an addition is added to the reduction smelting of
phosphorite, the reaction temperature should be over 1340 °C.

The Volatilization of Phosphorus and K2O

As shown in Fig. 4a, the volatilization rate of phosphorus increases with the increase
of the temperature and then keep at a steady state when the temperature is further
increased to 1500 °C. As consistent with theoretical calculations, the K2O inhibits
volatilization of phosphorus at lower temperature. However, K2O does not promote
the reduction volatilization of phosphate ore after 1340 °C, but this influential of
inhibition is reduced or even disappeared with the increase of temperature and the
volatilization ratio of phosphorus is over 97 wt.% as the phosphorite is smelted over
1500 °C. In addition, the raw materials of yellow phosphorus production include
not only SiO2, CaO, Al2O3, MgO, and Fe2O3 but also some other minor elements,
such as B, Mn, S, Ni, Zn, and so on [13]. The presence of these substances affects
the reduction of phosphate, which makes the experimental results differ from the
theoretical calculations.On thewhole,K2Ohas nounfavorable effect on the reduction
volatilization of phosphorite in higher temperature.

Although the overall trend is similar, there are some other differences of the
volatilization ratio of phosphorus without K2O addition between theoretical calcula-
tion and experiment. The volatilization ratio of phosphorus experimentally measured
is 20–50% higher than that of theoretically calculated at a same temperature. The
volatilization rate of phosphorus by theoretically calculated represents the phos-
phorus yield when the chemical reaction reaches equilibrium. Phosphorus element
has a high vapor pressure and is easy to volatilize into the gas phase, so it was directly

Fig.4 Effect of K2O addition on the volatilization rate of phosphorus (a), and the volatilization
rate of K2O at different temperature (b). (Color figure online)
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removed from the furnace with N2 in this experiment, which promoted themovement
of reaction (1) to the forward reaction, and increased the reduction rate of phosphate.

Figure 4b presents the temperature dependence of the volatilization ratio of K2O.
The volatilization ratio of K2O increases with the increase of temperature. And it is
less than 26 wt.% below 1500 °C, indicating that more than 2/3 of K2O remains in
the slag. It is inferred that the K-bearing slag is a favorable ingredient for the crop
fertilizer.

The Activation Rate of the Slag

The slags with 3 wt.% K2O addition and without addition obtained at 1500 °C were
studied. As shown in Fig. 5, after treatment of high temperature melting and water-
quenched, most of the insoluble SiO2, CaO, MgO, and Fe2O3 in the raw materials
are transformed into effective status that can be absorbed by plants, and the activa-
tion ratio are 74.03, 88.21, 93.12, and 85.30 wt.% in K-bearing slag, respectively.
On the other hand, in comparison with the slag without addition, the K2O has no
disappointing effect on the transform of other components. Especially, the total mass
of K2O in K-bearing slag is 3.48 wt.% and the activation ratio of K2O achieves 90.06
wt.%.

In this case, the value of slag is enhanced with the addition of K2O and the
activation ratio of K2Owas over 90%. No solid waste is generated since the activated
slag is used as a favorable ingredient for the crop as fertilizer.

Fig. 5 The activation ratio of the micronutrients in the slag. (Color figure online)
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Table 1 Main chemical composition of phosphate ore and silica concentrate (mass fraction,mass%)

Composition CaO SiO2 Al2O3 P2O5 MgO Fe2O3

Phosphate ore 39.11 21.23 1.88 25.89 1.57 1.32

Silica 0.63 93.2 2.15 0.53 0.76 1.13

Conclusions

(1) Thermodynamic analysis demonstrated that K2O as an addition can decrease the
melting temperature and promote liquid-phase formation of SiO2–CaO–Al2O3

system. The initial temperatures for liquid-phase formation of the SiO2–CaO–
Al2O3 system with K2O addition decrease from 1225 to 1175–1125 °C.

(2) At lower temperatures, the addition of K2O inhibited the reduction volatilization
of phosphorite. With the increase of temperature, the influence of K2O on the
reduction volatilization of phosphorite was reduced or even disappeared. The
volatilization rate of phosphorus over 97% as the phosphorite smelted at 1500
°C with 3 wt.% K2O addition.

(3) The volatilization ratio of K2O increased with the increase of temperature, and
it was less than 26 wt.% at 1500 °C. The activation ratios of SiO2, CaO, MgO,
Fe2O3, and K2O were 74.03, 88.21, 93.12, 85.30, and 90.06 wt.%, separately.
It is concluded that no solid waste was generated since the activated slag can be
regarded as a favorable ingredient for the crop as fertilizer.
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Evaluation of Different Methods
of Surface Treatment of Natural Açai
Fiber Added in Cementitious Composites
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J. S. Souza, M. Z. Barbosa, S. N. Monteiro, H. A. Rocha, J. Alexandre,
and G. C. Xavier

Abstract Açai fiber has a characteristic that enhances its application as a reinforce-
ment material in mortars. One of the major problems in the use of natural fibers in
cementitious composites is the alkalinity of the porous of these materials, which can
be solved by applying surface treatment to the fibers. The objective of this work was
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to evaluate four different forms of surface treatment of natural Açai fibers, washing
them with water, with cyclohexane/ethanol, immersing them in a solution of NaOH
or alkaline peroxide, adding them in 4% in relation to the mass of cement in mortars
of cement, and lime for coating. Properties such as consistency, incorporated air
content, linear shrinkage, mechanical resistance, and water absorption were evalu-
ated, according to Brazilian standards. The results showed that the treatment with
alkaline NaOH solution is the one that best managed to modify the surface of the
fibers, improving the evaluated technological properties.

Keywords Açai fiber · Treatment ·Mortar

Introduction

The reduction of resources from non-renewable sources has increased human aware-
ness and induced the use of material from renewable sources [1, 2]. For this reason,
several research efforts in the field of sustainability are associated with the use of
technology to preserve the environment [3, 4]. Although the series of studies on the
behaviour and development of new materials has advanced in recent years, in the
reality of Brazilian construction it is still necessary to develop materials that meet
the technical and economic needs of sustainable development.

In the context of civil construction, mortars are widely used as a coating material
in Brazil. There are several types and compositions of mortars. Since the production
of mortar contributes to the scarcity of natural resources, the use of natural fibers
has been increasingly frequent. The substitution of some raw materials from non-
renewable sources, such as lime and cement, is an ecological practice that reduces
the environmental impact [5].

According to Fantilli et al. (2017), more sustainable cement-based composites can
be obtained by reinforcing the matrix with short fibers randomly dispersed [6]. In
accordance with Pacheco-Torgal and Jalali (2011) [5], the mechanical and chemical
performance, the manufacturing technique, the compatibility of the fiber with the
cementmatrix, the degradationof thefiber, and the appropriate cost to theprojectmust
be considered when choosing the fiber. In general, natural fibers have the advantage
of increasing the tensile strength and reducing the cost and energy consumption of
the cementitious composite. However, it highlights that the use ofmaterials of natural
origin can be a complex process and must be carried out consciously in the industry.

Among the various existing reinforce fibers, the Açai fiber is emphasized because
in the production of Açai juice the fiber of the seed is not used and becomes an agro-
industrial waste. Agro-industrial wastes from the production ofAçai juice in northern
Brazil are equivalent to more than 93,000 tons per year. In order to take advantage of
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this waste, these Açai fibers can be treated and used in cementitious composite [7, 8].
Lima Junior (2007) states that cementitious composites reinforced with Açai fiber
do not present significant loss of compressive strength and satisfactorily increase the
tensile strength [7].

Açai is a fruit from the Euterpe oleracea palm and is a tropical species, typical of
the Amazon rainforest, which grows widely in the northern region of Brazil. Despite
the Açai fruit is also found in several Brazilian states, the state of Pará is the largest
producer in the country [9]. Generally, the Açai fruit is developed in conditions of
warm and humid climate and does not support periods of prolonged drought [10].

In this context of technological application for agro-industrial waste, this research
aims to describe a sustainable method for the treatment of Açai fiber and for use in
cementitious mortars. For the development of a new technological and sustainable
product, the study methodology involves the extraction of fiber from the Açai fruit,
the fiber treatment, and application in cementmortars [10]. The efficiency is evaluated
by comparing mixtures of different contents of fibers and forms of your superficial
treatment. The comparison is made based on the results of the morphological and
physical–chemical analysis of the Açai fiber and the results of the rheological and
mechanical characteristics of mortars with added fibers. The technical and economic
practicality of the methodology for using treatment and the use of Açai fibers in the
reinforcement of mortars is revealed in this research.

The objective of this work was to evaluate four different forms of surface treat-
ment of natural Açai fibers, washing them with water, with cyclohexane/ethanol,
immersing them in a solution of NaOH or alkaline peroxide, adding them in 4% in
relation to the mass of cement in mortars of cement, and lime for coating.

Materials and Methods

Formakingmortar, ordinary cement Portland (OCP), type III, forBrazilian standards,
hydrated lime type III (HL-III), and sand from the Paraíba do Sul river bed are used.
The natural fiber used in this research comes from the Açai fruit, which has a hard
body, similar to a seed, covered with fibers, which were removed manually [10]. All
the Açai used was collected from plantations located in the state of Espirito Santo,
Brazil. Upon arriving at the laboratory, the fiber was immediately separated from the
core, and subsequently kept in a greenhouse for a period of 24 h, allowing the loss
of existing natural moisture and standardization of the fibers for processing [8].

As is known, the use of natural fibers in cementitious matrices, without any type
of treatment, causes a series of problems that considerably reduce the useful life and
durability of these composites, making their use impossible, requiring the imple-
mentation of some treatment technique superficial [11, 12]. For this research, four
methodologies for surface treatment of the fibers were defined, before their addition
to the mortar mass, which were simple washing with water (treatment A) , washing
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with cyclohexane/ethanol (treatment B), immersion in alkalineNaOH solution (treat-
ment C), and the treatment with alkaline peroxide (treatment D), called bleaching
[13].

For treatmentA, the necessary quantities of fiberswere separated for the execution
of technological tests, which were soon processed in a microprocessor, grinding the
fibers and transforming them into small particles, which were subsequently sieved
(16 mesh), reaching fibers with approximately 5 mm long, right after they were
submerged in a glass beaker with 200 mL of distilled water, at 80 °C, with magnetic
stirring for 1 h. After this process, the fiber was dried in an oven with air circulation
at 50 °C until it reached a constant mass, which occurred around 36 h [14].

In treatment B, the same amount of fibers used in treatment A was placed in a
container with 200 mL of 1:1 cyclohexane/ethanol solution, for 48 h in a soxhlet and
for another 4 h in a row with distilled water. Right after the fiber was dried in an oven
with air circulation at 50 °C until they reached constant mass, which occurred after
around 24 h [14]. Treatment C occurred in two stages; first, the alkaline treatment
with NaOH used approximately 80 g of the ground and sieved fiber (16 mesh)
added in a beaker containing 200 mL of sodium hydroxide solution (5% NaOH)
at a temperature of 90 °C. The system remained under constant agitation for 60 min,
and after cooling to room temperature, vacuum filtration was carried out [14]. The
retained solid material was washed with distilled water until it reached neutral pH.
The fiber was kiln dried with air circulation at 50 °C until constant mass, which
occurred on average within 24 h.

Finally, treatment D used part of the fibers from process C, which were treated
with NaOH and subsequently placed in a mixture of hydrogen peroxide (H2O2 16%)
and sodium hydroxide (NaOH 5%) at a temperature of 55 °C [14]. The system
remained under constant agitation for 90 min. After cooling to room temperature,
vacuum filtration was performed and the material was washed with distilled water
until it reached neutrality [14]. The fiber was kiln dried with air circulation at 50 °C
until constant mass, which occurred on average with 27 h.

After all treatments, the fibers could be used in addition to the mortar cement
mass. Mortars were made using a 1:1:6 ratio (cement:lime:sand), in relation to the
mass of the materials, and the fibers after the four treatments were added in terms of
4% in relation to the cement mass, being added at the time of the mechanical mixing
of the mortar, following other works in the literature [8, 10, 15, 16].

The technological properties in the fresh state, such as consistency [17] and incor-
porated air content [18], were evaluated immediately after being made. In the hard-
ened state, prismatic specimens weremolded and submitted to an air cure for a period
of 28 days, evaluating immediately after linear retraction, mechanical strength to
flexion, and water absorption, always using normative instruments [16].
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Results and Discussion

Mortar workability can be measured in relation to the horizontal spreading it has on
a slump table. This spreading is measured with a ruler, and its result is shown in
Fig. 1.

The fluidity of a mortar must not be too low or too high, as this parameter directly
affects the ability to apply this material to structures. The fixed Brazilian standard
for coating mortars shows that an acceptable workability range is between 255 and
265 mm; however, in some applications, such as reinforcement and repair of struc-
tures, these values are still very high, generating very fluid mortars and are difficult
to apply in practice [1].

The addition of natural fibers traditionally reduces fluidity, as the introduction
of fibrous elements increases the anchorage area of the cementitious paste [8]. This
phenomenon can be seen in Fig. 1, as in all the treatments evaluated, there was a
considerable reduction in the standard mean spread [15]. Treatment C, which uses
the NaOH solution, was the one that showed values closest to Brazilian standards, in
addition to being close to other values found in the literature, for mortars with added
fibers [5, 8]. The treatment with only washed water (treatment A) had difficulties
in the surface buffering, leaving the surface of the fibers very irregular, similar to
the condition without treatment, which significantly reduced their spreading [10].
Figure 2 shows the results of the incorporated air content.

The air incorporated in mortars makes it possible to flow, but in excess it can
cause serious problems related to the durability of the composites, mainly linked
to the passage of aggressive agents. However, the literature indicates that values
between 7 and 17% are those recommended, and that the above values give rise to

Fig. 1 Result of horizontal spreading, in mm. (Color figure online)
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Fig. 2 Result of incorporated air content, in %. (Color figure online)

mortars without application conditions, as other technological properties are directly
affected [10].

On the other hand, proportions less than 7% generate mortars without necessary
fluids, and for example, in treatment B, the lowest value of incorporated air occurred,
since the contact of the fiber with the cyclohexane/ethanol solution caused a reaction
with the swelling of the fibers, which generated a significant reduction in the existing
pores, and consequently in the air trapped in them, again here, only treatment C
obtained values within the specifications of the literature [14, 16]. Figure 3 shows
the result of the linear retraction.

Linear shrinkage arises as hydration reactions of cementitious materials occur,
changing their dimensions. In the case of applying mortars for coatings and rein-
forcement of structures, excess shrinkage causes the occurrence of cracks and other
openings that can impair the integrity of use [5]. Some studies stipulate that retractions
of up to 1% can be allowed for coating mortars [13].

The results shown in Fig. 3 show that all treatments are within the recommended
range, in addition it is clear that the insertion of fiber helps in the reduction, when
compared to referencemixtures used in other works in the literature [15, 16]. Figure 4
shows the results of the mechanical strength to flexion of the specimens.

Figure 4 indicates that treatment B was the one that resulted in the best resistance
results for the specimens, and this is due to the fact that the solution of cyclo-
hexane/ethanol in combination with distilled water has a potential catalyst for the
reactions of hydration of the cement paste; however, these values observed in all
treatments are still superior to those verified in reference mortars, that is, without
the addition of natural fibers [15]. In Fig. 5, the results of water absorption of the
specimens can be seen.
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Fig. 3 Result in linear retraction, in %. (Color figure online)

Fig. 4 Result in mechanical strength, in MPa. (Color figure online)

Figure 5 shows the result of water absorption, which corroborates with the result
shown in Fig. 4, since in treatments where greater strength is obtained, there is a
consequent reduction in water absorption due to greater pore filling [10]. It is desired
that water absorption is lower, and in treatments B and C these indicators have been
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Fig. 5 Result of water absorption, in %. (Color figure online)

validated. For coating mortars, absorptions up to 9% are tolerated, showing that
treatments A and D do not meet this parameter [8].

Conclusion

After the results, it can be concluded that:

• The surface treatment of natural fibers for use in cementitious matrices is of
fundamental importance, without which this application is not possible from a
technological perspective;

• The treatment with alkaline NaOH solution was the one that presented the best
results, when considering all the parameters evaluated in this research; in addition,
this form of treatment is widely used in the literature and has lower costs and
environmental impacts, being the one recommended in this comparative research;

• The use of natural fibers is possible as a reinforcement agent for cement-based
matrices, in addition to promoting a potential reuse of agro-industrial waste,
contributing to sustainability issues and advancement in the development of new
materials.
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Evaluation of Full Bedding Concrete
Blocks Prisms with Different Laying
Mortar Strength

T. E. S. Lima, A. R. G. Azevedo, M. T. Marvila, E. B. Zanelato, J. Alexandre,
and S. N. Monteiro

Abstract In the structural masonry system, the wall performs a structural function,
absorbing the loads imposed on the system, being formed by blocks joined by seating
mortar. In this constructive method, the quality control of the inputs and the correct
dimensioning of the components is of paramount importance. In addition to the
inputs, other factors can compromise the strength of the wall, for example the mortar
bedding types. Two types are recommended, full bedding and face shell bedding. In
full bedding, the mortar is disposed in all septum of the block. Therefore, this work
has the objective of evaluating concrete blocks prisms with two mixed mortars ratios
of different compressive strength. It is concluded that the increase of the compressive
strength of themortar influences the increase in the compressive strength of the prisms
with full bedding type.
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Keywords Structural masonry · Prism ·Mortar · Strength

Introduction

Structural masonry is a construction system that is on the rise mainly in the construc-
tion sector of popular housing, due to the rationality in the consumption of materials
and the speed of execution [1]. It is obtained by superimposing structural blocks,
tied together, and joined by mortar joint [2].

The importance of the correct dimensioningof themasonry components affects the
behavior of the structure [3]. The blocks must have compressive strength compatible
with the loads to which they will be subjected, and the laying mortar must develop
adequate strength in order not to compromise the structure of which it is part, and
should not be more resistant than the block, and still absorb the deformations to
which the masonry is submitted [4]. Therefore, [1] limits a maximum value of 70%
of the characteristic compressive strength of the block referred to the net area and
the compressive strength of the laying mortars for structural masonry [5, 6].

In addition to the characteristics of the materials, several factors interfere in the
structural behavior of the masonry, such as the finishing and workmanship qualities,
curing conditions, the joint thickness, and the mortar pattern [7, 8].

The most traditional mortar bedding type is the called full bedding, where the
mortar is arranged in all the septa of the blocks (Fig. 1).

In this sense, this work aims to evaluate the behavior of full bedding prisms done
with concrete block with two mortar ratios of different compressive strengths.

Fig. 1 Full bedding type. Source Portella, 2015
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Materials and Methods

The hollow concrete blocks used in this work were manufactured in the city of
Campos dos Goytacazes/RJ. With dimensions of (14 × 19 × 39) cm (thickness ×
height× length), water absorption of 6.32%, humidity of 12.34%, and compression
strength of 6.01 MPa refer to the gross area and 12.97 MPa refer to the net area [9].

Two mortar ratios were defined for this study, 1:0.5:4.5 and 1:1:6, respectively
representing cement:lime:sand. The mortars were produced with Portland cement
CPII E-40with a density of 2.97 g/cm3, fineness of 4.00%, and a 28th day of compres-
sive strength of 45.3 MPa, hydrated lime CH-III with a density of 2.31 g/cm3 and
washed sand from the Paraíba do Sul River, Campos dos Goytacazes/RJ, with a fine-
ness module of 2.04, maximum size of 2.4 mm, specific weight in bulk of 2.61 g/cm3

[10]. The water/binder ratio and the compressive strength were 0.9 and 8.93 MPa,
respectively, for the mortar 1:0.5:4.5 and 1.26 and 5.72, MPa, respectively, for the
mortar 1:1:6 keeping the consistency of the mortar in the range of (260 ± 5) mm.
It is noticed that both mortars remained below the limit of 70% of the characteristic
compressive strength of the block referring to the net area [11].

To perform the compressive strength test, six prisms were produced for each
mortar mix. All prisms had a mortar joint thickness of (10 ± 3) mm and held for
28 days immobile in a weather-free place in the curing process (Fig. 2) [12].

The compression strength test of the prisms followed the procedures of [2] and
was performed in the MTS servo-hydraulic system with a capacity of 500 kN, at a
rate of 0.05 MPa/s, located in the civil engineering structures laboratory at UENF.

Fig. 2 Construction of the prisms: a detail of the full bedding type b constructed prism. (Color
figure online)
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Results and Discussion

The results of the compressive strength tests of the prisms are shown in the Table 1.
Analyzing the results, it can be seen that the 36% increase in compressive strength

between the two mortars generated a 28% increase in the compressive strength of
the prisms [13].

In addition, the prism/block ratio ranged from 0.5 to 0.8, fallingwithin the allowed
range of 0.5–0.9 for concrete blocks in Brazil, according to [3–14].

Regarding the rupture mode, all the prisms ruptured due to the effect of lateral
tensile stresses on the block together with the loss of capacity of themortar, making it
possible to visualize the fragmentation of some sections of the block and the presence
of vertical cracks parallel to the loading direction, concentrated in the regions of
intersection between the longitudinal and transversal septa of the blocks (Fig. 3) [15].

The properties of mortars, together with the masonry blocks used, are responsible
for the properties of the walls as a whole, and should always be evaluated [16–19].

Table 1 Results of the compressive strength of the prisms

Mortar
ratio

Prisms compressive
strength (fpm) (MPa)

Standard
deviation
(MPa)

Coefficient
of variation
(%)

Prism/Block
ratio (η)

Normalization

1:0.5:4.5 4.64 0.24 5.17 0.77 1

1:1:6 3.36 0.16 4.76 0.56 0.72

Fig. 3 Rupture mode of the prisms with full bedding type. (Color figure online)
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Conclusion

As shown by the tests carried out, the compressive strength of the laying mortar
influences the compressive strength of structural masonry prisms. Therefore, a 36%
increase in the compressive strength of the laying mortars generated a 28% increase
in the compressive strength of the prisms.

In the rupturemode of the prisms, therewere no notable differences in the cracking
and behavior of the specimens, the rupture being presented by all the prisms due to
the effect of lateral tensile stresses on the block together with the loss of capacity of
the mortar.
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Evaluation of Thermal Healing
in Pervious Concrete Pavers Produced
with Reactive Powders Concrete

Wellington Fernandes, Leonardo Pedroti, Maurício Felisberto,
Guilherme Botelho, Gustavo Lima, Beatryz Mendes, Heraldo Pitanga,
and André Oliveira

Abstract A solution to mitigate floods in cities is the use of pervious concrete pave-
ments. This is a concrete composed of a structure of interconnected voids allowing
the flow of water, reducing the speed of surface runoff. Reactive powders concrete,
with the addition of coarse aggregate, propitiates the creation of a pervious material
combined with good resistance, hardly found in this type of product. The application
of thermal curing allows an acceleration of resistance gain in young ages, making
the pieces reach the market in less time. Therefore, we sought to study two traces
of pervious concrete with RPC ratios: 1:4.0 and 1:3.5 gravel in mass, evaluating
the resistance behavior by means of thermal curing. Significant gain in compres-
sive strength is achieved in the early ages with thermal curing, and the permeability
obtained by both lines analyzed was satisfactory.

Keywords Pervious concrete · Thermal cure · RPC

Introduction

The current paving systems in Brazil, asphalt and conventional concrete, generate
great waterproofing of the soil on which they are built causing urban problems,
such as floods. According to data from the Basic Municipal Information Survey
(Munic) 2017, from the Brazilian Institute of Geography and Statistics [1], 1515
municipalities were affected by floods between 2013 and 2017.

These problems tend to worsen due to the growth of the urban population and
irregular occupation without planning, with strong disobedience, in many cases, to
the guidelines proposed by the Master Plan [2].

Soil waterproofing in urban centers has become directly responsible for the growth
of surface runoff in urban basins and for reducing the concentration time, which
generates higher and faster flood peaks (Fig. 1) [3].
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Fig. 1 Urbanized versus
non-urbanized area
hydrograph. (Adapted from
Martins, 2012). (Color figure
online)

According to the US Environmental Protection Agency (EPA), pervious concrete
is defined as the best management practice for the control of pollution and rainwater,
and has been increasingly encouraged by governments due to its environmental
aspects, particularly favorable to urban environments. It brings benefits both to the
soil, as it provides natural transpiration, to the hydrographic basins, as it allows
replenishment, and to vehicle drivers, as drainage prevents the formation of puddles,
reducing the effect of glare and aquaplaning in the tracks. However, there is still
a great demand for manufacturing and construction standards. Few international
studies have been published to evaluate properties on the spot and in the laboratory.
The main applications are still limited to areas of little traffic, since this type of
concrete still presents problems of durability and resistance [4].

On the other hand, another type of concrete has been studied since the 1990s
to meet the needs of prefabricated buildings and constructions that require high
performance. It is the concrete of reactive powders (RPC) , which has the capacity
to reach between 200 and 800 MPa [5]. Its characteristic is low number of defects
and pores, which makes its resistance very high [6]. In the fresh state, it has the
characteristic of being self-compacting, managing to completely fill the volumes
where it is applied, and which gives good adhesion to other materials [7].

RPCwhen submitted to thermal curing has its resistance to compression improved,
as this treatment accelerates and stimulates new pozzolanic reactions, generating
greater resistance at low ages [8]. This characteristic is desired for the production
of pervious pavers in large quantities in view of what occurs in the production of
precast, where their curing must be accelerated to increase production and turnover
of shapes or for concreting in prestressing tracks, already that need a shorter curing
time.

Thus, this work had the purpose of manufacturing and evaluating the mechanical
resistance, permeability, and porosity of pervious concrete pavers, produced with
RPC. The addition of coarse aggregate to the RPC creates a unit of interconnected
voids, while its resistance tends to be higher than when produced as a conventional
concrete.
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Table 1 Cement characteristics

Tests

Cement GBW Silica

CP-V Limits

NBR 5733 [9]

Specific mass (g/cm3) 3.08 – 2,58 2,2

Fineness (%) 0.06 ≤6 – –

Specific area (m2/kg) 586 ≥300 899 9653

Water for normal consistency paste (%) 29 – – –

Setting times (min) Start 150 – –

End 202 – –

Le Chatelier expandability (mm) Cold 0.1 – –

Hot 0.3 – –

Materials and Methods

Materials

The materials used in this work were stored and characterized at the Civil Construc-
tionMaterials Laboratory of the Federal University of Viçosa, where the entire study
was carried out.

Cement, Granite Beneficiation Waste (GBW), and Active Silica

ACP-Vcementmanufactured byHolcimwas used. The granite beneficiationwaste is
a material resulting from the cutting of ornamental rocks, from the city of Cachoeiro
do Itapemirim—ES. The active silica used was produced by Down Corning Brasil
in Minas Gerais.

It is presented in Table 1. A descriptionwith the characterization tests is presented.

Additive

The superplasticizer additive manufactured by MC-Bauchemie of the SuperFlow
1180 type was used. It is a synthetic additive based on polycarboxylate polymers. It
is within the requirements of the Brazilian standard ABNT NBR 11768: 2011 [10]
and has a density of 1.09 g/cm3.
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Small and Large Aggregate

The small aggregate comes from Mineração Jundu (Descalvado-SP) SP. The aggre-
gate used was small graded gravel (gravel 0), conventionally crushed and washed,
from the Martins Lanna quarry (Belo Horizonte—MG).

A summary of the characteristics of the aggregates is presented in Table 2, while
Fig. 2 shows the granulometric curve of the coarse aggregate.

Methodology

The preparation can be divided into two stages. The first stage where the production
of RPC (reactive powder concrete, itself) is carried out and the second where the
production of pervious concrete takes place (addition of large aggregate to the RPC).

Table 2 Aggregate characteristics

Characteristic Small aggregate Large aggregate

Characteristic maximum dimension (mm) 12.5

Fineness module 6.56

Unitary mass dry and loose state (g/cm3) 1.43 1.38

Unit mass dry and compacted (g/cm3) 1.49

Specific mass SSS (g/cm3) 2.65 2.64

Aggregate absorption (%) 0.1 0.47
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Fig. 2 Granulometric curve of the coarse aggregate. (Color figure online)
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RPC Dosage and Production

TheRPCdosagewas based on the trait proposed byVanderlei (2004) [5], and adapted
by Machado and Lemes (2015) [11], shown in Table 3.

All dry materials (cement, sand, GBW, and silica fume) were previously weighed
in and stored in plastic bags. The water used was at 10 °C at the time of its addition,
in order to minimize the effects of large amount of heat released during the hydration
of the cement in the paste.

The RPC mixing was carried out in a mortar developed in the laboratory. The vat
(20 l capacity) was previously moistened, then 80% of the liquid material (water and
superplasticizer additive) was added, followed by the dry material, and finally, the
rest of the liquid part. A proper rod was used to mix the mortar. The RPC remained
in mixture for 4 min at a rotation of 480 rpm.

After mixing, three specimens were molded for each RPC test age (1, 3, 7, and
28 days) and each treatment, that is, 12 for submerged curing at room temperature and
12 for thermal curing, totaling 24 bodies of evidence for determining compressive
strength. Only for the age of 1 day, there was no differentiation of type of cure, as
they were all in the form and went to rehearsal as soon as they were removed. The
cylindrical specimens were molded 50 mm in diameter and 100 mm high, being
molded in a single layer and vibrated for 30 s on a vibrating table.

After vibration, the specimens were kept for 24 h inside the humid chamber
according to ABNT NBR 5739: 2007 [12]. Subsequently, the specimens were
demolded and proceeded to their respective cures: submerged at room temperature
and at 90 °C, both in a saturated solution in calcium hydroxide.

In addition to the compressive strength test, the consistency of RPCwas evaluated,
due to the rapid loss of plasticity that this material presents. The consistency index
was obtained according to ABNT NBR 13276: 2005 [13]. The mold is filled in
three layers, each of which is dense with 15, 10, and 5 strokes, respectively. After
the first densification, the material is again densified through the flow table where
it undergoes a process of rising and falling corresponding to 30 revolutions during
30 s. After this process, three mortar diameters were measured on the flow table. The
process was repeated every 5 min for an hour to assess the loss of consistency.

Table 3 RPC traits

Vanderlei (2004) Machado and Lemes (2015)

Material Mass ratio Consumption (kg/m3) Mass ratio Consumption (kg/m3)

Cement 1 874 1 853

Sand 1.101 962 1.101 939

GBW 0.235 205 0.235 200

Active silica 0.246 215 0.246 209

Superplasticizer 0.03 26 0.04 34

Water 0.18 157 0.23 197
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Pervious Concrete Production

Two strokes were performed with a mass ratio of RPC and coarse aggregate of 1:4.0
and 1:3.5. After the production of the RPC as described in item 2.2.1, a portion
was reserved and weighed and an amount of gravel added to it, according to the
previously established relationship. The mixture was placed again in the mortar
where it remained for 60 s at 480 rpm using a rod suitable for mixing with gravel.

After the addition of the gravel, pavers with dimensions of 100 mm wide, 80 mm
high, and 200 mm long were molded for the compression tests, and cubic specimens
of 100 mm of edge for the permeability tests.

The RPC: gravel mixture was placed in forms previously greased withmineral oil.
The molding took place in two layers and each one was vibrated for 30 s by means
of a vibrating table. For each line, 12 pervious concrete pavers were molded in order
to determine the compressive strength and three cubic specimens for the extraction
of 92 mm diameter cylindrical specimens to determine the permeability.

After molding, the material was taken to a humid chamber, where it remained for
24 h, before being demolded. Upon being unmolded, six pavers went for submerged
curing at room temperature and six for curing in a 90 ± 2 °C thermal bath for 24 h,
from where they subsequently went for conventional curing. All curing methods
were in saturated calcium hydroxide solution. The cubic specimens were maintained
only in conventional curing. Compressive strength was determined at 7 days of age.
The permeability test, in turn, was performed at 10 days.

Permeability Test

The permeability test was performed according to the methodology proposed by
NEITHALATH (2006) [14]. Therefore, a variable load permeate (Fig. 3) was repro-
duced in the Building Materials Laboratory (LMC) capable of carrying out this test.
It is a nylon mold where a test piece wrapped with a latex membrane is placed so
that water does not pass through the side of the test piece, and above it, a PVC tube
with piezometric tube is positioned, to determine the water level in the reservoir. At
the bottom of the equipment, there is a valve for controlling the water outlet.

The test begins with the placement of the latex band on the specimen, which is
subsequently inserted into the nylonmold of the permeameter (Fig. 4). Then the PVC
tube with piezometric tube is placed above it. Then water is added until the sample
is saturated, and it is observed that the water flow at the drain outlet is not turbulent,
so all the air in the set is eliminated. Subsequently, the valve is closed, water is added
until the level of the piezometric tube is completed, and the valve is activated so that
the water percolates the test piece. During the test, the time (�t) that the water slide
takes to traverse the entire system from point 340 mm (h1) to point 140 mm (h2) of
the piezometric tube must be measured.
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Fig. 3 Scheme of the variable load permeameter used. Source Neithalath (2006) (adapted). (Color
figure online)

Fig. 4 Variable charge permeameter used. (Color figure online)

The procedure was repeated three times for each specimen, thus obtaining three
times (�t), where for each one the value, the permeability coefficient (k) was deter-
mined from Darcy’s law (Eq. 1). To determine the permeability of a specimen, the
average of the three permeabilities obtained was used.

K = A1 × l

A2 × �t
× log

(
h2
h1

)
(1)
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Being:

• K is the permeability coefficient, expressed in centimeters per second (cm/s);
• A1 is the cross-sectional area of the sample, expressed in square centimeters (cm2);
• A2 is the area of the inlet pipe, expressed in square centimeters (cm2);
• l is the length of the tube, expressed in centimeters (cm);
• �t is the duration of the test, expressed in seconds (s);
• h1 is the initial height of the water column, expressed in centimeters (cm);
• h2 is the final height of the water column, expressed in centimeters (cm).

Determination of Porosity

The specimens were saturated for 24 h, after which the specimens are weighed
and submerged (Mi). Subsequently, the specimens were taken to the greenhouse,
where they remain for 24 h and are weighed (Ms) after this process. With the ratio
of submerged mass and dry mass, we know the mass of water that penetrates the
sample and together with the specific mass of water we have the volume.

Knowing the sample dimensions, we can obtain its volume (V) and thus calculate
the porosity P, through the ratio of voids volume and total volume:

P(%) =
(
1 − Ms − Mi

V

)
× 100 (2)

Results

After performing the compression tests on the RPC specimens, strength was found
for the ages of 1, 3, 7, and 28 days, as shown in Fig. 5.
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It can be seen from Fig. 5 that the resistance in the initial ages was greater in the
specimens that had thermal cure and that this difference decreases in the higher ages.
Effect caused by thermal curing accelerates resistance gain.

Through the consistency test, as shown in Fig. 6, it can be seen that the RPC loses
plasticity very easily, which makes it difficult to work, requiring its use in the best
possible time.

Figure 7 shows the resistances, permeability, and pervious concrete.
It is evident how important the thermal cure was in accelerating the resistance gain

in both strokes, with gains of around 30%. In relation to the strokes, we noticed that a
smaller mass of gravel compared to RPC results in a product with greater resistance.
It is an inverse effect for permeability. Higher levels of permeability (136%) were
obtained in the mix with greater gravel mass compared to RPC, as well as porosity
(18.5%). A porosity of 20.81% was obtained in the mix of 1:3.5 against 24.66% in
the 1:4.0 line.
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Conclusions

The results allow us to conclude that the two strokesworked reached the requirements
of ABNT NBR 16416: 2015, presenting compressive strength above 20 MPa and
permeability above 1 mm/s.

The lower the ratio and gravel compared to RPC, the greater the resistance, while
the permeability follows the opposite line, but still satisfactory, aswell as the porosity.
However, care must be taken with this relationship, since the lower the amount of
crushed stone, there will be a surplus of RPCwhich, when vibrated, will be deposited
at the bottom of the form, filling the pores and affecting the permeability.

The use of thermal curing is interesting in the acceleration of resistance, allowing
in cases of application in industry a greater turnover of forms and shorter curing time.
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Evaluation of the Mechanical Behavior
of Epoxy Matrix-Hybrid Natural Fabric
Composite: Accelerated Aging by UV
Radiation

Clara Beatriz Melo Moreira Caminha, Michelle Souza Oliveira,
Lucio Fabio Cassiano Nascimento, and Sergio Neves Monteiro

Abstract Thermosetmatrix compounds havebeenused extensively in several indus-
trial sectors. Many of these applications expose the material in environments that
compromise its use, inducing, or aging of the material. The process involves several
simultaneous and apparently independentmechanisms and, therefore,monitoring the
evolution of variables within the specified time is an efficient method used to evaluate
the behavior of the natural composites in accelerated conditions. Natural lignocellu-
losic fibers are important, since their use minimizes environmental pollution and the
production costs of composite materials. The aim of this work is to obtain the tensile
properties of plain epoxy and epoxy-hybrid natural fabric composite before and after
performing aging accelerated by UV radiation. The findings of this work reveal that
the epoxy-hybrid composite (50 mallow/50 jute) presents a loss in tensile strength at
the first 30 min, and the stiffness decreases from the first exposure. Similar to what
happens to living beings, polymers and their composites are also susceptible to the
action of ultraviolet radiation.

Keywords Mechanical performance · UV radiation · Aging materials · Tensile
test · Natural fabrics · Polymer composites

Introduction

Throughout the twenty-first century, with the evolution of armed conflicts, it became
essential to invest in research and technology development in military items, in order
to expand the countries’ defense capacity and greater security to combat. In this
context, although the study of tools for technical improvement and morphological
conservation of ballistic protection vests has made it indispensable, cost is a limiting
factor in this sector [1, 2].

Currently, ballistic armor has beenmanufactured primarily based on aramid fibers,
polyethylene, and highly resistant polymers, and expensive components susceptible
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to wear and compromise their performance. The lifespan warranty in Brazil is only
5 years [3]. After this period its incinerated or comminuted and ground up.

Therefore, polymers composites-reinforcedwith natural fibers [4–10] are taken as
potential substitutes for those components, as they are renewable resources and have
an excellent cost/benefit ratio [11, 12]. In the current world scenario, it is necessary
to search for new technological approaches capable of meeting the growing demand
for defense and the operational requirements pre-established by the Brazilian Army,
prioritizing the use of national raw material and contributing to the strategic and
sustainable development of Brazil [13–18].

The present work investigated the physical properties of the epoxy composites
reinforced with 50 mallow/50 jute hybrid fabric, used in the manufacture of rigid
ballistic vests, in an environment exposed to ultraviolet radiation (UV). In addition
to the aforementioned benefits, the present study aims at enhancing the resources and
labor of small rural producers who survive through the extraction of natural fibers,
promoting the social and economic development of less favored regions, notably
North and Northeast Brazil.

Materials and Methods

The hybrid 50 mallow/50 jute (704 g/m2) fabric was acquired from Brazilian
Companhia Textil Castanhal do Pará, Brazil. The cost was estimated as US$ 5.57/kg
[17, 18]. Figure 1 illustrates the hybrid fabric used.

The 120 × 150 mm layers of fabric were dried at 60 °C in an air-oven for 24 h,
in order to reduce the inherent moisture. The epoxy resin used was the commercial
epoxy type diglycidyl ether of bisphenol A (DGEBA) hardener with triethylenete-
tramine (TETA), both distributed by Epoxyfiber, Brazil. The DGEBA/TETA epoxy
with stoichiometric phr 13 amounts of hardener.

Fig. 1 50 mallow/50 jute hybrid fabric in “arroyo” weft configuration. (Color figure online)
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Table 1 Evaluation groups
and degradation conditions

Specimens group Conditions

NE Non-exposed

UV-30 min Exposed to 30 min of ultraviolet radiation

UV-60 min Exposed to 60 min of ultraviolet radiation

UV-180 min Exposed to 180 min of ultraviolet radiation

Fig. 2 a The scheme of tensile sample, b aramid, c plain epoxy and composite hybrid after 30 min
of UV exposure. (Color figure online)

For the preparation of composites, the proportion used for it was 30 vol.%
of hybrid fabric. A pressure of about 3 MPa was applied to the metallic mold.
The laminate fabric composite plate, with 3 mm of thickness, was cured at room
temperature for 24 h still under pressure. All plates were cut to the dimensions
provided by standard [19].

Tensile tests were performed according to the ASTM D3039 standard [19], in an
Inston universal equipment, model 3365, with 25 kN load cells. The test speed used
in the specimens was 1 mm/min. Eight tensile test samples per group (Table 1) were
produced.

The tensile test samples were subjected to an energy sunlight ultraviolet radiation
(Fig. 2), on a single face, for 30, 60, and 180 uninterrupted minutes, at 25 °C. An
accelerated aging system for non-metallic materials was used with ultraviolet rays A
and B in a LABCURA equipment, using a power of 200W/in. This chamber consists
of eight fluorescent lamps (model TKL 40 w/05) that emit ultraviolet radiation in the
200–460 nm region. The samples were placed in the center of the oven, with the face
exposed to the UV lamp. UV lamps are used to mimic natural sunlight in accelerated
photo-oxidative degradation, and heating at relatively high temperatures in forced
air circulation is used to accelerate thermo-oxidative ageing.

Results and Discussion

A possible solution to waste-disposal problems is using biodegradable polymers
reinforced by natural fibers instead of traditional petroleum-derived plastics. Direct
sunlight canbreak the covalent bonds in organic polymers. It tends to causeyellowing,
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color fading, weight loss, surface roughening, mechanical property deterioration and
embrittlement with more reduction in wetter condition. After weathering periods,
because of degradation of fibers and matrix, the tensile strength of a composite is
decreased. Figure 3 shows the tensile test samples after exposure to UV radiation
at different conditions. It is observed that the color of the non-exposed (NE) plain
epoxy and epoxy-hybrid fabric composite, Fig. 3a, was slightly modified after UV
exposures, suggesting the chemical modification of these materials.

It was hypothesized that polymeric chains and branches would be destroyed by
UV radiation, affecting the mechanical performance of the epoxy polymers, but this
did not occur in present work. Table 2 shows the results of tensile test for plain epoxy.
In this table, it can be verified a slight increase in the modulus of elasticity and the
tensile strength of the plain epoxy (PE).

This phenomenon indicates that the free radicals, generated from the exposure of
the samples toUV radiation, recombined,making a greater cross-link, which resulted
in greater rigidity on thematerial’s surface. Exposure to environmental agents, as UV
radiation, produces an increase in the degree of crystallinity. The exposure promotes
a reduction in the length of the macromolecular segments that reduce branching and
chain entanglement; as a result, the newly formed regions are able to pack together
more easily, increasing the crystallinity [20].

Nikafshar et al. [21] reported that increasing UV irradiation time decreased the
tensile strength andmodulus of epoxy resin andEpikureF204.Nonetheless, it seemed
that the tensile modulus was not affected significantly by UV light. After 800 h of
UV radiation, tensile strength and elongation at break reduced dramatically to 11.94
and 8.62%, respectively. Table 3 shows the obtained values for epoxy-hybrid fabric
composites.

Fig. 3 Tensile test samples, with fragile rupture, under a non-exposure, b 60 and c 180 min of UV
radiation exposure. (Color figure online)

Table 2 Plain epoxy at
different conditions: NE,
UV-30, UV-60 and
UV-180 min

Specimens group Modulus of elasticity
(GPa)

Tensile strength
(MPa)

NE 13.87 ± 6.88 17,520 ± 9,270

UV-30 min 34.92 ± 7.95 43,619 ± 23,985

UV-60 min 9.87 ± 2.31 77,763 ± 12,324

UV-180 min 5.75 ± 1.81 34,020 ± 9,975
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Table 3 Hybrid fabric
composite at different
conditions: NE, UV-30,
UV-60, and UV-180 min

Specimens group Modulus of elasticity
(GPa)

Tensile strength
(MPa)

NE 39.62 ± 8.45 66,790 ± 12,585

UV-30 min 32.72 ± 8.27 34,015 ± 11,844

UV-60 min 32.36 ± 6.22 31,109 ± 5,021

UV-180 min 5.68 ± 2.37 34,997 ± 6,616

In particular, the slight increase in strength of epoxy-hybrid fabric composite
(HFC) exposed to UV radiation between 60 and 180 min can be attributed to a
possible cross-linking of epoxy resin, resulting in greater rigidity of the material.
Between 30 and 60 min it could be related to a UV radiation absorbed by lignin in 50
mallow/50 jute hybrid natural fabric. In this case the photodegradation could begin,
and the formation of chromophore groups, quinones and hydroperoxyl radicals could
happen.

Lignin and extractives (mainly the phenolics) in natural fillers are very sensitive
chromophores in the UV region, initiating the degradation processes with forma-
tion of new chromophore functional groups such as carboxylic acids, quinones, and
hydroepoxy radicals that induce the yellowing aspect of photodegraded wood in
wood-based polymer composites [23]. Table 4 presents the values for the aramid
laminate in the highest exposure condition.

Alves et al. [20] reported that the mechanical and ballistic characteristics of
UHMWPE composite were related to macromolecular modifications induced in the
polymer by the environment through physicochemical testing. Exposure to environ-
mental agents induces changes in the UHMWPE macromolecular chains, altering
the mechanical properties and the ballistic behavior of the composite. Furthermore,
Nascimento et al. [22] reported a decrease in the tensile strength of approximately
20% after UV radiation exposure of 310 h in aramid fabrics. However, no change
in total strain was observed. The present work data were plotted to facilitate the
comparison among treatments and the type of sample. Figures 4 and 5 summarize
the results shown so far.

In general, the tensile strength (Fig. 4) and modulus of elasticity (Fig. 5) epoxy-
hybrid fabric composite decreases as the time of exposure to UV radiation increases.
One can notice that, similar to what happens to living beings, polymers and their
composites are also susceptible to the action of ultraviolet radiation. In particular,
the action of UV irradiation on the epoxy-50 mallow/50 jute fabric composites were
negative. In the early stages of degradation by UV radiation, epoxy resin plays a
fundamental role in stiffening the material.

Table 4 Aramid laminates at
UV-180 min exposure

Specimens group Modulus of elasticity
(GPa)

Tensile strength
(MPa)

UV-180 min 11.73 ± 2.12 204,409 ± 15,359
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Fig. 4 Comparison of tensile strength among the evaluated groups. (Color figure online)

Fig. 5 Comparison of modulus of elasticity among the evaluated groups. (Color figure online)

Therefore, more experiments, like ballistic, UV-Vis, and FTIR, should be done
to obtain a better understanding of the relation of UV irradiation in the plain epoxy,
epoxy-50 mallow/50 jute fabric composite and aramid, and the time of exposure.
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Summary and Conclusions

• Degradation of polymer composites under the action of aggressive environmental
factors is a subject of great interest to the scientific community;

• The epoxy-50 mallow/50 jute fabric lose tensile strength at the first 30 min, and
the stiffness decreases from the first exposure;

• In particular, the action of UV irradiation on the epoxy-50 mallow/50 jute fabric
composites were negative;

• In the early stages of degradationbyUVradiation, epoxy resin plays a fundamental
role in stiffening the material;

• The use of accelerated tests may be an adequate way to predict the effects of
environmental agents on the performance of ballistic armor.
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Failure Analysis of the Bellows After
Service in Hot Blast Stove System
by Dissection

Jianlong Wu, Hui Chen, Jian Sun, and Hailong Liang

Abstract High-temperature spot, air leakage, and even burn out accidents occurred
frequently in bellows of hot blast systems in the metallurgy industry, which seri-
ously affected the stability of the hot blast system and brought hidden danger to
safety production. Although coating, grouting, and other treatment measures had
been adopted, the effect was very little. Through dissecting and sampling analysis
of the failure bellows, it was concluded that the steel structure of the bellows had
cracking hidden danger due to welding quality defects, and other reasons for the
failure were high temperature of the bellows steel structure caused by hot air chan-
neling. Therefore, it was proposed that not only the steel structurematerial and design
but also the performance and quality of the internal refractorymaterial of themasonry
should be paid attention so as to ensure the air tightness. Only by combining these
two aspects can the service life of bellows be effectively improved.

Keywords Hot blast system · Bellows · Lose efficacy · Air tightness

Introduction

Bellows are widely used in pipelines of iron and steel enterprises to compensate
for displacement and deformation of pipes [1–4]. In recent years, high-temperature
spot, air leakage, and even burn out accidents occurred frequently in bellows in hot
blast systems in the metallurgy industry. In addition, the smelting intensity of blast
furnace is getting higher and higher, and the requirements for the temperature and
stability of air supply are more and more strict, which poses a greater challenge to
the stability and safety of hot air pipe system [5, 6]. However, high-temperature spot,
air leakage, and even burn out accidents occurred frequently in bellows in hot blast
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system in the metallurgy industry. It has little effect though coating, grouting, and
other treatment methods have been adopted, which seriously affected the stability of
hot blast system and brought hidden danger to safety production [7–10].

Xue and Cheng [11] analyzed the failure of metal bellows compensator for blast
furnace gas pipeline, and pointed out that stress corrosion was the main reason for
the failure of bellows compensator. Liang et al. [12] mademetallographic analysis on
bellows of hot blast stove, and concluded that structural design and welding quality
were the main reasons for the failure of bellows steel structure of hot blast stove. In
the application of corrugated pipe in iron and steel enterprises, especially in hot air
pipe system, the combination of external steel structure and internal refractory was
often used. Therefore, when analyzing the failure of bellows, the steel structure and
refractory should be considered as a whole structure, which would be more practical.
However, the failure analysis of bellowswasmainly focused on themetal shell, while
the internal refractory was ignored.

Working Condition of Bellows

The bellows studied in this paper had been used in hot air pipe system of an iron and
steel enterprise. The main reasons of bellows failure was the loss of compensation
function, and there were several high-temperature spots higher than 300 °C on the
metal outer surface. Once grouting treatment was adopted in some areas, but the
effect was not ideal.

In order to find out themain causes of high-temperature spot andwaveform failure
of bellows, the metal materials and refractories of the bellows were dissected and
analyzed from the surface to the inside. The bellows to be studied was located on
the branch pipe connected between the hot blast stove and the hot air main pipe.
The gas composition in the pipe was N2 and O2, and the content of oxygen was
about 25.5%. The gas temperature in the pipeline was about 1300–1400 °C, and the
working pressure was 0.55 MPa. The main pipe material was Q235 steel, and the
bellows was a double-layer structure (the inner layer material was Incoloy825 alloy,
and the outer layer material was 316L austenitic stainless steel). The inner wall of
the pipe was covered with refractory bricks and from the outside to the inside was
clay brick, high alumina brick, and alusite brick in turn.

As shown in Fig. 1, the removed bellows had a complete steel structure and
layered refractory. There were small cracks in the carbon steel part connected with
the corrugated compensator, and there were obvious grouting repair welding spots
on the steel structure near the hot surface (Fig. 1a); there were ring joints and through
joints between the three ring refractory bricks built in the corrugated pipe (Fig. 1b);
the alusite bricks in the inner ring of the bellows were seriously cracked and holes
were formed (Fig. 1c).
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Fig. 1 Bellows and its appearance. (Color figure online)

Dissection and Analysis of Bellows

The upper steel shell was removed first, and then the refractory inside the bellowswas
removed. Considering that the inner refractory arch structure of bellows had good
anti-collapse performance, the corrugated pipe was divided into upper and lower
parts according to the horizontal axis.

Dissection Process and Analysis of Bellows

After cutting, the metal shell of the upper half ring of the bellows was lifted out
(Fig. 2a). The hoisting process was stable, and the internal masonry refractory had
no collapse. The internal spray coating of the upper half of the bellows was relatively
complete, and the color of the coating on the hot side was darkened due to over
fire, while the coating on the other parts was still the original color (Fig. 2b). When
the corrugated pipe waveform was separated from the main steel structure, it could
be seen that the internal part of the buffer wave was obviously blackened, which
indicated that therewas high temperature hot air passing through here, and the overall
waveform had no obvious cracking damage phenomenon (Fig. 2c). After the wave
shape was removed, the mixture of corrugated fiber felt andmud remains on themain
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Fig. 2 Disassembly diagram of the upper steel structure of the bellows. (Color figure online)

steel structure and solidifies into a hard block (Fig. 2d), which was the main reason
for the weakening or failure of expansion and contraction of bellows.

As shown in Fig. 3, it was the first light clay brick layer. There were large cracks in
the light clay brick layer at the position of the brick retaining ring on the hot surface
(the maximum crack size was 110 mm). And there was a certain amount of slurry
in the cracks, as shown in Fig. 3a. The brick retaining ring was a steel baffle (as
shown in Fig. 2b) protruding inward from the metal main structure of the bellows.
The purpose of the installation was to prevent the firebrick from sliding axially in the
bellows so that the steel structure of the bellows and the refractorymaterial become an
independentwhole,whichwas convenient for disassembly and installation.However,
judging from the brick type under the dismantling of the retaining ring (as shown
in Fig. 3b), the brick length was 230 mm, while the narrow edge of the groove is
only 44 mm, which was less than 20% of the total length of the brick body, and
the strength was poor. Therefore, it was considered that the position of the retaining

Fig. 3 First ring of clay brick layer. (Color figure online)
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ring was easy to fracture due to the unreasonable setting of refractory structure, and
the mud entering into the crack was further deteriorated due to the grouting. After
the removal of the light clay brick, the second ring of light high alumina brick layer
appears ring joint. The maximum gap was 18 mm, which was also located at the
retaining ring. There was no obvious crack in the brick layer of the red column of
the third ring road.

Through the analysis of the upper part of the bellows, it was found that the inner
part of the bellows was filled with hard lumps formed by the solidification of fiber
felt and mud, which was the main reason for the weakening or failure of bellows
expansion, and these mud were mainly from grouting slurry; on the other hand, the
unreasonable structure of refractory brick at the retaining ring was easy to fracture
and produce cracks, and the external grouting operation resulted in cracks. The mud
entered the fracture and further deteriorated, forming a large fracture with a width
of 110 mm.

Through the dissection of the refractory material at the lower part of the bellows,
it was found that serious over sintering occurred within the range of 1 m from the
lower part of the bellows, forming a smooth ceramic layer with a thickness of about
15 mm (Fig. 4a). It indicated that there was a long period of high temperature wind
passing through here. The inner layer of alusite brick was seriously cracked and
broken, forming a hole, which was connected with the expansion joint (Fig. 4b),
resulting in heat. The wind enters the expansion joint directly through the alusite
brick layer.

The internal hot air channeling schematic diagram of the corrugated pipe refrac-
tory material (Fig. 5) was sorted out according to the anatomical results of the
upper and lower parts of the bellows. Because the alusite brick at the bottom of
the bellows was broken and formed a hole connecting with the expansion joint, the
high-temperature hot air enters into the expansion joint through the hole, and then
it enters the gap between the alumina brick layer and the light high alumina brick

Fig. 4 Refractory material in the lower part of the bellows. (Color figure online)
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Fig. 5 Schematic diagram of the air leakage channel inside the bellows refractory

layer through the expansion joint. The hot air was divided into two parts: one hot
air reached the end face of the corrugated pipe along the gap between the alusite
brick layer and the light high aluminum brick layer; whereas another hot air flowed
along the alusite brick layer gap between the pillared brick layer and the lightweight
high alumina brick layer and reached the upper part of the corrugated pipe, and then
passed through the gap between the high alumina brick layer and the clay brick layer
to reach the outer steel structure.

Sampling and Analysis of the Bellows

Steel Analysis

After ultrasonic cleaning, microcracks were found in the carbon steel parts connected
to the corrugated compensator. Metallographic analysis was carried out for the posi-
tion containing cracks, and the metallographic photographs were shown in Fig. 6.
The black part in the figure was slag inclusion, which was mainly the slag left in the
weld during welding, which was one of the causes of crack formation. Although the
crack did not penetrate into the inner surface of the steel structure, it was still a big
hidden danger, which reflected that the welding quality defect was one of the reasons
for the failure of bellows steel structure.
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Fig. 6 Metallographic analysis of cracks in the bellows steel. (Color figure online)

Table 1 Component analysis of the bellows refractory bricks (wt.%)

Refractory type SiO2 Al2O3 Fe2O3 CaO TiO2 K2O Na2O S

Clay brick 48.49 44.70 1.49 0.75 1.51 1.57 0.28 0.030

High alumina brick 47.30 46.04 1.48 0.72 1.53 1.66 0.22 0.007

Alusite brick 36.72 60.06 1.14 0.26 0.44 0.26 0.31 0.007

Refractory Analysis

The composition analysis and fire resistance performance test were carried out for
the complete refractory brick taken from the disassembly. The composition analysis
was shown in Table 1. According to the purchasing standard, the alkali content of
light clay brick exceeded the standard (alkali ≤ 1.5%), and the other components
met the standard; the alumina content of light high alumina brick was lower than the
standard (Al2O3 ≥ 55%), and the contents of Fe2O3, TiO2, and alkali exceeded the
standard (Fe2O3TiO2 ≤ 1%, alkali ≤ 1.5%); the chemical index of andalusite brick
met the standard.

According to the physical and chemical standards, the fire resistance of light clay
brick, light high alumina brick, and alusite brick were tested. The results were shown
in Table 2. The bulk density of the used lightweight clay brick and light high alumina
brick was slightly higher, and the compressive strength of the used alusite brick was
lower than that of the standard by 26%.

Table 2 Physicochemical indices of refractory bricks

Inspection items Clay brick High alumina brick Alusite brick

Cold crushing strength
N/mm2

1.99 (standard >1) 3.26 (standard >2) 29.6 (standard >40)

Volume density kg/m3 858 (standard <700) 1015 (standard <975) 2476 (standard >2400)

Apparent porosity (%) 60 (standard) 53.4 (no standard) 14.6 (standard <20)



424 J. Wu et al.

Fig. 7 Sintering between andalusite bricks and high alumina bricks. (Color figure online)

Table 3 Component analysis of sintering between andalusite bricks and high alumina bricks (%)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O S ZrO2

Sintering between bricks 53.38 33.70 1.64 0.94 0.48 4.24 3.73 0.042 0.12

It should be noted that the chemical composition of the brick would be changed
due to the pollution after use, and the measured results could not be used as the
basis for judging whether the brick was qualified or not. However, from the serious
cracking situation of the alusite brick, if the nonoriginal alusite brick had a low
normal temperature compressive strength, it was necessary to appropriately improve
the application standard.

The melting materials between lightweight high alumina brick and andalusite
brick were sampled and analyzed, as shown in Fig. 7. The melting temperature was
1371 °C, the softening temperature was 1298 °C, and the flow temperature was
1503 °C. It was estimated from the melting point and softening temperature that the
melting temperature was at least 1200 °C.

The chemical composition of sintering between andalusite bricks and high
alumina bricks was shown in Table 3. From the view of chemical composition, SiO2

and Al2O3 should come from refractories, but the high contents of Fe2O3, K2O, and
Na2O do not belong to refractories. Therefore, it could be concluded that the molten
material was the reaction product of K and Na brought by the hot air of hot blast
stove and the fireclay of brick and masonry brick.

On the one hand, the external steel shell of corrugated pipe had cracks due to
welding, so the construction quality needed to be strengthened. On the other hand,
the normal temperature compressive strength of the alusite brick, one of the refrac-
tory materials in the bellows, was lower than 26% of the standard. Hence, it was
necessary to increase the compressive strength. According to the composition and
characteristics of the melt, it was speculated that there should be a long-term hot
wind passing through the area.
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Conclusion

(1) Although the welding quality defects of corrugated pipe steel structure had
cracking hidden danger, the main reason for the failure of bellows was the poor
quality of refractory materials in bellows and the formation of hot air channel.
This led to the local high temperature of the corrugated pipe steel structure,
and the improper treatment measures led to the formation of a large amount of
mud mixture in the corrugated pipe waveform, which made the expansion and
contraction function of the bellows invalid.

(2) The structure and performance of refractories needed to be optimized, including
that the unreasonable structure of light clay brick at the position of retaining
ring, and the normal temperature compressive strength of used andalusite bricks
was lower than 26% of the standard.

(3) The bellows of hot air pipe system was the community of steel structure and
refractory material. Not only the steel structure material and design should be
paid attention to but also the performance and quality of the internal refractory
material of the masonry should be paid attention to so as to ensure the air
tightness. Only by combining these two aspects could the service life of bellows
be effectively improved.
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Flotation Behaviors of Magnesite
and Dolomite Using a Mixed Collector

Wencui Chai, Yankun Wu, Huaxia Li, and Yijun Cao

Abstract Magnesite and its main associated mineral dolomite are with a small
floatability difference because of similar crystal structure and surface properties,
which results in low flotation recovery of magnesite from dolomite. In order to
solve the problem, a new mixed collector of sodium oleate (NaOL) for magnesite
was proposed in this paper. The effects of flotation behaviors of magnesite and
dolomite were investigated by flotation experiments, and the mineral wettability was
characterized by contact angle testing. The results show that the mixed collector
could greatly reduce the hydrophobicity of dolomite and improve the floatability
difference between magnesite and dolomite. The Gaudin’s selectivity index of two
minerals increased from 1.75 to 3.78.

Keywords Magnesite · Dolomite · Collector · Flotation behaviors

Introduction

Magnesite (MgCO3) is a kind of carbonate mineral and is the main source of magne-
sium, which has been widely used in metallurgical, chemical, agriculture, construc-
tion, and other fields [1]. However, the natural magnesite ore often co-exists with
dolomite (MgCa(CO3)2), another carbonate mineral. Therefore, it is necessary to
separate the calcium-containing impuritymineral before the calcination ofmagnesite
to produce qualified magnesium oxide.

Froth flotation is a kind of mineral separation method based on the differences in
physicochemical properties, especially wettability between the minerals, and has
been proved to be an effective method to separate magnesite and dolomite [2].
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However, the similar crystal structure of magnesite and dolomite increases the diffi-
culty of separation [3, 4]. To achieve more effective separation, several flotation
reagents need to be added to the flotation systems to increase the wettability differ-
ences between valuable and associatedminerals. To separate magnesite and dolomite
effectively, a series of novel surfactants have been reportedly used as the collec-
tors, including anion collectors [5–7] (such as sodium oleate (NaOL) and alkane
sulfonates) and cation collectors [8, 9] (quaternary ammoniums for example). In
addition to the development of new reagents, mixed collectors have been utilized to
improve the selectivity and flotation recovery for different kinds of minerals. Most
mixed collectors are the combination of traditional collectors and have been proved
to be an economical and effective means [10].

In this work, a mixed reagent of NaOL with a kind of amino acid DP was intro-
duced and used as the mixed collector of magnesite. The chemical and mineralog-
ical compositions were analyzed by X-ray fluorescence (XRF) and X-ray diffrac-
tion (XRD). The flotation behaviors of magnesite and dolomite with single or
mixed collector were investigated through micro-flotation tests. The co-collection
mechanisms were simply analyzed by contact angle and zeta potential testing.

Experiments

Materials

Magnesite and Dolomite

Two single minerals, magnesite and dolomite, used in this paper were collected from
Liaoning province, China. The typical chemical and mineralogical compositions
were determined by EDXRF and XRD technologies, and the results are shown in
Table 1 and Fig. 1, respectively.

As can be observed from Table 1, the content of MgO in magnesite is 54.65%,
and the contents of MgO and CaO in dolomite are 20.35% and 32.48%, respectively.
The chemical analysis results confirm that the purities of the dolomite and magnesite
samples are 92.36% and 93.61%, respectively, which meet the desired requirement
for single minerals. As shown in Fig. 1, the magnesite sample has little dolomite
mineral impurity, and the dolomite sample has almost no impurities.

Table 1 Typical chemical compositions of magnesite and dolomite samples by EDXRF, wt.%

Composition MgO CaO SiO2 Fe2O3

Magnesite 43.98 1.35 1.75 0.25

Dolomite 20.35 32.48 2.08 0.38
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Fig. 1 XRD spectra of
magnesite and dolomite
samples. (Color figure
online)

Chemicals

Unless specifically noted, all chemicals used in the experiments were analytical
purity reagents. Sodium oleate (NaOL) and a kind of amino acid (DP) from Aladdin
Biochemical Technologies Co., Ltd. (Shanghai, China) were respectively used as the
collector and the auxiliary collector. Hydrochloric acid (HCl) and sodium hydroxide
(NaOH) were used as pH regulators of the flotation system. Deionized (DI) water
with a specific resistance 18.25 M� cm was used in all experiments.

Micro-flotation Tests

The micro-flotation tests of magnesite and dolomite were carried out in an XFG II
type flotation cell with a 40 mL detachable cell and a stirring speed of 1600 rpm.
The flotation slurry was prepared by adding a single mineral (2 g) with a particle
size of 37–74 µm into 30 mL DI water in the flotation cell and then stirred for
1 min to achieve an even mix. The different reagents were then sequentially added
to the suspension according to the flowsheet in Fig. 2, and the collector dosage was
fixed as 60 mg/L. Followed by scraping, filtering, drying, and weighing, concentrate
and tailing were collected separately. The typical flowsheet is shown in Fig. 2. The
mineral recovery (R) and the selection index (SI) of the twominerals were calculated,
respectively, by the Eqs. (1) and (2) as follows.

R = m1

m1 + m2
(1)
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Fig. 2 Flowsheet of single
mineral flotation tests
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where m1 and m2, respectively, represent the mass of the concentrate and the tailing.

SI =
√

R1 × (100− R2)

(100− R1) × R2
(2)

where R1 and R2 represent the flotation recovery of magnesite and dolomite,
respectively.

Results and Discussion

Effect of Pulp pH on Flotation Recovery with Single Collector

Pulp pH could have a significant influence on the surface properties and floatability of
minerals [11, 12]. Herein, the effect of pulp pH on the flotation recovery of magnesite
and dolomite was investigated by using the single collector NaOL. The pH range is
alkaline, which is conducive to the flotation of magnesite. The results are shown in
Fig. 3.

As observed from Fig. 3, the flotation recovery of magnesite increases first and
then decreases with increasing pulp pH from 8 to 12. The flotation recovery reaches
maximum at pH 10 as 65% and gets the minimum at pH 12 as 10%. For dolomite,
the flotation recovery has a different trend, and reaches the maximum value 75%
at pH 12. At this condition, the maximum flotation differences of two minerals
were obtained, and the Gaudin’s selectivity index (SI) is 0.33, beneficial to reverse
flotation. However, the second-best flotation difference was obtained at the condition
of pH 10, at which the selectivity index is 1.75, suitable for positive flotation.
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Fig. 3 Effect of pulp pH on
flotation recovery with single
collector

Effect of Pulp pH on Flotation Recovery with Mixed Collector

In order to explore the strategies improving the flotation differences of magnesite
and dolomite at moderately alkaline conditions, a natural amino acid DP was used as
the auxiliary collector of NaOL. Also, the effect of pulp pH on the flotation recovery
of magnesite and dolomite was investigated using the mixed collector. The dosage
ratio of NaOL and DP is 1:1. The results are shown in Fig. 4.

As shown in Fig. 4, compared with the single collector of NaOL, the flotation
recovery of magnesite with the mixed collector NaOL-DP improves 10–40% at the
specified pH range, except for the condition of pH 11 declining 5%. The maximum
recovery of 85% for magnesite was obtained at pH 10, and the selectivity index of
two minerals was 3.78. The flotation recovery of dolomite using the mixed collector

Fig. 4 Effect of pulp pH on
flotation recovery with
mixed collector
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also increased at pH 8–9, but decreased at strong alkali environment. Therefore, the
optimal pulp pH of flotation separation of magnesite and dolomite is 10.

Effect of pH on Contact Angle of Two Minerals

To explore the interaction mechanisms of the mixed collector, the contact angle of
two single minerals was analyzed before and after treated with NaOL or NaOL-DP,
and the results are shown in Fig. 5.

As illustrated in Fig. 5, the contact angles of the raw magnesite and dolomite are
similar and is around 20°,which is themain reason for the difficult separation of them.
After treated by the collectors, the contact angles of the two minerals increased first
and then decreased with the increase of pH solution. The maximum value of magne-
site treated with NaOL is about 71° and NaOL+DP 68° at pH 10, and that of dolomite
is about 32° and 23° at pH 11, respectively. Whether treated with the single collector
NaOL or the mixed collector NaOL+D, the contact angles of both the minerals
improved. That is to say, the collectors could increase the hydrophobicity of the two
minerals. However, the hydrophobicity of magnesite is higher than that of dolomite,
indicating that collector adsorbed more on the magnesite than dolomite. Compared
to the single collector NaOL, after treated with the mixed collector NaOL+DP, the
contact angles of magnesite slightly decreased while that of dolomite decreased
greatly. These results declare that the auxiliary collector DP could largely weaken
the hydrophobicity of dolomite treatedwithNaOL and increase thewettability differ-
ence between magnesite and dolomite, which is the benefit to improve the flotation
recovery of magnesite against dolomite.

Fig. 5 Effect of pH on contact angle of magnesite (left) and dolomite (right)
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Fig. 6 Effect of pH on zeta
potential of two minerals

Effect of pH on Zeta Potential of Two Minerals

Since zeta potential could state the electrical property of the mineral particle surface
and its interactions with the surrounding medium, it is significant to study the zeta
potential of the twomineral particles before and after treated with the single or mixed
collectors. The zeta potential results of the magnesite than dolomite particles at pH
10 are shown in Fig. 6.

Obviously, it can be observed from Fig. 6 that the zeta potential of magnesite
and dolomite particles are both negatively charged for the solution with pH 10,
and dolomite is with more negative charge than magnesite. After treated with the
collectors, the zeta potentials of the two minerals are more negative, indicating that
the collectors interacted with the two minerals through chemical adsorption. It is
worth noting that the zeta potentials of the two minerals treated with the mixed
collector NaOL-DP are less negative than that treated with single collector NaOL.
These results declare that another adsorption mechanism of NaOL-DP with the two
minerals is electrostatic interaction, since the auxiliary collector DP is an amphoteric
reagent.

Conclusions

The flotation behaviors of magnesite and dolomite under different pulp pH using the
single collector NaOL and the mixed collector NaOL-DP were investigated through
micro-flotation tests. The optimum pulp pH is 10 whether using the single collector
or the mixed collector. Under the optimum conditions, the flotation recovery of
magnesite and dolomite is 85% and 40%, respectively, and the Gaudin’s selectivity
index of the twominerals is 3.78, higher than the condition using the single collector.
The contact angle analysis results show that the hydrophobicity of dolomite treated
with the mixed collector NaOL-DP is greatly lower than that treated with the single
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collector NaOL. The mixed collector could improve the hydrophobicity difference
and floatability difference of the two minerals, which is beneficial to the flotation
separation ofmagnesite and dolomite. Themixed collector NaOL-DP interactedwith
the two minerals through chemical and electrostatic adsorptions.
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Incorporation of Porcelain Powder
and Mineral Wastes in Epoxy Matrix
for Artificial Stone Purchase

Elaine A. S. Carvalho, Vitor da Silva de Souza, Gabriela N. S. Barreto,
Sergio N. Monteiro, Rubén J. S. Rodriguez, and Carlos Maurício F. Vieira

Abstract Industrial waste incorporation in artificial stone production has been
widely used nowadays, both in search of alternative raw materials as well as for
seeking an environmentally correct destination for the waste. During ornamental
stones processing, material losses are significant, generating wastes that are often
inappropriately disposed of in nature. Quartzite is classified geologically as a meta-
morphic stone, composed almost entirely of quartz grains and porcelain powder
and is characterized by a dense microstructure, consisting of mullite and quartz
crystalline phases. The main aim of this work is to characterize and evaluate the
effects of incorporating quartzite, quartz, and porcelain powder wastes in an epoxy
matrix for artificial stone development. Plates were produced by the vacuum vibro-
compressionmethod, already adopted by companies in this field. The highest density
mixture was calculated, and the artificial stone developed was characterized to eval-
uate its physical and mechanical properties. The two most close-packed mixtures
were used to produce the plates. The absorption values obtained for the two compo-
sitions suggested the artificial stone can be used in external environments, tops, and
floating/raised floors, due to the water absorption index ≤0.4%. The composition in
which the porcelain powder was incorporated obtained maximum bending stress of
25 MPa, classifying the artificial stone as high quality to be applied as a coating.

Keywords Artificial stone · Fluorescent lamps · Vacuum · Epoxy resin
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Introduction

Considered as one of the most used products in contemporary architecture, porcelain
tile, a type of white ceramic coating, began to gain prominence in Brazil in the early
1990s, influenced by its country of origin, Italy. Its high technical quality enabled a
diverse range of applications, although it was initially used for paving. The polishing
step of porcelain tiles production aims to remove risks and defects and also to level
the surface and shine. Unfortunately, it generates large amounts ofwaste, andwith the
recent production increase, the amount of waste is increasing. The need to properly
manage and dispose of this waste leads to a new cost to sector producers [1].

All discarded material produced during the manufacturing process is considered
waste, which, in most cases, is not reused. Porcelain waste is a material made up
of a mixture of abrasive material and porcelain ceramic material, usually made of
diamond particles or silicon carbide, agglomerated by cements based on magnesian
chlorides [2].

The industrial wastes’ inappropriate disposal may cause a lot of environmental
problems, such as soil and groundwater contamination and local vegetation damage,
in addition to the financial loss caused by fines high costs. To mitigate these impacts,
reuse and recycling are the most suitable solutions for the management of the vast
majority of industrial wastes, including porcelain polishing waste, enabling cost
reduction, preserving non-renewable natural resources, reducing the load of pollu-
tants released into the environment, as well as harmful effects to human health
[3–5].

Quartzite contains a high content of quartz (SiO2) and is considered to be resistant,
having properties typical of commercial granites and being classified asmetamorphic
silicatic ornamental stones. They have a granoblastic texture, are essentially made of
quartz, differing due to the degree of recrystallization and granulation [6, 7]. Orna-
mental quartzite wastes generally come from the diamond blades cutting process,
and it is estimated that during the sawing process, 25–30% w of the block becomes
waste. Therefore, even though it is an important economic activity, it generates signif-
icant amounts of waste that can be harmful to the environment when inappropriately
disposed of [8, 9]. It is estimated that more than 5 million tons of coarse wastes and
more than 300,000 tons of processing fines wastes are produced per year in quarries
in Brazil [9].

An interesting recovering option for this material is adding the wastes in a produc-
tion cycle, which is interesting in both the environmental and economic aspects. The
use of mineral waste for the compacted artificial stone development shows numerous
advantages compared to natural stones in technical characteristics, such as reducing
the amount of waste to be discarded in nature, adding value to an undesirable waste,
and also allowing the generation of a new employability cycle [10].

The possibility of using artificial stone instead of natural stone is based on tech-
nical advantages, such as the polymericmatrix lower density (±1 g/cm3) thatmakes it



Incorporation of Porcelain Powder and Mineral Wastes in Epoxy Matrix … 437

lighter compared to natural stone (±2 g/cm3). The high porosity and the microstruc-
tural defects of natural ornamental stones facilitate their contamination by external
fluids and the easy propagation of cracks, causing brittle fractures [11–13].

Research on the artificial stone’s development has been carried out with various
waste types (marble, steel, gravel powder, chamotte) [11, 12, 14] and also research
using porcelain powder and quartzite wastes in the incorporation into red ceramics
and in the development of silicate glasses [15, 16].

This project’s main goal is to produce compacted artificial stones using waste
from porcelain tiles cutting as main source, combined with quartz and quartzite in an
epoxy matrix through the vacuum, vibration, and compression method that is used
by companies for artificial stone’s production for commercialization both in Brazil
and abroad, by following the protocols and technical standards.

Materials and Methods

The powdered porcelain waste came from the porcelain tiles polishing process,
carried out by a ceramic tile industry. The mineral residue (quartz and quartzite)
was offered by the company EcologicStone, where this mineral is used for artificial
coatingmanufacture, located in Cachoeiro de Itapemirim, Espírito Santo, Brazil. The
waste particles were agglutinated by the epoxy matrix (MC130) of type diglycidyl
ether bisphenol A (DGEBA) hardened by FD 139 triethylenetetramine (TETA), both
supplied by EPOXYFIBER.

The waste was classified into three granulometric ranges: large (from 2 to
0.42 mm), medium (from 0.42 to 0.075 mm), and fine particles (with grains smaller
than 0.075 mm). Large and medium particles were represented by the material
provided by EcologicStone, and the porcelain powder was classified in the fine parti-
cles range. Based on these three granulometric classifications, ten distinct mixtures
were proposed for most close-packed conditions using the simplex-lattice design
(SLD) numerical modeling methodology (Fig. 1).

The determination of the most close-packed composition for the waste was asso-
ciated with the highest dry apparent density. This density was obtained, based on the
ABNT/NBR 3388 Brazilian standard [17], for the ten different compositions consid-
ered in the simplex method. For each composition, the test was made three times to
assure statistical validation. Each sample was placed in a steel vessel and vibrated for
2 min under a 10 kg load. Then, the mixture was weighed, and the apparent density
was calculated. The composition with the highest apparent density, associated with
the most close-packed particles, was selected for the artificial stone’s development.

Theminimumamount of resinmatrix [18] necessary to thoroughlywet all particles
surface and fill in all interstitial voids that the mixture may still contain in a most
close-packing aggregation of the filler particles was calculated.

To produce the artificial stone plates, the wastes were placed in an oven at 100 °C
for moisture removal. Then, the wastes were weighed and mixed with epoxy resin
and the hardener.
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Fig. 1 Ternary diagram with
the 10 mixtures based on the
complete simplex cubic.
Amounts (wt.%) of large (L),
medium (M), and fine (F)
particles (Carvalho et al. 14)

This mixture was poured into a metallic mold (100× 100× 10mm), and vibrated
for 2 min, while simultaneously it was put into a vacuum (600 mmHg); later, it was
taken to a hydraulic press under a 10 ton pressure and 90 °C temperature, where
it stayed for another 20 min. The plates produced were sanded and then cut to the
specific dimensions for the realization of characterization tests.

Density, water absorption, and apparent porosity determination were based in
AnnexBofABNT/NBR15845Brazilian standard [19], using ten cubic plate samples
with 30 × 30 × 30 mm dimensions.

The three-point flexural strength test was performed on the INSTRON universal
testingmachine,model 5582. For these tests, the recommendations based onAnnex F
of ABNT/NBR 15845 Brazilian standard [17] and UNE-EN 14617 Spanish standard
[18] were followed. Ten prismatic plates with 100 × 25 × 10 mm were used for
each flexural test condition, and average stress and corresponding standard deviation
were calculated.

Results and Discussion

Table 1 shows the values obtained by the SLD method for the vibrated density of the
wastes, according to Fig. 1. The highest density values were obtained for mixtures 5
and 7. Mixture 5, with 50% of large particles (L) and 50% of medium particles (M),
has 1.86 g/cm3 density. The mixture 7 has 1.76 g/cm3, the second-highest density,
with 33.33% of large (L), medium (M), and fine (F) particles.

In Table 1 the mixtures 5 and 7 with the two highest values that were considered
the most close-packed mixtures are highlighted. This is due to the fact that mixture
7 is made of two different waste types and may have been influenced by porcelain
powder-fine particles.When compared to mixture 5, the lower density maybe, thanks
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Table 1 The vibrated density
of quartz wastes (coarse
granulometry), quartzite
(medium granulometry), and
porcelain powder (fine
granulometry)

Vibrated density (g/cm3)

Mixture Average values

1 0.72 ± 0.03

2 1.75 ± 0.01

3 1.56 ± 0.01

4 1.41 ± 0.04

5 1.86 ± 0.04

6 1.43 ± 0.05

7 1.76 ± 0.01

8 1.75 ± 0.06

9 1.26 ± 0.01

10 1.74 ± 0.05

to the particle shapes and its infinity of possible combinations, making it difficult to
predict the behavior of mixtures involving non-spherical particles. As the particles
become non-spherical, there will be a density decrease [11]. In addition, vibration
amplitude or frequency, when increased, raise density values and then cause them to
decrease [21].

For the artificial stone’s development, the combinations were RAQ (quartz and
quartzite wastes) and RAP (quartz, quartzite, and porcelain powder wastes), with
18%w epoxy resin as binder, according to the two compositions minimum resin
content calculations.

Table 2 presents the apparent density, water absorption, and apparent porosity
values obtained in accordance with the Brazilian technical standard. The low density
showed by the artificial stones was due to the epoxy matrix with 1.16 g/cm3. RAQ
(quartz andquartzite) density resultswere lower thanRAPand the developed artificial
stones (2.10–2.78 g/cm3) [10, 13, 14, 22]. The RAQ particle adhesion to the epoxy
matrix may have been ineffective, and quartz and quartzite particle morphology may
have contributed to the decrease in density [22].

Lee et al. observed in their research that a compaction pressure increase, up to
14.7MPa, was accompanied by increases in density and mechanical properties and a
water absorption reduction. On the other hand, when using 19.6 MPa pressure, they
observed a decrease in density values as well as in the mechanical properties, with a
density variation between 2.03 and 2.45 g/cm3, which may have happened with the
RAQ stone.

Table 2 Physical properties
of apparent density, water
absorption, and apparent
porosity of the RAQ and RAP
artificial stones

Physical properties RAQ RAP

Density (g/cm3) 1.84 ± 0.08 2.15 ± 0.03

Warter absorption (%) 0.39 ± 0.08 0.38 ± 0.07

Apparent porosity (%) 0.72 ± 0.12 0.80 ± 0.14
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Fig. 2 Flexural rupture
stress versus bend strain for
artificial stones RAQ, RAP,
and epoxy resin
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Table 2 shows the water absorption values of 0.39 ± 0.08% (RAQ) and 0.38 ±
0.07% (RAP) that are within the values reported by artificial marble manufacturers
in the range of 0.09–0.40% [22] and among those indicated by Chiodi and Rodriguez
of 0.1–0.4%, considered a low water absorption material. Quartzite stones should
have, preferably, a water absorption index ≤0.4% to be used in homeless outdoor
environments, floating / elevated tops, and floors.

For apparent porosity, the values of 0.72 ± 0.12% RAQ and 0.80% RAP were
found. Both RAQ and RAP can be, according to Chiodi and Rodriguez, coating
materials, classified as low porosity materials, due to apparent porosity, between 0.5
and 1.0%.

Figure 2 shows RAQ 18% epoxy, RAP 18% epoxy, and epoxy resin flexural
rupture stress versus bend strain graphs. It presented rupture stress values of 16.98
± 1.05; 25.13 ± 3.69; and 93.59 ± 4.7 MPa, respectively.

Theprocessed stones showedan elastic deformation, characterizing thematerial as
fragile despite themore resistant structurewhen compared to thewaste incorporation.
The difference in the presented value of the developed artificial stones is due to the
possible presence of diamond particles, other materials that are used in the lapidating
process that improves hardness and resistance [2].

The epoxy resin stress (a) was highest because the chemical bonds of its structures
are stronger, and it does not have aggregate grains in its composition, thus being able
to equally distribute the forces throughout its body, causing greater deformation.

The decrease in the mechanical properties of RAQ compared to the RAP can
also consider that the compaction pressure used was enough to cause a rupture in
aggregate particles [18]. RAP, with the addition of porcelain powder, has smaller
particle sizes, providing greater mechanical strength since it allows a more efficient
interface between the load and the resin. RAQ, for having a coarser granulometry,
presents a mechanical strength lower than RAP [22].
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It is also important to mention that the ornamental stones used in civil construc-
tion are considered to be highly resistant materials when the rupture stress exceeds
20 MPa, which is the case of the porcelain powder waste artificial stone developed
(RAP).

Conclusion

This study investigated the artificial stone’s development technique as well as its
physical and mechanical properties. From the experimental results, the following
conclusions can be drawn:

• The incorporation of fine waste from polishing porcelain tiles modified the struc-
ture of the stone since the same processing and production steps were followed.
These modifications are related to the density of the RAP, since the fine waste
was compacted in the middle of the larger grains, making a big difference in the
maximum rupture stress, with the possible presence of diamond particles and
other resistant materials that could have been added in the porcelain tile polishing
process and may have contributed to the increase of this property.

• Both developed artificial stones obtained results that classify them as low water
absorption coating materials and can be used in homeless outdoor environments,
floating/raised tops, and floors, because of its water absorption index ≤0.4%.

• RAP’s mechanical behavior is considered of high quality to be used in civil
construction.

As the developed artificial stones have never been commercialized and there are
few theoretical studies in the area, this study is characterized as authentic, unique,
and exclusive, being able to supply several segments of architecture and/or civil
construction. Once commercialized, the developed artificial stones would generate a
new economic cycle that covers from waste collection to cutting, including the final
waste use, creating with new stakeholders in addition to adding socioeconomic value
to a waste that would be discarded in the environment, generating pollution and soil
and groundwater contamination.
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Influence of Modifier Admixture Based
on LAS in Cement Pastes

Ana Carolina Pereira Martins, Matheus do Nascimento Duarte,
José Maria Franco de Carvalho, André Luís de Oliveira Jr.,
Gabriel Meireles de Arruda, and Leonardo Gonçalves Pedroti

Abstract The use of modifying admixtures in cement-based composites is manda-
tory to improve their physical properties with technical and economic advantages.
This paper discusses the influences of an alternative admixture based on linear alkyl
benzene sodium sulfonate (LAS) in cement pastes. Rheological tests were carried
out on a flow table. Setting times and reaction speed were evaluated by ultrasonic
pulse velocity (UPV) measurements. Compressive strength tests were performed in
mortars. Different LAS contents were evaluated (0, 0.01, 0.1, and 1.0% by cement
mass). Contents of up to 0.1% of LAS did not significantly change the rheological
behavior in comparison to the reference paste, whereas the content of 1.0% of LAS
showed a clear plasticizer effect. The highest levels of LAS resulted in an accelera-
tion in the setting times, which contrasts with the results of UPV. Contents of 0.01
and 0.1% did not impair the strength in the first ages.
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Introduction

The modern concrete is more than merely a mixture of cement, water, and aggre-
gates; chemical additives and mineral admixtures play an increasingly central role,
assigning specific properties to concrete technology [1, 2].Modifying admixtures are
capable of giving considerable physical and economic advantages to cementitious
materials, changing the properties of the matrices in the fresh and hardened state
[3, 4].

Among the different types of additives available on the market, there are the air-
entraining admixtures (AEAs), also known as surfactants, which is an abbreviation
of “surface-active admixtures” [3, 5, 6]. The air-entraining agents generally have
a molecular structure with a hydrophilic polar group and a non-polar hydrophobic
group formed by a long chain of carbon atoms [5, 7]. The volume of entrained air
depends on the dosage of admixture: the higher amount of AEAs added, the more air
entrained up to a maximum level, beyond which there is no increase in the volume
of fair voids in the matrix [4, 8]. The essential requirements of an air-entraining
admixture are the rapid production of a stable system of finely divided foam and that
the individual bubbles resist coalescence; the foam must not have any chemically
harmful effect on the cement [4].

AEAs are substances that introduce a controlled amount of small air bubbles (or
voids) during the mixing of the matrix and that remain after it hardens [8–11]. These
bubbles are almost spherical and with diameters in the range of 10–100µm. If homo-
geneously distributed, they can improve the cohesion and workability of cement-
based composites [4, 8, 9]. AEAs can improve some technological advantages to
cementitious materials, such as reduce water/cement ratio, reduce cement consump-
tion, increase plasticity and improve consistency, reduce exudation and permeability,
refine thermal and acoustic performance, in addition to provide freezing and thawing
resistance [3, 4, 6, 8].

Mendes et al. [9] studied a biodegradable surfactant based on linear alkyl benzene
sodium sulfonate (LAS) , present in dishwasher detergents, as a sustainable plasti-
cizing and air-entraining agent inmortars. Positive results have been achieved from its
application; LAS proved to be more efficient than the commercial AEA, taking into
account the volume of fair incorporated and the stability of the pore system formed
in the matrix. Also, it achieved an improvement in the workability and cohesion in
the fresh state.

In this work, the authors explore the use of a LAS-based admixture in cement-
based composites formed by pastes and mortars. The main objective of the research
is to investigate and discuss the influence of LAS on workability, hydrated prod-
ucts, setting times, and compressive strength. This study intends to contribute with
the knowledge of the effects of this biodegradable and low-cost substance, in the
properties of cement-based composites.
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Materials and Methods

Materials

A high early strength Portland cement (ASTM Type III equivalent) was used in the
production of the pastes and mortars. This Portland cement is specified in Brazil as
CPV-ARI type by the standard NBR 16697 [12]. The choice was based on its high
fineness and the lack of supplementary cementing materials (95–100% clinker). The
data on the physical, chemical, and mechanical characterization of the cement was
reported by the producer and are shown in Table 1.

LAS-based additive (linear alkyl benzene sulfonate sodium) was used as an
agent to improve plasticity, cohesion, and incorporation of fair microbubbles. It is a
biodegradable surfactant present in dishwashing detergents, at a concentration of up
to 10% [13], and the proposed AEA consists of homogeneous solutions of detergent
and water in different concentrations.

To prepare the mortars, quartz sand extracted in the city of Analândia, state of
São Paulo, Brazil, was used. This sand has a maximum diameter of 600 µm, specific
gravity of 2.65 g/cm3, and bulk density of 1.43 g/cm3.

Evaluation of Rheological Performance in Pastes

Cement pastes with different contents of the LAS-based substance were made to
evaluate the effects of this material on the rheological properties and workability. For

Table 1 Chemical, physical,
and mechanical properties of
Portland cement

Parameter Value

MgO content, % 0.98

SO3 content, % 3.43

Na2O content, % 0.07

K2O content, % 0.86

Na2Oeq content, % 0.64

Loss on ignition, % 3.97

Insoluble residue, % 1.48

Density, g/cm3 3.12

Specific surface area (Blaine), cm2/g 4372

Hot expandability, mm 0.3

Water for standard cement paste, % 28.8

Initial setting time, min (Initial/Final) (105/165)

Compressive strength (1/3/7/28 days),
MPa

(27.5/37.8/44.3/53.2)
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Table 2 Procedure for mixing the pastes

Stage Speed Start time (s) Final time (s)

Mixture of dry materials (100%) Low 0 60

Addition of water and LAS admixture (100%) Low 60 90

Mixture Low 90 150

Scraping of the bowl and paddle – 150 210

Final mix High 210 300

Low – 140 ± 5 rpm
High 285 ± 10 rpm

all pastes produced, the water/solids content (ø) was 0.5. The solutions and dosages
of the alternative admixture varied from 0.01 to 1.0% by mass of cement named
as CP-0.01%LAS, CP-0.1%LAS, and CP-1.0%LAS. A mixture without admixture
(0%) was used as a reference (CP-0%LAS) .

The mixtures were performed using a mechanical mixer, and the steps of the
mixing procedure are detailed in Table 2. With the prepared pastes, spreading tests
were performed using the consistency table, applying 15 strokes in a time interval
of 15 s. The measurements were performed at 0, 5, 10, 25, and 50 min. The first
spreading test (0 min) started 8 min after the first contact of the cement with water.

Evaluation of the Hydration Kinetics of Pastes

Hydration kinetics evaluations were performed in pastes with four LAS contents (0,
0.01, 0.1, and 1%). To monitor the start and the end of the setting times, tests were
performed using the Vicat apparatus and the ultrasonic pulse velocity (UPV), and
their results were compared to obtain a relationship between both tests. The setting
time test using the Vicat apparatus is prescribed by ABNT NBR 16607 (2018b).
The UPV was performed using a Proceq “Pundit Lab” equipment, connected to
the computer and operated by the Proceq Punditlink software. The transducer used
operates at a frequency of 54 MHz and a pulse width of 9.3 µs. The frequency of
measurements was one reading per minute, taken during a 24-h interval.

Evaluation of Mechanical Performance in Mortars

The influence of LAS was also evaluated on the mechanical performance of mortars.
For this, mortar specimens with a ratio of 1:3 (cement:sand) were molded in reduced
cylindrical molds measuring ∅22 × 22 mm. The compressive strength tests were
performed at the ages of 1, 3, 7, and 28 days. The contents of LAS evaluated were
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Table 3 Procedure mixture
of mortar

Stage Speed Start time (s) Final time (s)

Mixture of water and
LAS

Low 0 0

Addition of cement
(100%)

Low 0 30

Addition of sand
(100%)

Low 30 60

Mixing High 60 90

Cleaning the container
edges

– 90 120

Cover with a damp
cloth

– 120 180

Final mix High 180 240

Low – 140 ± 5 rpm
High 285 ± 10 rpm

the same presented in the study of pastes (0, 0.01, 0.1, and 1%) and the specimens
were named as MC-0%LAS, MC-0.01%LAS, MC-0.1%LAS, and MC-1.0%LAS.

The mixing process was carried out with the aid of a mechanical mixer, and the
steps of the mixing procedure are detailed in Table 3. For eachmixture, 16 specimens
were molded and submitted to a process of curing in water. After a period of 24 h,
these specimens were demolded and immersed in water saturated with lime, where
they remained until the time of the mechanical test.

Results and Discussion

Rheological Performance in Pastes

The results of the rheological tests of the cement pastes containing four percentages
of the LAS admixture (0, 0.01, 0.1, and 1.0%) are presented in Fig. 1. A clear
tendency of increasing the spread is noticed only in the pastes containing 1.0% of
LAS. The contents of 0.01% and 0.1% did not improve the rheological performance.
The content of 0.1%LAS produced a paste with behavior very close to the reference
paste (0%LAS) , and the content of 0.01% achieved lower spreading values. The
surfactant molecules did not provide dispersion of the cement particles, causing
retraction in the paste. This indicates that very low concentrations of surfactants did
not affect the paste effectively. Similar behavior was identified in the mortars studied
by Mendes et al. [9].
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Fig. 1 Results of the flow table for the reference cement pastes (0%) and pastes containing the
proposed LAS-based admixture (0.01–1.0%)

Hydration Kinetics of Pastes

The results of the UPV measurements are shown in Fig. 2. The shape of the typical
UPV curve for the four proposed mixtures showed three well-defined stages related
to the following stages of the hydration kinetics [14]:

I—Dormant: in the first hours, the ultrasonic velocity increases slightly over time,
notable for the small slope of the curve. The UPV in this phase does not exceed
1480 m/s, which is the ultrasonic velocity in pure water, due to the existence of voids
in the mixture.
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Fig. 2 Ultrasonic pulse velocity of the reference cement pastes (0%) and pastes containing the
proposed LAS-based admixture (0.01–1.0%)
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II—Acceleration: from a specific moment for each mixture, there is an increase in
the UPV rate, indicating a change in the physical structure of the paste. Hydration
products are formed more quickly in this phase, which configures the solidification
of the material.

III—Deceleration: with the consumption of reagents from cement, the paste
hardening phase ends [15]. Thus, the UPV returns to a lower increase over time.

In the first stage, it has been noticed that the UPV of the 0.1% LAS mixture is
higher. This can be justified by the increase of ions in the system by the addition of
LAS. The dissolution of the ions forms a strong alkaline solution, allowing a greater
UPV in the mix [14].

Observing the end of the second stage, the smallest UPV is from the 0.1% LAS
mixture. This fact may be linked to the greater incorporation of air in this mixture,
which reduces the speed of wave propagation in the material [16].

Therefore, the results point that the mix containing 1% LAS was not the most
efficient, because of its dissolution in the first stage, even in the formation of air
bubbles in the mixture after his hardening.

Figure 3 shows the results of the setting times using the Vicat apparatus. The
mixtures containing 0% LAS and 0.01% LAS showed similar behaviors, both at
the beginning and at the end of the setting. This demonstrates that the amount of
admixture added is low to affect the setting characteristics of the paste. The mixture
with the longest setting time is 0.1% LAS, which indicates that this dosage is the
one that most influences the formation of hydration products, as evidenced by the
UPV. The initiation of hardening obtained with the Vicat needle test is equivalent to
the transition point from stage I to stage II on the UPV curve in mixtures containing
0% LAS and 0.01% LAS. For the mixes containing 0.1% LAS and 1% LAS, there
is a lag between the initial setting time and the transition point between stages I and
II in the UPV curves, justified by the interval between measurements adopted in the
Vicat needle tests.

0

100

200

300

400

0.00% 0.01% 0.10% 1.00% 10.00%

T
im

e 
(m

in
)

LAS content (% m.c.)

Setting Time

Initial Setting Time
Final Setting Time

Fig. 3 Setting times of the reference cement paste (0%) and pastes containing the proposed LAS-
based admixture (0.01–1.0%)



452 A. C. P. Martins et al.

18
.8

1

26
.1

37
.2

51
.6

19
.7

26
.4

35
.2

44
.4

18
.5

36
.3

41
.7

35
.3

13
.6

18
.5

29
.1

27
.0

0
10
20
30
40
50
60

1 3 7 28

C
om

pr
es

si
ve

 st
re

ng
th

 
(M

Pa
)

Test age (days)

MS- 0% LAS MS - 0.01% LAS MS - 0.1% LAS MS - 1.0% LAS

Fig. 4 Compressive strength of the reference cement pastes (0%) and pastes with proposed LAS-
based admixture (0.01–1.0%)

Mechanical Performance of Mortars

Figure 4 shows the results of compressive strength for the reference specimens
(0%LAS) and the specimens containing the threeLAScontents (0.01, 0.1, and 1.0%).
It can be observed that LAS in the contents of 0.01% and 0.1% did not decrease the
compressive strength in the initial ages compared to the referencemortar, and that the
mortar containing 0.1% of LAS presented greater compressive strength in the ages
of 3 and 7 days. The mortar containing 1.0% LAS showed a decrease in compres-
sive strength at all test ages. This loss of strength can be related to the increase in
the porosity of the matrix as a less integrated and dense matrix has less mechanical
strength. Similar results due to the increased concentration of AEAs were obtained
in other studies [9, 17].

Conclusions

This research was conducted to explore the potential of using a LAS-based substance
as a modifying admixture in cement pastes by evaluating its influence on properties
such as workability, setting times, and compressive strength. Based on the results
obtained through the proposed methodology, it can be concluded that:

• Lower LAS content (0.01%) practically does not affect the properties analyzed,
as observed in the tested pastes and mortars. The spreading was greater in pastes
containing 1.0% LAS.

• There was a delay in the initial and final setting times of the mixture containing
0.1% of LAS, which was observed by both Vicat needle test and UPV measure-
ments. Also, the higher dosage of the modifying admixture (1.0%) did not
influence the cement setting times.

• The highest LAS content (1.0%) caused a gradual decrease inmechanical strength
at all evaluated ages, which is related to the higher air content incorporated into
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the matrix. The mortars containing the intermediate LAS content (0.1%) showed
the highest compressive strengths at 3 and 7 days, and all the mortars containing
LAS showed lower compressive strengths in comparison to the reference mortar
at 28 days.
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Influence of the Ceramic Block Sorptivity
on the Adherence of Rendering Mortars

E. B. Zanelato, A. R. G. Azevedo, M. T. Marvila, T. Lima, J. Alexandre,
S. N. Monteiro, G. C. Xavier, and C. M. Vieira

Abstract Adherence is one of the main properties of rendering mortars. Patholo-
gies related to the lack of adherence between the mortar and the ceramic block are
frequently seen, especially on facades. A complex system with several variables
influences adherence, where the sorptivity of the ceramic block can be highlighted.
The objective of this work is to verify the influence that the sorptivity of the ceramic
block has on the mortar adhesion in different combinations. Ceramic blocks burned
at three temperatures with and without the presence of roughcast were used. The
ceramic blocks were evaluated by immersion absorption, mechanical strength, and
sorptivity tests. Three traces of mortar were used, characterized by water retention
andmechanical resistance tests, in addition to adherence with the ceramic block. The
adherence results between the materials indicated that the sorptivity influences the
adherence with different behaviors, depending on the mortar used.
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Introduction

Mortar is one of the most versatile materials among construction materials. Its phys-
ical and chemical properties combined with its low viscosity allow applications in
different stages of a work. Mortars are mainly used as wall coverings, both internal
and external [1]. The application of a layer of mortar on the structure, especially
concrete, is very common in many countries, especially in large structures. The layer
helps to protect both the structure and the masonry [2].

Evenwith its versatility and extensive use throughout the evolution of construction
materials, mortar applications still suffer from several pathological manifestations,
where cracking and lack of adhesion with the ceramic block can be highlighted.
These phenomena contribute to decrease in the building’s useful life [3].

The solution to these problems is not simple, since the adherence is the product
of a complex system with several factors that influence it, among which the applica-
tion technique; the property of the material where the mortar is applied, the curing
conditions; the properties of mortar and its constituent materials stand out [4].

Adherence, physically, occurs through micro-anchoring and macro-anchoring.
Micro-anchoring occurs by absorbing water with cement particles through the
substrate, which when hardened by hydration reactions promotes mechanical
anchoring in the pores of the substrate [5]. The micro-anchoring phenomenon is
directly affected by the absorptive capacity due to capillarity of the substrate and the
water retention capacity of the mortar [6].

Macro-anchoring occurs due to the penetration of the mortar in the irregularities
of the substrate. It is directly affected by the topology of the substrate [4] and the
rheological capacity of the mortar [7].

To enable a better understanding of this complex system of adherence, several
researches are carried out by analyzing individually and globally the variables that
affect adherence

The substrate interferes with adhesion mainly due to its ability to absorb water
from the mortar. The absorptive capacity of the substrate is given by capillary
strength. The suction of the mortar water occurs mainly in the initial moments of
contact and decreases exponentially over time [5].

A technique commonly used in buildings is the application of a thin layer ofmortar
called a roughcast. The roughcast contributes both to the macro-anchoring, since the
mortar layer presents high roughness, and to the micro-anchoring, regulating the
capillary water absorption of the substrate [8].

Other properties of the substrate also directly affect capillary suction, such as
firing temperature, roughness, among others.

Themeasurement of capillary absorption capacity canbe carried out by the absorp-
tivity test, the main test used by authors in the field due to its greater fidelity to what
occurs in practice in the interaction of the mortar with the substrate [8].

Regarding the mortar, the properties of the mortar that influence adherence are:
water retention, a property responsible for regulating the water transported to the
substrate; mechanical resistance, a property that affects adhesion if the mechanical
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strength of the mortar is lower than the adhesion between the materials. The mixture
of mortars directly affects the properties highlighted above, since the proportion of
the different materials used in making the mortar affects the final characteristics of
the product.

The objective of this work is to evaluate three firing temperatures of the ceramic
and the presence or not of the roughcast in the absorptivity and the adherence of
three different mixtures of mortars.

Materials and Methods

Ceramic blocks were collected in the Northern Fluminense region. The blocks were
fired at 700, 800, and 900 °C, reference values for ceramics in the region.

CPII-E cement, hydrated lime CHIII, and washed sand taken from the Paraíba do
Sul River were used.

The roughcast was made in line 1:3 (cement:sand) in volume.
The mixtures used in the coating mortars are shown in Table 1.
The ceramic blocks were characterized by the initial water absorption test,

adapting the test to the American standard ASTM C67 [9]. During the test, the
ceramic block comes into contact with water only on a 3 mm high blade. The absorp-
tion of the ceramic block depends essentially on the capillary absorption, which is
directly related to the adhesion between the mortar and the ceramic block.

During the test, checks are performed at four different times: 5 (W5), 10 (W10), 15
(W15), and 150 (W150) minutes. The absorption test presents a better representation
of the duration of the water transport from the mortar to the ceramic block, which is
very intense in the firstminutes and gradually decreases in the first hours. Absorbency
is calculated according to Eq. (1):

Sorptivi t y
(
mmmin1/2

) = i√
t

(1)

where i is the accumulated volume of water absorbed per unit area of the absorption
surface (mm3/mm2); t is the elapsed time (min).

Table 1 Composition of mortar mixtures (in volume)

Mixtures

Trace Cement (%) Hydraulic lime Sand (%) Water (%) w/a

1:3 25 – 75 14.06 0.5624

1:1:6 12.5 12.5 75 14.06 0.5624

1:2:9 8.33 16.67 75 14.06 0.5624
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Table 2 Tests carried out on
mortar

Tests Standard

Water retention NBR 13277 [10]

Compressive strength NBR 13279 [11]

Flexural tensile strength NBR 13279 [11]

Tensile adherence strength NBR 13528 [12]

Absorptivity tests were carried out combining the presence or absence of the
roughcast at three different firing temperatures.

In the mortars, the tests indicated in Table 2 were performed.
The retention test was performed by the direct influence on the water transport

from the mortar to the substrate.
Themechanical strengthmust be high enough not to be the place of least resistance

during the adhesion test. Compressive strength and flexural tensile strength tests were
performed to assess mechanical strength.

The tensile bond strength test was performed to verify the adherence of the three
traces of mortar used in the work in each of the substrate combinations.

Results

Figure 1 presents the results obtained in the sorptivity tests.
It can be seen from the results that both the presence of the roughcast and the

firing temperature significantly influenced sorptivity.
The increase in temperature, both from 700 to 800 °C and from 800 to 900 °C,

promotes an increase in the capillary water absorption capacity. This effect can be
justified by the minerals that are formed with the increase in the burning temperature.

Fig. 1 Sorptivity. (Color figure online)
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The increase in the firing temperature promotes greater densification of the ceramic,
increases its resistance, and decreases its water absorption by immersion.

The increase in capillary absorption is verified due to the greater presence of small
diameter pores, and is more frequent as densification occurs due to the increase in
temperature.

The presence of the roughcast promotes the regularization of capillary absorption,
presenting similar results for the three temperatures analyzed. Thus, the roughcast
had a greater impact, significantly reducing the absorption of ceramic blocks with
the lowest firing temperatures.

Figure 2 shows the results obtained in the water retention test.
It can be seen from the results that the water retention of the analyzed lines varies

according to the hydrated lime incorporated. Because it is thinner than cement, lime
has the capacity to retain a larger volume of the mortar’s mixing water, making it
difficult to transport it to the substrate.

Figure 3 shows the results of mechanical strength.
It canbe seen from thefigure that, contrary towhatwas observed inwater retention,

the greater the incorporation of hydrated lime, the lower the mechanical resistance.
The justification for this result is the lower presence of cement, whose hydration is
mainly responsible for the mechanical strength of the mortar.

Figure 4 shows the results of the tensile adhesion test.
It can be seen from the figure that the variables used in thework: firing temperature

of the ceramic; presence of roughcast; and trace of the mortar directly influence
adherence; however, the analysis is not linear as in previous tests.

The results obtained by the 1:3 mortar indicate that the adhesion decreases as
the firing temperature increases. The decrease is justified by the increase in water
transport betweenmaterials. The 1:3 line showed the lowest water retention capacity,
since the increase in temperature increases sorptivity. The increase in water transport
benefits micro-anchoring; however, excessive transport hinders the correct hydration
of themortar , with amarked decrease inmechanical strength, becoming the breaking
point in the adhesion test.

Fig. 2 Water retention. (Color figure online)
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Fig. 3 Mechanical strength. (Color figure online)

Fig. 4 Tensile adherence strength. (Color figure online)

The 1:1:6 trait, on the other hand, showed an inverse trend to the 1:3 trait, where
the increase in the firing temperature increases adherence . This behavior is justi-
fied by the high water retention capacity of the 1:1:6 line that when applied on
substrates of low sorptivity, there is not enough water transport between the mate-
rials, impairing hydration. The increase in the firing temperature increases the water
transport gradually and does not significantly affect the hydration of the mortar.

The 1:2:9 line showed a trend similar to the 1:1:6 line. Considering that the line
has even greater retention than the line 1:1:6, the adhesion in the ceramic block
burned at 700 °C is even lower than the line 1:2:9; however, in the blocks burned at
800 and 900 °C, the adherence was higher.

The use of roughcast changes all the trends mentioned above. With the regu-
larization of the water transport promoted by the application of the roughcast, the
adhesion was conditioned to the mechanical resistance of the mortar. Therefore, as



Influence of the Ceramic Block Sorptivity on the Adherence … 461

verified in themechanical strength test, the strokeswith a higher proportion of cement
have greater mechanical strength and greater adhesion when applied to roughcast
substrate.

Conclusion

In this work, it was verified that the firing temperature of the ceramic block, the appli-
cation of the roughcast, and the trace of the coating mortar influence the resistance.
The following points can be highlighted.

• The increase in the firing temperature promotes an increase in the absorptivity of
the ceramic.

• The application of the roughcast regularizes the absorptivity of the ceramic.
• Increasing the proportion of hydrated lime promotes increased water retention

and decreased mechanical strength.
• The good performance of the adhesion is conditioned to a balanced transport

of water from the mortar to ceramic. The balance can be achieved both in the
application of a mortar with high retention in a block of high sorptivity, and in
the application of a mortar with low water retention in a block of low sorptivity.

• The application of roughcast regularizes and enhances adhesion, being limited by
the mechanical strength of the mortar.
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Influence of the Granulometry
of the Granite Residue on the Sorptivity
of Ceramic Blocks
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P. Rocha, S. N. Monteiro, and C. M. Vieira

Abstract The ornamental rock industry generates an enormous amount of waste on
manufacturing process. Granite is themain rock extracted in Brazil for export blocks,
a country that is one of the largest exporters in the world. The expressive volume of
powder generated during themanufacturing process can be reused in themanufacture
of ceramic pieces. The objective of this work is to evaluate three different particle
sizes of the waste and its influence on the ceramic block sorptivity capacity. The
clay used in the work and the residue were characterized by chemical analysis test,
granulometry, Atterberg limits, and grain density. After the production of ceramic
pieces with three levels of incorporation (0, 10, and 20%) of the residue, immersion
absorption, sorptivity, mechanical resistance, and adherence tests with mortar were
carried out. The results indicate that the granulometry of the residue significantly
influences the sorptivity of the ceramic.
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Introduction

The ornamental stone industry is an important economic sector for several countries.
In Brazil, production and exports increase with each passing year; only in 2017,
2.36 million tons were traded, generating US$ 1,107.1 million in exports. Of the
export products, 80% went through processing processes. Among the states mainly
responsible for the Brazilian ornamental stone market, the state of Espírito Santo
stands out being responsible for 75% of the national physical volume [1].

The processing carried out on the raw rock adds value to the raw material, where
cutting and polishing are carried out. Both steps generate huge amounts of dust
not used by the industry, causing a great environmental impact on its disposal. The
generation ofwaste is approximately 20%of theweight of the processed rawmaterial.
In general, the dust generated in the processing of ornamental rock is dumped into
the environment without prior treatment; thus, the industrial sector is penalized by
environmentalists for damages caused to the local environment. The destination for
landfills has considerably reduced pollution in rivers, a destination that was widely
used before environmental standards came into force. However, in places where
waste is collected, they have a high maintenance cost and lack of space in landfills,
a place where non-recyclable waste is discarded [2].

The reduction of the environmental impact in the disposal of the ornamental
rock residue can be obtained by its reuse. The incorporation in different construction
materials has been studied, such as the use in concrete [3], mortar [4], ceramic blocks
[5], and tiles [6]. The incorporation of the waste not only reduces the environmental
impact with its reuse but also improves the performance of the materials.

The incorporation of ornamental rock waste in ceramics directly influences the
physical characteristics of the product. The incorporation of the residue tends to
increase the packing between the grains, decrease the porosity, and increase the
mechanical resistance [7].

The ornamental rock residue, especially granite, can present different granulome-
tries according to the cut made in the industry. Considering that the filling of the
voids is directly influenced by the granulometry of the residue, studies that verify
how the variation of the proportions of the granulometric fractions influences the
properties of the final ceramic piece are necessary [5].

The objective of this work is to evaluate how three different granite residue
granulometries influence the sorptivity of the ceramic block. Sorptivity is directly
influenced by the porosity of the material and is mainly responsible for the adhesion
of mortars of coatings applied on the ceramic block.

Materials and Methods

The clay used in the work was collected directly from the ceramic sector, one being
a material used for making ceramic masses in the region.
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Table 1 Composition of mixtures (in volume)

Mixtures

Mixture Cement (%) Hydraulic lime (%) Sand (%) Water (%) w/c

1:1:6 12.5 12.5 75 14.06 1.125

The granite residue was collected in waste settling tanks in an ornamental rock
industry. The residue was collected in the form of mud and placed to dry in the
environment and then in an oven.

The materials used in the mortar were: cement, sand, and water. The cement used
was CP-II-E-32. The sand is naturally removed from the river Paraíba do Sul located
in Campos dosGoytacazes-RJ. The hydrated limewas CHIII. Themixtures ofmortar
used are indicated in Table 1. The binder/aggregate ratio was maintained at 1:3 for
mixture.

The granulometric analysis was performed following the NBR 7181 standards
[8]. The fraction retained the material in the opening sieve 0.074 mm (ABNT # 200),
and the samples were classified by sieving. The passing fraction of the material in
the same sieve was classified by sedimentation. To perform the sedimentation test,
sodium hexametaphosphate, a material with a deflocculating action, was used. The
Casagrande standard (1942)-Unified Soil Classification System was used to classify
the soil. Classification is also used by the U.S. Army Corps of Engineers (Airports)
and U.S. Bureau of Reclamation (Dams).

The material used at the limits of Atterberg was removed and passed through the
0.42 mm sieve (ABNT # 40). The plasticity limit test was carried out in accordance
with NBR 7180 [9], while the liquidity limit was carried out in accordance with NBR
6459 [10].

The determination of the real density of the grains was carried out according to
NBR 6457 [11] and NBR 6458 [12], using the pycnometer.

The chemical composition was obtained through X-ray dispersive energy spec-
troscopy (EDX), in the SHIMADZU EDX 700 equipment. With the test it was
possible to identify the quantities of each of the chemical elements present in the
clay.

Three formulations were made for making ceramics. The reference using only
clay, replacement of 10% of the clay mass per residue, and replacement of 20% of
the clay mass per residue. For the incorporations of 10 and 20%, each of the three
particle sizes of the residue was individually evaluated.

The ceramic formulations were molded by extrusion in the laboratory and burned
in an oven at 750 °C.

After firing, immersion absorption, sorptivity, mechanical strength, and mortar
adhesion tests were performed.



466 E. B. Zanelato et al.

Results

Table 2 shows the granulometric distribution obtained by the residues and the clay
used in the work for making the ceramics.

It can be seen from thefigure that thewaste used has three different granulometries.
Granite 1, the finest among the residues, has a grain distribution similar to that of
clay. Granite 2 has intermediate grain distribution, while granite 3 has the largest
grain size distribution.

Table 3 shows the results of Atterberg limits and real grain density.
The real density of the grains of the different residue granulometries obtained

were close results, and show some similarity with the clay. It was not possible to
perform the Atterberg limit test with granite as it does not have sufficient plasticity
for the test.

Table 4 presents the results of the chemical analysis of the residue and the clay.

Table 2 Particle size distribution of materials

Sample Particle size percentages

Boulder Sand Sílte Clay

Gravel Medium Fine Gravel Medium Fine

Clay – – – 0.3 1.2 5.9 31.9 60.7

Granite 1 – – 0.3 0.6 1.9 5.2 34.1 57.9

Granite 2 – – 1.1 1.3 1.2 5.6 42.3 48.5

Granite 3 – 1.2 0.9 2.0 2.1 8.1 69.4 16.3

Table 3 Atterberg limits and real grain density

Clay Granite 1 Granite 2 Granite 3

LL 47.5 – – –

LP 19.5 – – –

IP 28.0 – – –

Yg 2.82 2.65 2.64 2.65

USCS CH SM CH CH

Table 4 Chemical analysis

SAMPLE Elements (%)

SiO2 Al2O3 Fe2O3 K2O TiO2 SO3 CaO BaO Others

Clay 44.98 40.21 6.79 2.04 1.59 1.49 1.42 – 1.48

Granite 1 60.99 20.31 5.24 6.59 0.58 1.43 3.91 0.64 0.31

Granite 2 61.24 20.01 5.34 6.79 0.76 1.54 3.35 0.56 0.41

Granite 3 60.73 21.03 5.41 6.54 0.64 1.25 3.53 0.62 0.25
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Fig. 1 Water absorption by immersion. (Color figure online)

The clay has an expressive composition of silicon oxide and aluminum, indi-
cating a strong indication of the presence of clay minerals such as kaolinite
(Al2O3·2SiO2·2H2O), which is commonly found in the region where the clay was
collected. Granite, on the other hand, has a predominance of silica.

The results obtained by the ceramic in the immersion absorption test are illustrated
in Fig. 1.

It can be seen from Fig. 1 results that the water absorption by immersion varies
according to the level of incorporation and granulometry of the granite.

Granite 3, which has larger grains, showed greater absorption among the tested
granulometries. Granite 1 and 2 showed similar absorption.

The level of incorporation also affected the absorption of water, but with less
impact, by slightly increasing the absorption as the incorporation of the residue
increases from 10 to 20%. It is noteworthy that both the 10 and 20% incorporations
obtained absorption below the reference without residue.

Figure 2 shows the results of mechanical resistance.
Similar to what was verified in the absorption by immersion, the mechanical

strength increased in relation to the reference in the same combinations where
the absorption by immersion decreased in relation to the reference. This behavior
can be justified by the porosity. In general, ceramics with greater porosity have
greater absorption by immersion and less mechanical resistance, in the same way
that ceramics with less porosity have less absorption by immersion and greater
mechanical resistance.

Figure 3 shows the results of the sorptivity test.
It can be seen from the results that the absorptivity is influenced both by the

granulometry of the residue and by the level of incorporation of the residue.
Granite 1 stands out with the highest absorptivity values, indicating that the

ceramic has a large number of pores of reduced diameter, and therefore, greater capil-
larity. This effect was already expected by the low immersion absorption obtained
by the reduced particle size of the residue.
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Fig. 2 Flexural strength. (Color figure online)

Fig. 3 Sorptivity. (Color figure online)

Granite 2 presents values higher than the reference, but lower than granite 1. In
this test there is a differentiation of the results obtained between the granulometry
of granite 1 and 2, which until then, obtained similar results.

Granite 3, on the other hand, showed lower values than the reference.
The increase in the level of incorporation from10 to20% increased the absorptivity

for the three particle sizes of the residue.
Figure 4 shows the results of the adhesion test.
It can be seen from the results obtained, as the absorptivity test had found, that

granite 1 significantly increases adherence with mortar. Granite 2 also showed an
increase in adhesion in relation to the reference, but slightly lower than granite 1.
Granite 3, on the other hand, presented values lower than the reference.

The increase in the level of incorporation of the residue also promoted an increase
in adhesion for all granites used.
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Fig. 4 Adherence. (Color figure online)

Conclusion

In this work, it was found that both the use of the residue significantly influences the
physical properties of the ceramic where the following points can be highlighted.

• Granite 1, the finest among those tested, significantly decreases the porosity of the
ceramic; consequently, the absorption by immersion is decreased, the mechanical
resistance is increased, and both the absorptivity and the adhesion are increased.

• Granite 2, of intermediate granulometry, obtained results similar to granite 1 in
absorption by immersion and resistance, but slightly lower in absorptivity and
adhesion.

• Granite 3, of greater granulometry, performed less than the reference without
residue. Similar immersion absorption and mechanical strength, but lower
sorptivity and adhesion.

• The increase in incorporation from 10 to 20% of residue slightly enhances
performance for all three granites tested.
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Influence of the Incorporation of Granite
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Abstract The reuse of granite waste in the manufacture of building paints is an
alternative studied to contribute to sustainable development. Therefore, the objective
of this study is to evaluate the influence of granite waste, acting as mineral filler,
on the weathering resistance of soil pigment-based paints. To manufacture the paint
samples, amixture design of experiments was defined, varying the proportions of soil
(pigment), granite waste (mineral filler), and polyvinyl acetate resin (binder). On
the other hand, the water (solvent) was varied in each mixture, in order to keep a
constant paint viscosity. The weathering resistance test was performed based on the
specifications of ASTM G7:2013. A weekly monitoring was carried out to identify
the appearance and development of pathological manifestations in the paint films.
The color variation was quantified by the delta-E method. The paint film submitted
to weathering was compared with the paint film protected from external agents.
It was observed that the use of granite waste in soil pigment-based paints delays
the appearance of pathological manifestations and reduces the color change of the
product. Thus, it is possible to conclude that granite waste has a strong potential to
be reused in the production of paints.

Keywords Granite waste · Paint · Soil · Weathering resistance

Introduction

In recent years, Brazil has stood out in the group of major world producers and
exporters in the ornamental stone sector. This implies a great concern with the
waste generated in this industrial sector, because when these wastes are improperly
deposited, they cause damage to the environment and human health [3].

In general, the waste is obtained from several stages of the process of beneficiation
of ornamental stones of granitic origin (granites, gabbros, and gneisses), such as the
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stages of sawing the stone blocks and polishing the plates. During this industrial
process, fine particles of granite and water mix and form a mud [4].

Since the civil construction sector consumes a huge volume of natural resources, it
is an interesting option for reusing tailings [5]. One of the possibilities for disposal of
granite waste is its application in paints as an inert pigment. Inert pigments, mineral
fillers, or extenders are chemically stableminerals that can be extracted from deposits
or obtained by industrial processes. These minerals must have adequate character-
istics of whiteness and granulometry, in addition to low cost. They are incorporated
into the paint for technical specifications or just for economic reasons, and can
collaborate to improve certain properties of the product, such as the film’s mechan-
ical resistance, chemical and weather resistance, porosity, permeability, washability,
flexibility, covering power, brightness, uniformity and color development, dispersion,
rheology in production, storage, and application [6].

Paints with soil as pigment are often used by the needy people because the soil
can be considered a cheap pigment. It is easily accessible and obtainable, which
decreases the cost of the paint and contributes to the product sustainability [7].

There are several ways to test the performance and durability of paints. Among
them, the natural weathering test is the one that best simulates the real behavior of the
paint throughout its useful life. This is because the coating is exposed to all aggressive
factors, such as sunlight, rain, humidity, air pollutants, and temperature fluctuations
[8, 9]. Therefore, the objective of the present work is to study the influence of granite
waste, acting as a mineral filler, in the weathering resistance of building paints with
soil pigments.

Materials and Methods

Materials

Two types of soils were collected in the city of Viçosa (Minas Gerais—MG, Brazil):
the yellow ocher type and the red ocher type. The granite waste was supplied by the
company DecoloresMármores &Granitos, located in the southern region of the state
of Espírito Santo, Brazil. It was obtained through the diamond wire cutting process
and subjected to the moisture loss treatment in filter press equipment.

The soils and granite waste were subjected to a treatment of de-agglomeration
and mechanical dispersion of the particles in an aqueous medium, using the Cowles
disk coupled to a mechanical stirrer, at a speed of 1500 rpm. Then, the screening was
carried out in a wet environment, using an ASTM 80 mesh (0.177 mm opening), as
recommended by Cardoso et al. [7].

The solvent chosen was water and the binder vehicle selected was the
polyvinyl acetate resin (PVA) produced by Cascorez (Universal category).
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Characterization of Raw Materials

The soils and granite waste were characterized after being subjected to de-
agglomeration, dispersion, and sieving processes. For physical characterization,
granulometry [10], particle density [11], and specific surface area (through the
BET method, using the Quantachrome NOVA equipment and nitrogen adsorption)
were determined. For mineralogical characterization, X-ray diffraction (XRD) was
performed, using a X’Pert Pro MPD diffractometer (Panalytical) with Co-Kα radi-
ation (λ = 1.789 Å). Finally, for morphological characterization, scanning electron
microscopy (SEM) was performed, using a Leo 1430VP equipment.

Preparation of Paints

To determine the proportions of the materials, a mixture design of experiments was
developed. The independent variables of the mix planning were the soil and granite
waste pigments, ranging from 0 to 80%, and the resin, ranging from 20 to 40%
(considering the total resin, that is, volatile and non-volatile). These ranges of varia-
tion were defined according to the study of Silva and Uemoto [12] and according to
the values of pigment volume concentration (PVC) expected for economical matte
paints, which vary from 55 to 80% [13].

The experimental design was developed in extreme vertices of degree three
(complete cubic), with three components and additional central and axial points,
using the Minitab® 17 software. The formulations of the paints are presented in
Table 1. This design was reproduced twice. In the first one, yellow soil pigments
were used, while red soil pigments were used in the second experimental design.

Table 1 Proportions of
paints generated by the
statistical software Minitab®
17, in mass

Id Resin Soil pigment Granite waste pigment

1 0.200 0.800 0

2 0.300 0.700 0

3 0.400 0.600 0

4 0.250 0.575 0.175

5 0.350 0.475 0.175

6 0.200 0.400 0.400

7 0.300 0.350 0.350

8 0.400 0.300 0.300

9 0.250 0.175 0.575

10 0.350 0.175 0.475

11 0.200 0 0.800

12 0.300 0 0.700

13 0.400 0 0.600
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In addition, the water content varied in eachmixture, in order to keep the viscosity
within a constant range. After a series of preliminary tests, it was defined that the
kinematic viscosity considered ideal for the application of the studied paints corre-
sponds to the flow time of 12± 1 s, measured by the Ford glass viscometer with hole
number 4 [14].

For the production of the paint samples, a certain amount of soil pigments and
granite waste was mixed with the water and the PVA resin, according to the propor-
tions defined in Table 1. The Cowles disc coupled to a mechanical stirrer at a speed
of 500 rpm was used. Then, the viscosity of the mixture was measured with the
Ford glass viscometer, provided with a number 4 hole. When necessary, corrections
of paint viscosity were made through the addition of one or more components to
the mixture. It should be noted that these corrections have always respected the
proportions defined in Table 1.

The Weathering Resistance of Paints

The weathering resistance test was performed based on the specifications of ASTM
G7 [15], with appropriate adaptations. Mortar boards, composed of cement, lime,
and sand, 1:1:6 (by volume), were used as substrate for the application of paints.
Such boards had an area of 20 × 40 cm2 and a thickness of 2.5–3.0 cm, representing
the external coating used in the constructions. Each of the paint samples was applied
on a mortar board, in a total of three coats, according to the specifications of the
manufacturers of latex paints of the economic category. These plates were then
fixed, randomly, in a wooden structure (Fig. 1a). This structure was oriented to the
north with an inclination of 20° in relation to the vertical direction, since the city of
Viçosa-MG is at a latitude of 20° 45′ 14′′ S. In this way, the paint films were exposed
to the maximum incidence of radiation. Finally, the properly painted mortar plates

Fig. 1 Test of paint weathering resistance: a before fixing the metal plate; b after fixing the metal
plate. (Color figure online)
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were partially covered with a metal plate (Fig. 1b) so that only half of the dry paint
film was exposed to weathering.

The weathering resistance test started on July 10, 2017 and lasted for one year.
Monitoring was carried out weekly through visual inspection and image recording,
seeking to identify the appearance and development of pathological manifestations
in the paint films. The observed changes were linked to temperature and precipitation
data obtained from theMainClimatic Station ofViçosa [16, 17]. In addition, at the end
of the test, the metal sheets were removed, allowing the comparison between the part
subjected to weathering and the part protected by the metal sheets. This comparison
was made by determining the color difference, using the delta-E method.

The delta-E method consists of quantitatively obtaining the difference between
two colors in the RGB system. The delta-E is a value between 0 and 100, which repre-
sents the difference in Euclidean distance between the red, green and blue spectra
of an RGB. This is the method adopted by the International Lighting Commission,
as it is the one that best represents the perception of color by human beings [1, 19].
The RGB value of the protected paint film and the film exposed to weathering was
determined from the average of the RGB values of ten points randomly chosen from
each of the studied parts, using the Photoshop® software. Then, the delta-E between
the protected and exposed parts of each sample was determined using the Delta-E
Calculator software [20].

Results and Discussion

Characterization of Raw Materials

Table 2 shows the results of the physical characterization of the waste and the soils.
Regarding the granulometry, it is observed that the red soil is very clayey and the
yellow soil is clayey silt. The granite waste has particles predominantly similar in
size to the silt fraction. According to the values of average diameter (D50) presented
in this table, the granite waste presents particle sizes higher than the particles of the
soil. However, the particle diameter of a mineral filler can vary up to 15 μm when it
is used in paints [21].

Table 2 Physical characterization of pigments

Pigment Particle
density
(g/cm3)

Specific
surface area
(m2/g)

Granulometry (%) Average
diameter
(μm)

Clay Silt Thin sand

Granite waste 2.56 4.42 13.1 73.1 13.8 10

Yellow soil 2.46 34.55 37.5 48.4 14.2 5.5

Red soil 2.65 48.14 63.8 21.9 14.3 <1
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Fig. 2 XRD result of pigments

Regarding the specific surface area, it is observed that the granite waste has a
specific surface area much lower than that of the soil. This characteristic provides
the manufacture of more economical paints, since the greater the specific surface
area of the grains, the greater the amount of resin needed to completely cover the
pigment particles in the dry paint film [22].

In addition, the XRD results of those materials are shown in Fig. 2. It seems
that the waste has more intense peaks of quartz and albite and less intense peaks of
muscovite and microcline. The yellow soil has more intense peaks of kaolinite and
quartz, and peaks of low intensity of gibbsite, goethite, and hematite. The red soil
has more intense kaolinite, gibbsite, and quartz peaks and some less intense peaks
of goethite and hematite.

Subtitle: Ab—Albite (NaAlSi3O8); Ct—Kaolinite (Al2Si2O5(OH)4); Gb—Gibb-
site (Al(OH)3); Gt—Goethite (FeO(OH)); H—Hematite (Fe2O3); Mc—Microcline
(KAlSi3O8); Mv—Muscovite (KAl2Si3AlO10(OH.F)2); Qz—Quartz (SiO2).

Regarding the morphological characterization, the granite waste (Fig. 3a) is a
material that has a varied diameter distribution, composed of particles with irregular
morphology and angular corners. The yellow soil (Fig. 3b) consists of lamellar and
granular particles of different sizes, such as kaolinite and iron oxides, respectively.
The red soil (Fig. 3c) is shapedmostly by granular particles of very small dimensions,
such as iron oxides, which naturally tend to agglomerate. According to Karakas,
Hassas, and Celik [23], the shape and size of the particles interfere in their packaging
and, consequently, in the properties of the paint film.

Regarding the weathering resistance test, Fig. 4 shows the images of the mortar
boards covered with the paint samples, at the end of one year of exposure. Table 3
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Fig. 3 SEM of pigment particles: a granite waste; b yellow soil; c red soil (Mag. = 5000 X; Scale
bar = 2 μm)

Fig. 4 Result of the weathering test of paint samples after one year of exposure. (Color figure
online)

shows the color difference results, quantified by the delta-E parameter, between the
half of the protected paint film and the half exposed to the weather of all studied
samples. This table also presents the pathological manifestations identified in the
paint samples, over the year of exposure.

Regarding themeteorological data recorded fromJuly 2017 to July 2018 inViçosa,
there was an average annual temperature of 20 °C, with a minimum value of 5.5 °C
(inMay 2018) and amaximum value of 34.5 °C (in October 2017). Regarding annual
precipitation, an annual average of 1.3mm andmaximumwas observed inNovember
(79.4 mm) and December (87.2 mm) of 2017.

Figure 4 and Table 3 show that pathological manifestations were not observed in
yellow soil pigment-based paints and most of the red soil pigment-based paints. In
red soil-based paints with low contents of granite waste, however, microcracks and
peelingwere observed.Microcracks appeared during the drying phase and intensified
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Table 3 Color difference (delta-E) and pathological manifestations identified in paint samples
containing yellow soil and red soil

Id Yellow soil pigment-based paints Red soil pigment-based paints

Color change
(delta-E)

Pathological
manifestations

Color
change(delta-E)

Pathological
manifestations

Microcracks Stripping Microcracks Stripping

1 3.30 Absent Absent 27.07 Present Present

2 2.95 Absent Absent 13.36 Present Present

3 2.44 Absent Absent 7.21 Present Present

4 2.36 Absent Absent 10.87 Present Present

5 1.51 Absent Absent 4.51 Present Present

6 2.23 Absent Absent 4.89 Absent Absent

7 1.54 Absent Absent 4.4 Absent Absent

8 1.26 Absent Absent 4.14 Absent Absent

9 1.92 Absent Absent 2.04 Absent Absent

10 1.57 Absent Absent 1.52 Absent Absent

11 2.74 Absent Absent 2.74 Absent Absent

12 1.42 Absent Absent 1.42 Absent Absent

13 1.38 Absent Absent 1.38 Absent Absent

with temperature variations. Peeling appeared due to heavy rains. Figure 5 shows
images of sample 1 of red soil pigment-based paintswith different ages. It exemplifies
that the appearance of the microcracks (Fig. 5a) occurred, predominantly, in months
when the precipitation was null and the temperature variations were considerable.
Peeling (Fig. 5b) was verified when the rainfall was significant. Such pathological
manifestation evolved in the following weeks, as shown in Fig. 5c, in accordance
with the occurrence of precipitations.

Microcracks generally precede peeling andmay be the result, among other factors,
of exaggerated dilution of the paint or low levels of resin, which offer little adhesion
and flexibility to the film [24, 25]. It can be seen that the red soil has a predominantly

Fig. 5 Red soil pigment-based paint (sample 1): a after 5 weeks of exposure; b after 20 weeks of
exposure; c after 23 weeks of exposure. (Color figure online)
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clay granulometry and a high specific surface area (Table 2), which shows the need
for high levels of resin to involve the pigment particles and high water absorption.

It is also observed that, in addition to the granite waste content, the proportion of
resin also influenced the emergence of pathological manifestations, and the greater
the amount of resin, the lesser the defects in the paint films. According to Somturk
et al. [26], the increase in the volume of binder makes pigments more protected,
which results in paints with greater UV resistance and greater weathering resistance.
It is exemplified in Fig. 6. Samples 1 (Fig. 6a), 2 (Fig. 6b), and 3 (Fig. 6c) do not
have granite waste pigments in their constitutions and have increasing levels of PVA
resin. Note that, in sample 1, the paint film is more damaged, followed by sample 2
and, finally, sample 3.

In addition to the microcracks and peeling, the color difference between the half
of the protected paint film and the half exposed to weathering was also studied, being
quantified by the delta-Emethod. Table 3 indicates that red soil pigment-based paints
showed the greatest color differences. According to Polito [25], fading usually occurs
on surfaces constantly exposed to sunlight, with reddish paintings being one of the
most affected. Figure 7 exemplifies the color differences when the granite waste was
added to the mixture, keeping the resin content constant. Note that the higher the
percentage of granite waste present in the mixture, the lower the delta-E values.

Fig. 6 Red soil pigment-based paints, with variation in the percentage of resin, after one year of
exposure: a sample 1; b sample 2; c sample 3. (Color figure online)

Fig. 7 Red soil pigment-based paints, with variation in the percentage of waste, after one year of
exposure: a sample 2; b sample 7; c sample 12. (Color figure online)
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Table 3 shows the delta-E results. According to ColorMine [20], delta-E values
lower than 2 do not present a noticeable color difference. Table 4 andFig. 11 show that
only formulations with high levels of granite waste satisfy this specification, in the
case of yellow and red soil pigment-based paints. It shows that the granitewaste slows
the appearance of pathological manifestations and reduces the fading of the studied
paints. This result is probably due to the high levels of silica in the composition of the
granite waste. Silica is highly inert and forms a barrier that prevents the penetration
of aggressive agents [27]. However, this result does not mean that soil-based paints
with small amounts of granite waste cannot be used. It just means that these paints
are recommended for indoor environments, where they will be protected from the
agents responsible for weathering.

Conclusions

This research was developed to explore the use of granite waste as mineral filler
for soil-based paint production. Based on the results obtained by means of the
proposed methodology, it can be concluded that the higher the granite waste content
in the soil-based paint composition, the greater the product’s weathering resistance.
The use of granite waste in soil-based paints delays the appearance of pathological
manifestations and reduces the color change of the product.
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Influence of the Mixing Processes
of the Constituents of Incorporated
Geopolymer Materials with Glass Waste

L. R. Cruz, A. R. G. Azevedo, M. T. Marvila, A. S. A. Cruz,
J. A. T. L. Júnior, N. A. Cerqueira, S. N. Monteiro, and C. M. F. Vieira

Abstract During the production of geopolymeric materials a great challenge exists
when it comes to the process of dosing and mixing the constituents, called activators
and precursors. In addition, these materials have a great potential for incorporating
different solid waste. The objective of this work was to evaluate the different ways of
mixing the constituents of the geopolymermaterials, evaluating the influence of these
variations in the mixing process, molding and curing temperature of the mixtures,
and incorporating the glass waste as an activator of the mixture with a molar ratio of
3.5. Prismatic specimens were made and properties such as mechanical resistance
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to flexion, linear shrinkage, and water absorption were evaluated for each condition
evaluated. It can be concluded that the order of insertion of the components in the
mixture, as well as the molding mode and cure temperature directly influence the
technological properties of the specimens.

Keywords Geopolymer · Glass waste · Processes

Introduction

Geopolymericmaterials are composedof elements rich inSiO2 andAl2O3 in an amor-
phous state, called precursors, and of an alkaline activating solution, with different
formulations, which in combination encourage the occurrence of reactions called
geopolymerization [1]. Thesematerials can be used as a substitute for other construc-
tion materials, such as cement-based (mortars and concrete) and ceramics (tiles and
blocks). In addition to presenting a series of advantages, such as the high resistance
that is obtained in a few curing times, high durability and stability under fire expo-
sure conditions [2–4] are other positive points. In its application to replace traditional
ceramicmaterials, there is no need for the sintering step, that is, there is a great energy
saving in the consolidation and hardening process of the ceramic mass [3].

The use of geopolymers has become popular in many countries around the
world and its use includes everything from decorative artifacts, thermal insulation
to construction materials, such as ceramic tiles, concrete, and mortar [2, 5]. There
are also environmental advantages for its use, such as reducing CO2 emissions and
saving natural raw materials [5]. The term “geopolymer” was used in Davidovits
patents in 1979 to describe a family of mineral binders similar to artificial zeolites,
due to their structure (Si–O-Al) [6].

The various industrial activities generate, every day, greater quantities of solid
waste, which are disposed of in industrial sanitary landfills and have their trans-
portation and disposal costs paid by the companies that generate this waste [7].
Environmental legislation for the disposal of solid waste has become more stringent
worldwide. On the other hand, the areas available for the construction and expansion
of landfills are increasingly scarce, thus encouraging research aimed at the reuse of
waste solids [8].

The glass production industry is one that generates large amounts of waste, and
only the construction sector consumes a significant amount of flat glass. In its produc-
tion and polishing process, the glass industry generates waste which is disposed of
in landfills after undergoing a process of decanting [8].

The concept of circular economy has been highlighted, as the waste that tradition-
ally err in landfills is reused and is now being integrated into new production chains,
such as in the production of civil construction materials [9]. Many researches have
already been developed with this theme, showing the great potential that ceramic and
cementitiousmaterials have to reinsert solid industrialwaste.However, geopolymeric
materials also have this advantage, but it is still little explored [3, 5, 8].
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A major problem when it comes to geopolymeric materials is due to the difficulty
of obtaining a standardized process of mixing, processing, and dosing. This process
is not sufficiently described in the literature and hinders its application on a larger
scale [5]. Some research gaps arise [3, 5], for example, if the mixing process of
the constituent materials (activators and precursors) changes or even influences the
properties of the hardened material? Which type of cure and time do you have an
impact on? What about the temperature of the molding and curing? These are the
questions that are still poorly answered in the literature of these materials, especially
those that incorporate industrial solid waste [9].

Therefore, the objective of this work was to evaluate the different forms of mixing
of the constituent materials of the geopolymeric artifacts, evaluating the influence of
the variations in the mixing process (order of placement of the materials), molding
temperature, and curing of the mixtures, incorporating the waste of the mixture,
lapidation of flat glass as an activating element of the mixture and metakaolin and
sand as precursors, with a molar ratio of 3.5.

Materials and Methods

The materials used in this research were Metacaulim, from the HP ULTRA brand as
the precursor to the mixture, and the waste from polishing flat glasses, along with
water, as an activating solution. The glass polishingwaste was obtained in amaterials
processing industry located in the municipality of Campos dos Goytacazes, Rio de
Janeiro, Brazil. The waste was collected from settling tanks, in the form of a sludge,
and went through a drying process, removal and screening in the laboratory, in order
to obtain a very fine granulometry (200 mesh sieve) [5]. Another material used was
natural sand, collected from the river bed, and sieved, for its use as a correction of
the dosage in the precursor materials, forming a granulated mixture.

Traditionally, geopolymeric materials are made using amixture of granulated part
(precursors)with the activating solution,which ismade 24 h in advance in a bottle that
must be hermetically closed, right after the materials are mixed in a homogenizing
equipment for about 20 min, allowing the molding of the specimens. This process
was referred to in this work as reference [10].

The proposed alternative process, calledmodel 1, consisted ofmixing allmaterials
(activators and precursors) in the form of grains, forming a single granular mixture,
which is mixed with water in the appropriate proportion, using the mechanical mixer
for about 10 min, to perform the molding of the specimens.

Regarding the temperature and curing time, room temperature (around 23 °C) and
thermal curing in an oven (70 °C), with 3 and 7 days of curing, were evaluated for the
molding and reference conditions, type 1 [5]. The specimens made were prismatic,
measuring 115 × 20 × 3 mm where the prepared mass was poured into the acrylic
molds (Fig. 1).
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Fig. 1 Specimens molded in an acrylic container. (Color figure online)

All mixtures produced fixed molar ratio of 3.5 and the geopolymeric mass
was prepared using materials ratio solution/precursor of 0.26. Table 1 shows the
processing information of different mixtures.

After molding and curing the geopolymerized specimens, they were subjected to
analysis of mechanical strength to flexion, linear mold retraction, and water absorp-
tion. The mechanical strength to flexion was determined using a press of EMIC
brand, with a loading rate of 0.5 mm/min. The prismatic specimens were placed on
a support to perform a three-point flexion test, according to the technical standard
[11]. Linear retraction was measured by comparing the dimension of length, width,
and height, before placing the specimens in the curing condition and after the curing
time, the result of which was in terms of percentage increase and/or shrinkage of the
specimens [5].

Water absorption was performed after the total curing time, immersing the speci-
mens in a water tank at room temperature and buying themass values obtained before
and after submersion in water, in accordance with the technical standard for this test
[12].

Table 1 Nomenclature of the
mixtures performed

Materials
processing

Curing
temperature

Curing time Name

Reference 23 °C 3 days REF23-3

7 days REF23-7

70 °C 3 days REF70-3

7 days REF70-7

Model 1 23 °C 3 days MOD23-3

7 days MOD23-7

70 °C 3 days MOD70-3

7 days MOD70-7
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Results and Discussion

After the rupture of the prismatic specimens, the values of the mechanical strength
to flexion, in MPa, were obtained, as can be seen in Fig. 2.

The results shown in Fig. 2 indicated that the cure thermal, that is, when the
specimens were subjected over at a temperature control of 70 °C obtained a greater
mechanical strength to flexion, because during that period the reactions geopolymer-
ization have been enhanced. Another point that deserves to be highlighted is that the
new model of mixing the materials (model 1) causes a reduction of this property,
since the activating solution only begins to rule with longer exposure times, differ-
ently from the reference situation, in which the solution is made 24 h in advance, so
the kinetics of reactions are favored in this process [13].

Regarding the curing period, as expected and according to other works in the
literature, there is an increase in strength with longer curing times. This growth is
relatively small, which may suggest that in curing times three-day specimens can
be used. This is beneficial in terms of reducing the cost of applying geopolymer
materials [3, 5]. In Fig. 3, it is possible to observe the linear retraction during the
curing period of the specimens.

In Fig. 3, the results of linear shrinkage were observed. Some studies in the
literature have already indicated that a limit of 2% of shrinkage can be tolerated
for applications in some construction materials, such as ceramics [13]. Thus, it was
observed that in the case of thermal curing there is an increase in retraction, caused
by the buffering effect of the geopolymeric matrix, which causes a greater change
in the dimensions of the specimens. As in the case of curing at 70 °C for 7 days the
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values found are given in Fig. 3. For this property the thermal curing may not be an
alternative, which in addition to non-compliance causes an increase in the energy
costs of the production process [4, 5].

The temperature of 23 °C with a curing period of 3 days was the one that showed
the least retraction, and the comparison between the mixing processes is practically
equal, 0.7 and 0.6, respectively for the reference and for the model 1. Figure 4 shows
the result of water absorption by simple immersion.

Figure 4 shows the results of water absorption, indicating that processing mode
1 reduces this parameter. This is mainly due to the greater pore filling effect of the
geopolymeric matrix, caused by the greater variety of granulometry of the dry mass,
before mixing, which contributes to an increase in compactness, further favored after
adding the solution. Thermal curing also favors a reduction in these water absorption
parameters, due to the higher geopolymeric reaction speed of the matrix [4].

A limit in the literature is that 5% absorption can be applied to some sealing
materials in the construction industry, but in other applications, such as tiles, this
value can be changed [3]. In general, the values found are within the basic Brazilian
normative limits [12].
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Conclusions

After discussing the results, it can be concluded that:

• It is possible to use another methodology, alternative, for mixing and processing
the geopolymer materials, allowing a time gain, since the solution does not need
to be prepared in advance of 24 h. In addition, the use of geopolymeric materials
can be an important tool to gain technological properties and increase the use of
these materials;

• Thermal curing, despite guaranteeing greater resistance, does not bring signifi-
cant advances in the other evaluated practices; therefore, its implementation is
not justified from a financial perspective, as it is very expensive, in addition to
generating great environmental impacts with energy consumption, for example.
Curing in 7 days, despite improving the properties evaluated in relation to 3 days,
does not justify its application economically, since within 3 days the materials
would have conditions of use for certain applications.

• Thus, mixing at room temperature (23 °C) is the most advisable, in addition to
a curing period of just 3 days, which is more economical, and it corroborates
other studies in the literature that have already indicated a gain in technological
properties with short curing time for geopolymer materials.

Acknowledgements The authors thank the Brazilian agencies CNPq, CAPES, and FAPERJ for
the support provided to this investigation.



490 L. R. Cruz et al.

References

1. Provis JL (2014) Geopolymers and other alkali activated materials: why, how, and what?Mater
Struct Constr 47(1–2):11–25

2. Provis JL, Bernal SA (2014) Geopolymers and related alkali-activated materials. Annu Rev
Mater Res 44(1):299–327

3. AzevedoARGet al (2020) Potential use of ceramicwaste as precursor in the geopolymerization
reaction for the production of ceramic roof tiles. J Build Eng 29(1):101–156

4. Amin SK et al (2017) Fabrication of geopolymer bricks using ceramic dust waste. Constr Build
Mater 120:340–356

5. Azevedo ARG et al (2020) Use of glass polishing waste in the development of ecological
ceramic roof tiles by the geopolymerization process. Int Appl Ceram Technol 25:1–10

6. Davidovits J (2013) Geopolymer cement a review. Geopolymer Sci Tech 23:45–58
7. Awoyera PO et al (2018) Characterization of ceramic waste aggregate concrete. HBRC J

14:282–287
8. de Azevedo ARG et al (2017) Influence of incorporation of glass waste on the rheological

properties of adhesive mortar. Constr Build Mater 148:359–368
9. Azevedo ARG et al (2018) Influence of sintering temperature of a ceramic substrate in mortar

adhesion for civil construction. J Build Eng 19:342–348
10. Suweni MM, Ahmadi H (2018) Performance of metakaolin geopolymer ceramic for fiber optic

temperature sensor. Mater Today: Proc 5(7):15137–15142
11. ASTM C674–13 (2013) Standard test methods for flexural properties of ceramic whiteware

materials. ASTM Int
12. ASTM C373–88 (1999) Standard test method for water absorption, bulk density, apparent

porosity, and apparent specific gravity of fired whiteware products. AstmC373–88
13. Duxson P, Provis JL (2008) Designing precursors for geopolymer cements. J Am Ceram Soc

67:78–84
14. Rivera JF et al (2018) Novel use of waste glass powder: production of geopolymeric tiles. Adv

Powder Technol 23:67–79



In Situ Investigation of Iron Ore Stock
Pile During Its Stacking and Reclaiming
Process

Wen Pan, Shaoguo Chen, Yapeng Zhang, Zhipeng Kang,
and Dongqing Wang

Abstract The physical properties of a large-scale stock pile of iron ore were in situ
investigated during its stacking and reclaiming process. The total weight of the stock
pile was around 200,000 tons. The stacking and reclaiming process lasted for 480 h.
The tested physical properties included angle of repose, size and shape data, size
distribution of the blending ore, and so on. At the initial stage of the stacking process,
the angle of repose was 37.1°. A decreasing trend was observed as the stacking
process proceeded. In vertical direction, particles at bottom are much coarser than
that at upper layer. In longitudinal direction, the head and tail Sect. (5.7 m in length)
of the stock pile showed serious particle segregation. According to the testing results
during the reclaiming process, the deviation of the particle size at the cross section
of the stock pile was above 10%.

Keywords Stock pile · Stacking process · Reclaiming process · Particle size
deviation

Introduction

In the process of rawmaterial in a large iron and steel plant, blending stockyard is the
core for technical control. The quality of blending ore will directly affect the quality
of sinter, and then affect the stability, smooth operation, and high production of
blast furnace [1]. The blending process is mainly composed of three steps: blending
proportioning, tiling, and cutting. Blending proportioning is used to blend various
raw materials according to a certain proportion in the blending batching chamber
through the batching tank and the quantitative feeding device. Tiling is used to
complete the longitudinal distribution of materials in the blending stockyard by the
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input substitution conveyor and the blending stacker. Cutting is used to complete the
transverse feeding through the blending reclaimer and the output belt conveyor in
the blending stockyard. Among them, the tiling stacking process is the core process
which affects the uniformity of the blending stack, and directly affects the particle
size distribution, particle size segregation, composition stability, and so on [2–4].

In order to improve the quality of blended ore, many iron and steel enterprises in
China have carried out research work on the control of the accumulation process of
blended ore [5–7]. In this paper, the online measurement and analysis of the stacking
process are carried out. Also, the size distribution of the blend at different locations
and the change of the stacking angle are analyzed.

Testing Method

Testing Method of Stacking Process

Iron ore was blended in a large-scale stock pile of 600 m long and 50 m wide,
weighing about 200,000 tons after the stacking. During the stacking process, seven
sampling points were tracked at the head, 200 m (South 1, North 1), 350 m (South
2, North 2), and 500 m (South 3, North 3), respectively. Each point was divided
into two sampling points; the lower sampling point was 0.5 m from the ground
and the upper sampling point was 2 m from the ground, as shown in Fig. 1. From
the beginning of stacking to 150,000 tons, at every 6,000 tons the angles of repose
were measured. After 150,000 tons, at every 8,000 tons the angles of repose were
measured. The angle of repose was measured once at the seven points mentioned
above, and each point was repeated three times. Around 60 kg of iron ore samples
were collected from the 14 measuring points for particle size measurement. Size
composition includes > 10, 10–8, 8–5, 5–3, 3–1, and < 1 mm.

Testing Method of Reclaiming Process

When the stock pile was cut vertically after the stacking was completed, the machine
stopped at the middle of the stack. The cross-section of the blending stock pile was
sampled and the particle size and composition distribution were analyzed. Figure 2
is the partition diagram of the sampling cross-section of large stock pile.

Fig. 1 Measurement schematic diagram
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Fig. 2 Partition diagram of cross section of large stock pile

Testing Results

Testing Results of Stacking Process

(1) Repose angle of blended stock pile
Figure 3 shows the change of slope inclination angle (the angle of repose) on
the south side and north side during stacking. It can be seen that the angle of
repose decreases with the increase of stacking both on the south and north. The
angles of repose on the north side are slightly bigger than those on the south
side, with an average of 36.2°on the north side and 35.5°on the south side.

Fig. 3 Change of North–South angle of repose during stacking process. (Color figure online)
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(2) Blended stock pile growth

From Fig. 4, the whole process of stacking growth can be observed intuitively. The
growth of blended stock pile includes the growth of transverse, longitude, and height
dimensions.

The transverse refers to width direction of the north side and south side. Growth
in transverse direction can be measured by the distance between the edge of stock
pile and stock yard. The measured results are shown in Fig. 5. The ratio of the north
and south edge distance to the stacking volume is called the transverse growth speed
of the stack, as shown in Fig. 6. From Fig. 5, it can be seen that the southern edge

Fig. 4 Photographs of stacking process. (Color figure online)

Fig. 5 Dimensional change of North–South edge distance
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Fig. 6 Transverse growth velocity of stock pile. (Color figure online)

distance of the stock pile is less than 0.7 m on the north, which indicates that the
blended stock pile is disposed to the north. The center line of the stock pile is about
0.35 m away from the center line of the stock yard.

According to Fig. 6, the transverse growth speed of the stock pile shows that the
growth speed of the southern edge and northern edge is basically the same except
for individual measuring points. Figure 7 recorded the change of cantilever pitch
angle during the stacking process . The change of cantilever pitch angle is from –15°
to + 10°. According to the change of pitch angle and geometric parameters of the
stacker, the simulation diagram of the cantilever stacking process is shown in Fig. 8.

Fig. 7 Change of cantilever pitch angle during stacking
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Fig. 8 Simulation diagram of cantilever stacking process. (Color figure online)

Testing Results of Reclaiming Process

(1) Figure 9 shows the particle size composition of blended ores at each point. It
can be seen that for the same size of blended ores, the deviation of percentage
content in transverse and vertical directions is more than 10%.

(2) Figure 10 shows the statistical result of the average particle size of the cross-
sectional blended ore. Particles in the upper layers are bigger on both sides and
smaller in the center. In the middle layers, particles on the north side are bigger
than that on the south side, while particle size in the lower layers changes in the
opposite trend.

Fig. 9 The particle size
composition of blended ores
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Fig. 10 Statistical result of the average particle size of the cross-sectional blended ore. (Color
figure online)

Conclusions

1. With the increase of stacking volume, the angle of repose on both sides shows
a downward trend. The angle of repose on both sides shows regular upward and
downward fluctuation during the downward process. Comparing the angles of
repose on the north side and south side of the stock pile, the angles of repose on
the north side are slightly bigger than those on the south side, with an average of
36.2° on the north side and 35.5° on the south side.

2. During the reclaiming process, the deviation of the particle size at the cross-
section of the stock pile was above 10%.

3. Particles of iron ore fines in the upper layers are bigger on both sides and smaller
in the center. In the middle layers, particles on the south are smaller than that on
the north, while it shows an opposite trend in the lower layers.

Acknowledgements Supported by National Key R&D Program of China (2017YFB0304300 &
2017YFB0304302)

References

1. Wenkang L (2013) Technical measures for improving mixing effect of blends. Shanxi Metall
36(02): 42–44+83

2. Haibin L, Tiande X (2011) Reconstruction of blending yard for laisteel 2 × 265 m2 sintering
system. Sinter Pelletizing 36(04): 42–44+52

3. Kang X, Wang D (2017) Application and practice of new technology in modern comprehensive
raw material field. Sinter Pelletizing 42(02):57–61

4. Production ofMixingMaterial Field of Sintering Plant of Shi Steel (2007) HebeiMetall (04):28–
30



498 W. Pan et al.

5. Chang J, Niu Q (2004) Hongli Song. Appl PLC Control Syst Angang Mix Mater Spot 04:45–46
6. Mingyi W, Qinglin N et al. (2004) Control system of mixing yard of Anyang Iron and Steel

Company based on PLC. Electr Technol (08): 42–43.
7. Feng L, Sun H, Li B (2000) Revamping of mixing material yard and its production effect in

Xinggang. J Hebei Inst Technol S1:81–83



Particle Size Matching Mechanism
of Blending Ore and Solid Fuel
in Sintering Process

Shaoguo Chen, Yapeng Zhang, Wen Pan, Zhengming Cheng, Zhixing Zhao,
Jiangshan Shi, Huaiying Ma, Tongbin Wang, Zhe Wang, and Liping Chen

Abstract The particle size of imported iron ores has gradually become bigger,
which is adverse to mineralization and reaction in sintering process. At present,
only imported iron ore fines are used in Jingtang sintering plant. And it is hard to
control the particle size of imported iron ores. Different iron ore fines are mixed
properly before charged to sintering machine. It is an important means to solve this
problem to seek the particle size matching between solid fuel and iron ore fines. The
suitable matching mode of fuel particle size (d) and blending ore particle size (D) is
as follows: d/D = 0.47 ~ 0.54. When the particle size of blending ore changes, the
fuel particle size should be controlled according to d/D with fuel crushing process.
Since the matching mode was applied, the main quality indexes of sinter improved
obviously. The return fine rate of sinter decreased from 25.43 to 24.64%, and the
solid fuel consumption decreased from 44.8 to 43.9 kgce/t.

Keywords Particle size matching · Sintering · Solid fuel consumption

Introduction

With the increase of the resource supply of imported iron ore fines and the cost control
of mining companies, the imported iron ore resources have gradually deteriorated.
Particle size of imported iron ore fines becomes coarser [1–3]. At present, only
imported iron ore fines are used in Jingtang sintering plant. And it is hard to control
the particle size of imported iron ores. If particle size of iron ore fines was too coarse,
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it is adverse to mineralization and reaction in sintering process, especially under the
condition of thick layer. Segregation of coarse-grained rawmaterials to the bottom of
the layer will bring obviously negative effect on sinter production [4]. Different iron
ore fines are mixed properly before charged to sintering machine. It is an important
means to solve this problem to seek the particle size matching between solid fuel
and iron ore fines.

Materials and Experiments

Coarsening Condition of Iron Ore Fines

As the main iron ore fines, ore A from Brazil and ore B from Australia were applied
in Jingtang sintering process. In 2009, for themeasured particle size of ore A, propor-
tion of < 0.15 mm particles was 36%, proportion of > 5 mm particles was 26%, and
the average particle size was 3.60 mm. However, they are 15%, 33% and 4.35 mm at
present, respectively. The particle size of ore A becomes coarser. Moreover, propor-
tion of < 0.15 mm particles of ore B was about 67% in 2009, and the average particle
size was 2.37 mm. At present, they are 57% and 3.12 mm, respectively. As shown in
Fig. 1, the average particle size of Jingtang blending ore became larger either.

Fig. 1 Variation trend of particle size of Jingtang blending ore. (Color figure online)
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Table 1 Blending condition of raw mixtures for sintering pot tests (mass%)

Blending
ore

Sinter
return

Blast
furnace
return

Quick
lime

Limestone Coke
breeze

Sintering
ashes

Blast
furnace
ashes

70 30 12 3.65 0.5 4.24 1.0 1.0

Thermogravimetric Analysis and Differential Scanning
Calorimetry (TG-DSC) Test

TG-DSC test was carried out to study and elucidate the influence of particle size
on the thermal decomposition characteristic of coke breeze. Three granulometric
classes of coke breeze were tested: < 0.1 mm, 0.1–1 mm, > 1 mm. Each sample of
coke breeze with weight of 10 g was introduced into the TG-DSC tester with air
atmosphere. The temperature schedule was set to reach 1200 °C at 20 °C/min.

Sinter Pot Test of Particle Size Matching of Coke Breeze
and Iron Ore Fines

The sintering test was carried out in the following conditions: sintering pot size,
ϕ300 mm; sintering bed thick, 850 mm; ignition temperature, 1050 °C; ignition
time, 3 min; ignition negative pressure, − 12 kPa; and sintering negative pressure,
− 16.5 kPa. Table 1 shows the blending condition of raw mixtures.

Results and Discussion

Influence of Particle Size on Combustion Speed of Coke Breeze

As shown in Fig. 2, coke breeze with smaller particle size was faster than that
with bigger particle size on combustion speed. It indicates that coke breeze with
large particle size can hold high temperature longer in sintering process, which is
beneficial to the sintering reaction of coarser iron ore fines.

Influence of Particle Size Matching of Coke Breeze and Iron
Ore Fines on Sinter Pot Test Results

As shown in Table 2, when ratio (d/D) of breeze, that is average size coke breeze (d)
to average size of blending ore (D), ranged from 0.47 to 0.54, the technical indexes
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Fig. 2 TG-DSC curve of different particle size of coke powder. (Color figure online)

Table 2 Results of sintering pot tests for matching coke size with blending ore size

No 1 2 3 4 5 6

Average size of coke breeze d/mm 1.95 2.18 2.48 1.65 1.68 1.85

Average size of blending ore D/mm 3.61 3.61 3.61 3.61 3.61 3.61

d/D 0.54 0.6 0.69 0.46 0.47 0.51

Yield/% 83.64 83.62 82.91 84.27 83.65 82.41

Tumbler index/% 66.36 66.87 64.73 67.31 66.2 65.6

Productivity/(t/m2.h) 1.30 1.15 1.20 1.18 1.35 1.33

Fuel consumption/(kg/t) 45.06 46.28 45.95 45.93 45.13 45.62

Average size of sinter /mm 20.79 23.86 21.35 22.98 21.34 21.06

− 3 mm ratio of coke breeze/% 75.0 75.0 60.0 80.0 85.0 85.0

including productivity and fuel consumption were better than others. So, the suitable
matching mode of fuel particle size (d) and blending ore particle size (D) may be as
follows: d/D = 0.47 ~ 0.54.

To inspect the quantitative range of matching particle size of coke breeze and
particle size of blending ore, the particle size of coke breezewas adjusted and changed
according to the particle size of blending ore. Further, sinter pot tests were carried
out to verify the matching value. Table 3 shows the verification results of sinter pot
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Table 3 Verification results of sintering pot tests for matching coke size with blending ore size

No 7 8 9 10 11 12

Coke breeze average size d/mm 2.33 1.95 2.91 1.63 1.98 2.18

Blending ore average size D/mm 5.01 5.01 5.01 5.01 5.01 5.01

d/D 0.47 0.39 0.58 0.32 0.39 0.44

Yield/% 84.09 81.88 83.22 82.17 82.88 82.64

Tumbler index/% 63.6 63.87 64.27 67.87 67.47 66

Productivity/(t/m2.h) 1.51 1.49 1.48 1.41 1.38 1.33

Coke consumption/(kg/t) 45.7 47.92 45.14 47.4 46.78 46.78

Sinter average size/mm 22.32 19.36 20.76 20.19 21.47 21.06

Coke − 3 mm ratio/% 70.0 75.0 60.0 85.0 80.0 75.0

tests. In a series of schemes to continuously adjust the ratio of d/D between 0.47and
0.58, the sintering indexes were relatively good.

There was a quantitative matching relationship between fuel particle size and
blending ore particle size. The suitable matching mode of fuel particle size (d) and
blending ore particle size (D) is as follows: d/D = 0.47 ~ 0.54.

Industrial Application Effects

Based on the matching principle above, industrial test was implemented. Specific
changes of sintering indexes before and after the industrial test are shown in Table 4.
Compared to base period, the sintering indexes of industrial period improved signif-
icantly. Fuel consumption, sinter return ratio, and 0–10 mm sinter ratio decreased by
7.9 kgce/t, 0.47, and 0.74%, respectively. Other indexes are kept stable.

Table 4 Changes of sintering indexes before and after the industrial test

Title Fuel
consumption
/(kgce/t)

Tumbler
index
/%

0–10 mm /% Average size
of sinter /mm

Sinter return
ratio /%

d/D

Base period 49.1 82.56 18.11 21.24 25.33 0.65

Industrial
test period

41.2 82.48 17.37 21.32 24.86 0.52

Changes −7.9 −0.08 −0.74 +0.08 -0.47 –



504 S. Chen et al.

Conclusions

(1) Particle sizes of iron ore fines used in Jingtang sintering have changed. Due to
the increase of particle size of iron ore fines, the coarsening trend of particle
size of blending ore occurred.

(2) Coke breeze with larger particle size can make hold of high temperature longer,
which is beneficial to the sintering reaction of coarsening iron ore fines.

(3) Under the condition of Jingtang raw materials, the suitable matching mode of
particle size of fuel (d) and particle size of blending ore (D) was as follows: d/D
= 0.47 ~ 0.54. When the particle size of blending ore changed, the fuel particle
size should be controlled according to d/D.

(4) Based on the suitable matching mode, fuel consumption, sinter return ratio,
and 0–10 mm sinter ratio in Jingtang sintering process decreased: 0.9kgce/t,
0.79% and 1.05%, respectively.
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Research Progress of Aging Effects
on Fiber-Reinforced Polymer
Composites: A Brief Review

Michelle Souza Oliveira, Fernanda Santos da Luz,
and Sergio Neves Monteiro

Abstract Natural fiber-reinforced polymer (NFRP) composites have obtained
significance in recent times due to their wide application in different industries, such
as automotive, aerospace, construction, home appliances, and ballistic vest because
of the high cost of synthetic fibers and environmental issue. These natural fibers
are cheaper and lighter but their mechanical properties are lower than the synthetic
fibers. In addition, great efforts have been made to understand the phenomenon of
weathering of polymeric materials, which ultimately result in the deterioration of
the physical and mechanical properties of the polymer. This work aims to present
some research in the degradation area of natural fibers and their composites. The
components of NFRP and flexural strength and modulus are revealed in the first part.
Afterwards, the second part will be devoted to review some methods of aging treat-
ments applied to natural fiber composites. Eventually, a discussion about the optimal
approaches for lifetime prediction of NFRPs will be drawn.

Keywords Aging materials · Flexural test · Natural fibers · Polymer composites

Introduction

The reinforcement of the natural fibers into polymer (NFRP) composites has become
an attractive research topic over the previous decades [1–10]. NFRP composites,
also known as biocomposites, present some advantages compared with compos-
ites made of synthetic fibers such as potentially lower material cost, easy access,
lower density, good specific strength and stiffness, low manufacturing cost, degrad-
ability, promoting human welfare, and ecosystem health. For better understanding,
biocomposites can be defined as: (i) biodegradable polymers reinforced with natural
fibers; (ii) biodegradable polymers reinforced with man-made fibers; (iii) petroleum
based or non-biodegradable polymers reinforced with natural fibers [11]. Thus, no
harmful effect on the environment and their specific properties are main causes of
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Fig. 1 Number of scientific publications in effects of different types of aging in polymer composites.
Data obtained from Science Direct database (accessed on 03.07.20). (Color figure online)

the researcher interest attraction toward natural fiber composites. Figure 1 considers
the count of research articles, book chapters, and conference papers for the past
20 years, having as keywords “thermal aging”, “natural aging”, “UV radiation aging”,
“moisture absorption aging”, and “polymer composites”.

Along with number of benefits of NFRP, there are some drawbacks associated
with these materials [12]. One of the major drawbacks of biocomposites lies in the
fact that both polymers and natural fibers are prone to degradation when exposed
to different environmental conditions. After natural weathering periods, biocom-
posites may suffer from deterioration of several properties, such as discoloration,
surface roughness, and loss of mechanical and thermal stability [13]. The mechan-
ical properties of the composites deteriorate due to poor interface bonding between
the natural fiber and polymer matrix. It is due to hydrophilic nature of natural fibers
and hydrophobic nature of polymer matrix. Several surface treatments of natural
fibers were performed to overcome earlier mentioned difficulties during fabrication
of the composites to minimize this mechanism [14, 15].

The degradation of physical, thermal, and mechanical properties of NFRP
composites owing to long-term exposure to natural weathering, moisture, humidity,
and ultraviolet (UV) sunlight was reported in the literature [16]. The major concern
regarding outdoor applications of biocomposites consists in its dimensional stability
and durability against UV radiation, moisture, andmicrobial attack, where the degra-
dation comprises the alternations in crystallinity of the matrix phase. In other words,
the aging includes mainly chemical changes of the matrix materials, oxidation of
composite surfaces, and the interfacial strength degradation.
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Composites undergo changes in materials properties under hot–wet conditions
also [17]. It is known that composite structures are very sensitive to hydrothermal-
elastic stress as composite materials have heterogeneity-related difference in
hydrothermal-elastic properties of adjacent entities. The hygrothermal aging at high
temperature accelerates the moisture diffusion process. The aging agent can be
seawater, distilled water, tap water, demineralized water, or any other application-
based chemical [18]. Different aging effects used on synthetic and natural fibers from
last decades (2000–2020) and their effect on flexural properties of composites have
been reviewed which can edify further possibilities of enhancements of NFRP.

Main Characteristics of Natural Fibers, Epoxy, and Their
Individual Behavior Before Aging

Flora-based natural fibers, available in abundance in tropical and subtropical coun-
tries, are composed of cellulose, hemicellulose, lignin, pectin, and waxy materials.
Cellulose is the major constituent of the natural fiber which provides strength,
stability, and stiffness to the fibers. Cellulose’s rigid and insoluble micro-fibrils
chains enable it to serve as structural content of cellulosic fibers. As a linear polymer
made of glucose subunits linked by β-1,4 bonds, cellulose has a basic repeating unit
cellobiose. The individual cellulose fiber cells are linked together by means of the
middle lamella. Another branched polymer is hemicellulose which ismostly found in
the primary wall of the fiber. In contrast to cellulose, hemicellulose represents a type
of hetero polysaccharides with complex structures. Its main chain is characterized
by a β-1,4-linked-d-xylopyranosyl [18].

As the most abundant natural aromatic polymer, the role of lignin is to bind cellu-
lose microfibrils together in plants and is amorphous in nature. This heteropolymer
binding phase has a complex three-dimensional structure with aliphatic and aromatic
constituents. The most common linkages formed during lignin biosynthesis are the
β-O-4 ether linkages, followed by other types of ether and C–C linkages such as
α-O-4, β-β, β-5, and 5–5. The lignin component in natural fibers influences their
UV degradation, and water-soluble products, such as carboxylic acids, quinone, and
hydroperoxyl radicals, are formed [13]. These three main components assemble
together forming a distinct cell wall structure, as shown in Fig. 2, with excellent
mechanical properties and ultra-low density. In addition to these, a little amount
of organic and inorganic substances—for example, the pectin, mainly constituted
with polysaccharides—are also present on the natural fiber which is responsible for
color, abrasive nature, odor, and decay resistance of natural fibers. Unfortunately,
renewability and durability tend to be mutually exclusive, and the application of
natural materials is always a compromise between environmental sustainability and
long-term service [18].

Natural fibers are not so much stable at elevated temperature. These have mois-
ture absorption capacity which restricts them for moisture ambient applications. It
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Fig. 2 Schematic diagram andmicrostructure of fique fiber. Diagrammatic sketch ofmicrostructure
of cellulose microfibrils. Adapted from [18–20]. (Color figure online)

also leads to dimension instability problem for fiber composite. The cause for this is
hidden in the structure of natural fiber. Furthermore, after a longer period of exposure
to humidity, biological activities, such as fungal growth, occur within natural fibers.
The hygroscopic behavior of natural fibers influences the biodegradation character-
istic of a material. Higher moisture absorption increases the ease of microbial attack.
In addition, Sarikaya et al. [21] suggested that used fiber type had great importance
on strength characteristics of the composites.

On the other hand, the effects of radiation on polymer structure, and consequently
on its physical characteristics, are well known in the plastic industry. Indeed, the
mechanisms behind these effects show two opposite trends, depending on irradia-
tion conditions and exposure time: increased cross-linking of the polymermolecules,
which increases the mechanical strength, and oxidative degradation, which gener-
ally causes material weakening. The last tendency cited will be predominant since
it seems to be related to the amount of oxygen available on the material and the
capacity to replace the oxygen as it is consumed by chemical reactions with radical
produced during irradiation [22]. Currently, considerable efforts have been made
to investigate high-performance UV-curable coatings through changing materials or
operational parameters. Compared with thermal curing, UV-curing technology is
noted as 5E, which stands for efficiency, energy saving, enabling, economical, and
environmentally friendly.

Furthermore, epoxy resin (ER) has been widely applied in the field of electronic
instruments, construction, machinery, aerospace, coatings, electrical insulation, and
advanced composite materials, due to its simple processing, low-cost, and excel-
lent performance with respect to adhesion, wear, electrical insulation, and chemical
stability. The properties of ER are affected by light, heat, water, oxygen, and other
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atmospheric factors, which degrade its performance and shorten its useful life when
used in natural climates. UV irradiation can break some of the chemical bonds of
ER, causing aging and degradation of it. Therefore, after long-term UV irradiation,
the properties of the ER degrade substantially, and adding a second phase of ER is a
common way to improve its anti-UV aging properties [23].

Chen et al. [24] studied the chemical structures,molecular dynamics, andmechan-
ical properties of diglycidyl ether of bisphenol A (DGEBA)/triethylenetetramine
(TETA) resins act as a function of the gamma irradiation dose. The authors reported
that three distinct relaxations were observed for all polymers. The irradiation process
resulted in an increase of local mobility corresponding to β and γ relaxations, and
the cooperative mobility associated with α relaxation was also shifted to low temper-
ature with irradiation dose. In this case, it could be attributed to a destruction of
cross-linking networks or chain scissions. The flexural and tensile modulus results
of ER increased with irradiation dose.

Effects of High Temperature, Moisture Absorption, and UV
Radiation on Flexural Properties

Flexural loading of composite components occurs frequently in service, and it is a
relatively simple test to carry out and have beenwidely used to characterize composite
structures and materials [25, 26]. For good flexural strength, natural fiber compos-
ites should have good interface bonding between fiber/matrix. Mechanical properties
such as tensile and compression strength have been reported to decrease at elevated
temperature, as well as their viscoelastic properties [25]. The combined effects of
water absorption and thermal environment have greater effects on composite mate-
rials. As for water absorption, several studies reported that the moisture absorption
follows Fickian behavior and depends on both temperature and amount of relative
humidity in the environment [17]. In this case, water enters a composite material
principally by the mechanism of diffusion. The consequences are mechanical prop-
erty degradations, thermal degradations mainly with reference to the glass temper-
ature, which in turn affects the composites structural integrity, and a crucial issue
related to the composite’s applications. Moisture may also accumulate in matrix
causing microcrack, pores, cracks, and minor delamination between the layers of
the composite laminate. Other possible mechanisms are capillarity along the fiber
surface and fiber/matrix interface. Contextualizing, natural fibers swell aftermoisture
absorption and this leads to matrix microcracks around the swollen fibers. In consid-
eration of thermal aging, hot–wet environmental conditions on composite materials
play a very important role in performance and durability of composite parts.

The effect of temperature on polymers can be divided into two types, namely short-
term and long-term. In general, short-term effects are physical changes reversible
when the temperature returns to its original point. Long-term effects are mainly
chemical changes which are irreversible. At high temperature ranges (300–500 °C),
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polymers decompose and release heat and toxic compounds. When exposed to lower
temperatures about 100–200 °C, polymers will soften, creep, distort, and suffer dete-
rioration of mechanical properties [16]. The magnitude of internal stresses, induced
from differential thermal coefficients of their components, changes with temperature
change. Usually the maximum operating temperature of a polymer is slightly below
its Tg, at which the polymer transitions from rigid state to liquid state with signifi-
cant mechanical property loss happen. This indicates the importance of carrying out
studies on moisture absorption at different hot–wet conditions on NFRP composite
materials.

Badyankal et al. [15] found that the water absorption test carried out for 15 days
shows a minimal absorption of water for NaOH-treated fibers. Chaudhary et al.
[27] focused on the effect of water absorption on tensile, flexural, hardness, and
impact strength on the jute/flax/epoxy hybrid composite. The authors reported that
all mechanical properties were reduced after water absorption, decreased approxi-
mately two-thirds of initial tensile and flexural strength of composites before one year
of water absorption, followed by a hardness reduction of 2%, and impact strength
reduction 4% as compared to dry samples.

Pani et al. [30] observed thewater absorption behavior of bamboo/jute/glass (GBJ)
fiber-reinforced polymer hybrid composites in seawater aging condition. The GBJ
hybrid composite had more seawater absorption tendency, owing the maximum flex-
ural modulus observed. Surprisingly, it also presented themaximumflexural strength
among the others two types of hybrid composites in dry conditions.

Lu et al. [31] evaluated the effect of water immersion ageing on flexural and water
sorption properties of composites made of non-dry flax fibers and resins which have
low sensitivity to water. The authors suggested that composites made of non-dry
fiber had considerably lower water absorption and better transverse flexural strength
properties than composites made of dried fiber for both polyester/flax and epoxy/flax
composites, and could be used for enhancing the water durability of NFRPs.

Moreover, the UV photons absorbed by polymers result in photooxidative reac-
tions which alter the chemical structure, leading to material deterioration. Short-term
exposure to UV only causes change in surface morphology, but extended exposure
to UV radiation can deteriorate the matrix-dominated properties such as flexural
stiffness, interlaminar shear strength, and flexural strength [16].

Photooxidative reactions can also form chromophore chemical species. These
chromophores are simple molecules which absorb and transmit light, causing discol-
oration of the polymer as it absorbs the visible range of light. The NFRP compos-
ites have generally poor UV resistance. Chee et al. [11] studied, through acceler-
ated weathering and soil burial, the influence of environmental effects on the color,
biodegradability, oxidation stability and complex modulus of bamboo/kenaf fiber
reinforced epoxy composites. The authors fixed a loading of 40 wt.% fibers for tree
types of hybrid composites: 30/70, 50/50, 70/30, as well as pure epoxy. The kenaf,
bamboo, and hybrid composites were exposed to UV radiation at elevated tempera-
ture and humidity, for a total exposure period of 156 h. A cycle of UV irradiation of
8 h at 60 °C was followed by 4 h condensation at 50 °C. The investigation of color
changes induced after accelerated weathering revealed that higher bamboo fiber,
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with the higher lignin content, leads to more pronounced color changes. In terms of
thermal stability, the higher bamboo loading demonstrated the most stable hybrid
composite, after exposure to accelerated weathering and soil burial. After acceler-
ated weathering, the complex modulus of all the composites shifted to higher values
because UV irradiation induced further cross-linking reaction. One can observe that
material properties are dependent on temperature and moisture, which are given
explicitly in terms of the fiber/matrix properties and fiber volume ratio [28].

Furthermore, direct sunlight exposure will lead to the photodegradation process,
which can modify the surface chemistry of the composite. The photodegradation
mechanism of the polymer matrix is mainly concentrated on the surface of the
composite because the photooxidation is stimulated by UV irradiation and oxygen.
Photodegradation can cause changes in the polymer chemical structure, leading to
molecular chain scission, reduction in molecular weight, or chain crosslinking due to
the presence of catalyst residues, hydroperoxide groups, and carbonyl groups [13].

In the quest for green and energy-efficient product, the requirement of lightweight,
low-cost, and high-performance material with exceptional durability was proposed
recently [29]. The exposure process to UV radiation and ballistic properties of the
epoxy composite with natural fibers were performed by residual velocity with five
(5) shoots in each composites plates, as shown in Fig. 3. The epoxy composites
reinforced with 30 vol% of 50 jute/50 mallow fabric were prepared in a metallic
mold, with dimensions 150 × 120 × 10 mm, exposed to UV radiation and then test
by 0.22 ammunition. Characteristic modification of linkages in the polymer main
chain were observed after UV exposure.

According to the results in Fig. 3, it is noted that the photodegradation of compos-
ites optimized the impact absorption capacity for all conditions. Starting from values
of 96.8 J which represents 84.9% of the projectile energy of the control group to

Fig. 3 Graph of the absorbed energy and opposite face of the shots for the Jute/Mallow composites.
(Color figure online)
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106.3 J which represents 93% of the projectile energy for the group with 75 h of
exposure. The integrity of all composite plates after 5 shots remained. Energy dissi-
pation were attributed to the generation of fracture surfaces in composites and are
best viewed on the opposite face to the impact of the projectile. Groups that have
been exposed to UV radiation presented larger regions of fracture surfaces, which
caused a greater absorption of impact energy.

Wang et al. [32] investigated the durability and the effect of natural and accelerated
aging on mechanical behavior of flax fiber reinforced composite. The authors found
a decrease of 15% on flexural strength and 36% on flexural modulus. The result
showed that accelerated and natural aging have different effects on the degradation
properties, it could be based on the different mechanism presented by them. The
main reason is only limited aging factors are considered in accelerated aging, while
natural aging is caused by a combination of various environmental factors.

Natural fiber reinforcement in two directions enhanced mechanical properties
significantly compared to unidirectional natural fiber reinforced composite. Bidirec-
tional natural fiber reinforced composites are orthotropic and have nine elastic coef-
ficients. They are very different from the unidirectional fiber reinforced composites
which are transversely isotropic. Wang et al. [33] developed the mechanical degra-
dation model for bidirectional NFRP under moisture absorption and hydrothermal
loading andused themodel to investigate the buckling andvibration behaviors of bidi-
rectional NFRP composites plates. They reported that the elastic module and buck-
ling load decreased monotonously with time and approached to a certain value with
time. The degradation of elastic modulus for the composites with high fiber content
present larger than with low fiber content. The reason for this phenomenon is the
more damaged interfaces are induced by hygrothermal ageing moisture absorption
for a composite with higher fiber content.

Most recently, application of graphene in polymer composites has become more
common due to the benefits of their two-dimensional atomic carbon sheet structure
[34]. This unique material can significantly improve mechanical, electrical, or gas
barriers as well as the thermal stability of polymer composites even with a very small
filler loading and hence is a promising material for potential diverse applications.
With regards to thermal stability, an increase in the onset of non-oxidative degradation
temperature by 20–30 °C and even higher has been reported [35]. Moreover, these
materials increase the viscosity and hinder the thermal movement of polymer chains.
The large specific surface of the graphite may also act as a radical trap for the
radicals generated during the combustion and degradation process and further assist
in improving the thermal stability.

All these phenomena cited will affect the interfacial adhesion between fiber
and matrix, which leads to poor stress transfer and alters the physical, mechan-
ical, and thermal properties of the composites, mainly for ballistic applications.
This modality involves an impact mechanism, which is a very complex mechan-
ical/dynamic process. It depends on the thickness, strength, ductility, toughness, and
density of the target material and projectile parameters [36]. Therefore, it is neces-
sary to investigate the behavior of NFRPs, applied in ballistic armor, under different
types of aging, in order to consolidate these materials as a new technology.
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Summary and Conclusions

Day-by-day the NFRPs are increasingly involved in many industrial applications.
This review has focused on single-fiber composites, hybrid composites, and their
flexural properties. The specific conclusions are:

• The research is still ongoing, and the V50 test can be performed to determine the
ballistic limit for the UV exposed composite reinforced with hybrid jute/mallow
fabric.

• Based on the residual velocity results obtained, it can be concluded that the
photodegradation caused a change in the properties of composites.

• After exposure to UV radiation, epoxy matrix composites reinforced with
mallow/jute fabric have optimized their energy absorption capacities impact for
0.22 mm caliber, absorbing 93% of the projectile energy.

• The composites under aging treatments by UV radiation showed a more effi-
cient behavior for impact absorption, generating more surface of fractures which
dissipates more energy.

• Thermal degradation of polymer composites is an even more intricate problem,
where fillers often seriously affect the stability of polymers.

• Considering the importance of stability, recyclability, and environmental issues,
further attention should be paid to this subject.
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Study of Face Shell Bedding Concrete
Blocks Prisms with Different Laying
Mortar Strength

T. E. S. Lima, A. R. G. Azevedo, M. T. Marvila, E. B. Zanelato, A. L. C. Paes,
J. Alexandre, and S. N. Monteiro

Abstract The structuralmasonry has as basic characteristic the use of the supporting
walls, formed with structural blocks joined by seating mortar. The blocks must have
compressive strength compatible with the loads to which they will be subjected to,
and the mortar must be adequately resisted in order not to compromise the structure
of which it is part of, and absorb the deformations to which the masonry is subjected.
Two types of mortar bedding are recommended: full bedding, covering net area
for unit, and face shell bedding, where the mortar is placed only in the face shell
area of the block. This work aims to test the compression of face shell bedding
concrete blocks prisms with two traces of mixed mortar with different compressive
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strength. It has been concluded that the increase of the compressive strength of the
mortarinfluences the increase in the compressive strength of the prisms with face
shell bedding type.

Keywords Structural masonry · Prism ·Mortar · Resistance
Introduction

Structural masonry is a rationalized constructive system, where the elements that
perform the structural function are masonry, simultaneously serving the functions of
structure and sealing. Themain structural concept linked to its use is the transmission
of actions through compression stresses. Its main advantages are the rationality in the
consumption ofmaterials and the speed of execution. It is obtained by superimposing
structural blocks, tied together, and joined by mortar joint.

To estimate the strength of the wall required to support the loads imposed on the
structure, the designer needs to know the physical and mechanical characteristics
of the component materials. The blocks must have compressive strength compatible
with the loads to which they will be subjected to, and the laying mortar must develop
adequate strength in order not to compromise the structure of which it is part of, and
should not bemore resistant than the block, and still absorb the deformations towhich
the masonry is submitted. Therefore, Brazilian Association of Technical Standards
[1] limits a maximum value of 70% of the characteristic compressive strength of the
block referred to the liquid area, for the compressive strength of the laying mortars
for structural masonry.

However, other factors also interfere with the structural behavior of the masonry;
among them are the finishing and workmanship qualities, the curing conditions, and
the thickness of the joint and the mortar pattern. The latter can be decisive in the
production and performance of the work. Two types of settlement of the units are
used, in a relevant and standardized way: face shell bedding and full bedding. The
face shell bedding consists of executing the horizontal joint with mortar only in the
longitudinal septa of the blocks. On the other hand, in full bedding, the mortar is
placed in all the septa of the blocks, including the transversal septa, as seen in Fig. 1.
The face shell bedding on horizontal joints has become a widely used option, since
it makes execution faster.

In this sense, this work aims to evaluate the behavior of face shell bedding prisms
done with concrete blocks with two mortar ratios of different compression strength.

Materials and Methods

The hollow concrete blocks used in this work were manufactured in the city of
Campos dos Goytacazes/RJ, with dimensions of (14 × 19 × 39) cm (thickness ×
height x length), water absorption of 6.32%, humidity of 12.34%, and compression
strength of 6.01 MPa referring to the gross area and 12.97 MPa referring to the net
area.
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Fig. 1 Face shell bedding type. Source: PORTELLA, 2015

Two mortar ratios were defined for this study, 1:0.5:4.5 and 1:1:6, respectively
representing cement:lime:sand. The mortars were produced with Portland cement
CPII E-40with a density of 2.97 g/cm3, fineness of 4.00%, and a 28th day of compres-
sive strength of 45.3 MPa, hydrated lime CH-III with a density of 2.31 g/cm3 and
washed sand from the Paraíba do Sul River, Campos dos Goytacazes/RJ, with a fine-
ness module of 2.04, maximum size of 2.4mm, specific weight in bulk of 2.61 g/cm3.
The water/binders ratio and the compressive strength were 0.9 and 8.93MPa, respec-
tively, for the mortar 1:0.5:4.5 and 1.26 and 5.72 MPa, respectively, for the mortar
1:1:6 keeping the consistency of the mortar in the range of (260 ± 5) mm. It has
been noticed that both mortars remained below the limit of 70% of the characteristic
compressive strength of the block referring to the net area.

To perform the compressive strength test, six prisms were produced for each
mortar mix. All prisms had a mortar joint thickness of (10 ± 3) mm and held for
28 days immobile in a weather-free place in the curing process (Fig. 2).

)b()a(

Fig. 2 Construction of the prisms: a detail of the face shell bedding type b constructed prism.
(Color figure online)



520 T. E. S. Lima et al.

The compression strength test of the prisms followed the procedures of [2] and
was performed in the MTS servo-hydraulic system with a capacity of 500 kN, at a
rate of 0.05 MPa/s, located in the civil engineering structures laboratory at UENF.

Results and Discussion

The results of the compressive strength tests of the prisms are shown in Table 1.
Analyzing the results, it can be seen that the 36% increase in compressive strength

between the two mortars generated a 24% increase in the compressive strength of
the prisms.

In addition, the prism/block ratio ranged from 0.5 to 0.7, fallingwithin the allowed
range of 0.5–0.9 for concrete blocks in Brazil, according to [3–15].

Regarding the rupture mode, all the prisms ruptured due to the development of
tensile stresses on the lateral face of prism, caused by rotation and crushing of the
supports (Fig. 3). The crushing of the lateral mortar induces horizontal stresses that
cause the material to rupture by flexion, as evidenced by [4–18].

Table 1 Results of the compressive strength of the prisms

Mortar
ratio

Prisms compressive
strength (fpm) (MPa)

Standard
deviation
(MPa)

Coefficient
of variation
(%)

Prism/Block
ratio (η)

Normalization

1:0.5:4.5 3.91 0.26 4.32 0.65 1

1:1:6 2.98 0.11 3.69 0.50 0.76

Fig. 3 Rupture mode of the prisms with face shell bedding type. (Color figure online)
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Conclusions

As shown by the tests carried out, the compressive strength of the laying mortar
influences the compressive strength of structural masonry prisms. Therefore, a 36%
increase in the compressive strength of the laying mortars generated a 24% increase
in the compressive strength of the prisms.

In the rupturemode of the prisms, therewere no notable differences in the cracking
and behavior of the specimens, the rupture being presented by all prisms due to the
development of tensile stresses on the lateral face, caused by rotation and crushing of
the supports, causing crushing of the lateral mortar that induces horizontal stresses
that cause failure by flexion.
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Materials Based on Slag
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Abstract Themain pathogens that occur in alkali-activated materials based on blast
furnace slag are efflorescence and the black heart, due to the saturation of very high
amounts of sodium. Therefore, the objective of this work was to measure the alkali
mortars activated by a solution of 2.5, 5, 7.5, 10, 12.5, and 15M using sodium
hydroxide, testing the material under compression and water absorption with 7 days
of curing at room temperature, and thermal curing at 60 °C. The results show that
the use of 12.5M and 15M causes the appearance of this pathology when curing in a
normal environment, while compositions with 10M, 7.5M, and 5M present excellent
technological parameters.
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Introduction

The use of alkali materials activated as building components is increasingly promi-
nent in the civil construction sector [1]. This fact happens due to the great advan-
tages that this type of material has, such as faster gain of resistance than conven-
tional cementitious materials, since the activated alkali materials reach satisfactory
resistance values at 3 or 7 days, for example [2].

The other advantages that can be mentioned are: resistance to high temperatures,
enabling safety in case of fires [3]; chemical resistance and stability, enabling applica-
tion in situations of greater aggressiveness; and higher compressive strength values
[4]. There is also a benefit related to the possibility of applying waste instead of
materials whose production is highly polluting, such as cement [5, 6].

As disadvantages can mention the problems related to the application of alkaline
solutions based on NaOH [7], these problems are initially operational, since the
material is a very strong base and can cause burns to less careful workers. From the
technological point of view, there is also a problem related to the highly exothermic
dissolution of NaOH in water, which, if not done in advance, the mixing of the
materials that make up the activated alkali compound can cause the occurrence of
unwanted cracks and retractions [8, 9].

Other disadvantages are related to the high viscosity of the alkaline solution,which
impairs the workability of the activated alkali concretes and mortars, hindering the
operations involving the material, and also the occurrence of pathological problems
in these materials [8, 9].

Regarding the pathologies that can occur in activated alkali materials, the occur-
rence of shrinkage and cracks stands out, due to chemical and autogenous principles
and the particularities of the reaction itself [10]; and efflorescence, which can be
considered the main pathological problem in activated alkali materials. This type of
problem occurs when the sodium present in the alkaline solution and necessary to
activate the hardening reactions of the slapper reacts with the gases present in the air,
such as CO2, producing a whitish powder that is concentrated on the surface of the
material [11, 12]. This powder, in addition to proving the inefficiency of the alkaline
activation reaction, is problematic because it causes discomfort to users who have
contact with the material, such as skin irritation and minor burns [11, 12].

In the case of calcium-rich strikers, such as blast furnace slag, usually the presence
of efflorescence is accompanied by a drop in resistance since the compounds respon-
sible for the resistance formed in the reaction of this material are of the tobermorite
type, as shown in Fig. 1 [7, 13]. In Fig. 1 blue triangle represents tetrahedral Si sites;
red triangle represents Al substitution into one bridging site; green rectangles denote
CaO layers; blue circles denote Al species; yellow circles represent Na+ species;
green circles denote Ca2+ species.

It is observed that the resistant compounds are C-A-S-H networks [14, 15]. There-
fore, if efflorescence is eliminated, two possibilities may occur: excess sodium or
deficiency in the alkaline activation reaction due to physical incompatibility, caused
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Fig. 1. Tobermorite-like C-A-S-H gel structure from [13]. (Color figure online)

by fineness and granulometry criteria, or chemical, by the absence of calcium or
silicates [9, 16].

Another important pathology in activated alkali materials is the black heart, which
occurs due to sodium saturation in the central region of the material [17–19]. This
defect is more common in burnt ceramic pieces, which due to the heat flow present
a concentration of sodium in the central region; however, it can occur in materials
formed by alkaline activation [18, 20]. The explanation is the occurrence of a mecha-
nismopposite to thatwhichmakes efflorescence possible. That is,while efflorescence
occurs due to reactionwith ambient air, forming a reaction pile, the black heart occurs
when the activated alkalimaterial is confined in an environmentwith noCO2, causing
the concentration of sodium inside the material [17, 19, 20].

In this context, the objective of this work is to carry out the production of activated
alkali materials produced with solutions of different concentrations of sodium and
to relate the compounds formed to the pathological problems, also evaluating the
influence on the mechanical resistance of the material.

Materials and Methods

The following materials were used to produce the activated alkali materials: granu-
lated blast furnace slag extracted from a Brazilian steel industry located in Vitória-
ES, Brazil; river washed sand extracted in Campos dos Goytacazes-RJ, Brazil; and
sodium hydroxide micropearls with 99% purity content. The slag is classified as
a precursor rich in calcium since the Ca/(Si + Al) ratio was 2.18, greater than 1,
necessary to classify the precursor as such [7].

The composition used was 1:2:0.45 (binder:sand:water), with the sum of blast
furnace slag and sodium hydroxide present in the activating solution being used as
a binder. The solution was produced by dissolving the sodium hydroxide in water
through a magnetic mixer, being dosed in different molar ratios, from 2.5 to 15 M.
The molarity calculation is performed using equation 1:

M = [NaOH ]
V

(1)
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where [NaOH] is the number of moles present in the solution, obtained by calcu-
lating the sodium mass divided by the molar mass of the compound, which is worth
approximately 40 g/mol. V is the volume of the solution.

With this composition of activated alkali material, cylindrical specimens of
50× 100mmwere produced, using three experimental units per composition, type of
cure and per test performed. The specimens were produced through molding, being
applied in three different layers, with the application of 25 strokes per layer. After-
wards, they were cured in two different conditions: in normal cure at an ambient
temperature of approximately 25 °C and in thermal cure at 60 °C. The cure time
was 7 days. The procedure followed the recommendations of the Brazilian standard
[21, 22].

Then the specimens were tested through three different tests: resistance to
compression, using a hydraulic press brand SOLOTET; water absorption; and mass
density in the hardened state. In all tests, the results for activated alkali materials
submitted to normal and thermal curing procedures were verified.

Results

Figure 2 shows the results of compressive strength at 7 days for the activated alkali
materials studied. It is observed that the best resistance parameters were obtained
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Fig. 2. Compressive strength of activated alkali materials. (Color figure online)
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for the solution with molarity 5M performed in thermal curing. The materials cured
at normal temperature obtained much lower resistance parameters, which can be
attributed to the efflorescence that occurred in the materials, mainly in the composi-
tions with higher sodium content. It is noteworthy that the efflorescence occurred in
all the compositions; however, it was more intense in the compositions with higher
sodium contents. This indicates that compositions containing lower molar ratios
also showed an inefficient reaction, because efflorescence also occurred in these
compositions [14, 15].

Figure 3 shows the occurrence of efflorescence in activated alkali materials cured
at room temperature. Figure 3a shows the composition with 5M, which showed
the best results for compression at normal temperature, while Figure 3b shows the
composition 15M, illustrating the excess of sodium and the intensity of efflorescence
in the material. Therefore, there is a direct relationship between resistance to this
pathology illustrated in the figure.

Regarding the resistance of thermally cured specimens, it is observed that there
is no efflorescence in the material, as they were confined in a place without access
to CO2. On the other hand, the excess of sodium accumulated internally, originating
with the black heart and forming a critical defect and a point of weakness that was
the main responsible for the drop in resistance in the material. This characteristic

(a) (b) 
Fig. 3. Efflorescence in activated alkali materials: a 5 M; b 15 M. (Color figure online)
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(a) (b) 
Fig. 4. Black heart in activated alkali materials: a 5 M; b 15 M. (Color figure online)

even demonstrates that the formation of C-A-S-H networks did not occur sufficiently
in compositions with a high sodium content [13].

Fig. 4 shows the rupture surface of the 5M ratio, which presented themain strength
values, and of the 15M composition. It is observed that while the 5M composition
did not present the black heart defect, the 15M composition was totally blackened.
This illustrates the non-formation of the activated and typical alkali networks of this
type of material and justifies the low resistance obtained.

Fig. 5 shows the density of the activated alkali materials studied, while Fig. 6
shows the results of water absorption. It is observed that the thermal curing reduces
the density of the materials, which is attributed to the elimination of water caused
by the heating rates. This affects the porosity and consequently the water absorp-
tion of the materials, although the compositions with a lower sodium content do
not present statistical difference between the types of cure studied. Given this infor-
mation, it is possible to attribute the greater water absorption of activated alkali
materials produced in thermal cure with higher sodium contents to the black heart
defect presented in these compositions. That is, the black heart functions as a region
of fragility within the material, being responsible for the increase in water absorption
rates.
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Conclusion

After the results, it can be concluded that:

• The use of high levels of sodium in activated alkali materials favors the occurrence
of pathologies such as efflorescence and black heart.

• Curing at normal temperature favors the reaction of the sodium present in the
composition of the activated alkali materials and the CO2 present in the atmo-
spheric air, mainly in sodium contents above 7.5M. This considerably reduces the
compressive strength of the material.

• Curing at temperatures of 60 °C reduces the occurrence of efflorescence and
improves the kinetics of activated alkali reactions, contributing to the increase in
resistance to compression. However, if there is excess sodium (above 7.5M in this
research), another pathological problem arises due to the concentration of sodium
inside the material. It is the black heart, which forms a region of fragility within
the material and reduces the resistance to compression.

• Thermal curing reduces the density of activated alkalimaterials due to the elimina-
tionofwater by thermal rates and increases the absorptionofwater in compositions
with high levels of sodium due to the occurrence of the black heart defect.
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Clay from Campos Dos Goytacazes-RJ,
in Mortar Applied on Walls and Ceilings
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J. Alexandre, C. M. Vieira, and M. T. Marvila

Abstract Civil construction is in constant search for alternatives to reduce the degra-
dation of the environment and, therefore, studies new materials technologies that are
sustainable. Mortar is an example whose raw materials involve a high commercial
value and highly energetic production processes in relation to CO2 emissions. This
work compares embedded clay mortars for use in wall and ceiling coverings. These
are two clays: a clay from Campos dos Goytacazes-RJ and an industrialized clay
collected from local businesses. For this purpose, characterization of the aggregates,
studyof themortar dosage, consistency indexes,water retention tests, specific gravity,
compressive strength, and tensile bond strength were carried out. The results indi-
cated that Campos clay tested as a material for dosing mortar in wall and ceiling
was compatible with industrial clay, allowing the commercialization of the studied
product.
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Introduction

The major problem presented using Portland cement and lime hydrated in construc-
tion materials, with emphasis on the use in mortars, the object of study of this paper,
is the great CO2 emission generated during the manufacture of these two binders [1,
2]. During the last decades there has been an increasing interest in cement industry to
incorporate pozzolanic materials to cement and increase the strength and durability
of mortars and concretes [3].

The study of new binders to replace the two mentioned above is extremely impor-
tant and contributes to the sustainable development of the civil construction sector.
Besides that, the replacement of these materials by other less reduce the price of the
product obtained. One of the materials that can be used in this way and that have
been studied for decades is clay.

The use of calcined clays as a pozzolanic material for mortar and concrete has
received considerable attention in recent years [3–10]. Another reason, in addition to
reducing CO2 emissions, is that mortar and concrete, which contain pozzolanicmate-
rials exhibit considerable enhancement in durability properties [11]. The calcined
clays which are rich in kaolinite present the best pozzolanic activity, while the illite
and montmorillonite containing a high content of non-clay minerals such as quartz
and calcite present a weak pozzolanic activity [4].

However, very few studies have been done on the use of clay as a substitute for
lime, which is widely used in an empirical way in civil construction. This material
leads to a higher water requirement for a given consistency and then improving the
workability of the mixture [12, 13]. The great advantage of this incorporation is that
this material does not require any industrial treatment and has low commercial value
when compared to lime. The increase of the amount of mixing water does not lead
to a decrease of the water retention capacity due to the water retaining properties of
the clay minerals. Therefore, the clay fines improve the fresh mortar characteristics.
However, the increase in water demand causes a strong decrease in the quality of the
mortar concerning mechanical and durability properties [13].

In this context, this paper aims to study the incorporation of two different clays
in mortars, one collected in the city of Campos dos Goytacazes-RJ, and the other,
industrial, in order to compare them and make their use feasible.

Materials and Methods

The clays used in the mortars of this investigation were one from Campos—RJ and
an industrial one. The qualitative mineralogical compositions of the clays, obtained
by X-ray diffractometry, in a Shimadzu DXR 7000 equipment, operating with Cu-
Kα and 2θ radiation ranging from 5° to 60°, are shown in Figs. 1 and 2. The
chemical analysis, obtained by X-ray dispersive energy equipment, model EDX700
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from Shimadzu, is given in Table 1. With these clays, mortars were produced here
denominated as tested clay mortar (TCM) and industrial clay mortar (ICM).

Toprepare thesesmortars,BrazilianPortland IICement (2.87g/cm3) andBrazilian
Portland V Cement (3.02 g/cm3) were chosen, in order to manufacture the mortar
used in this work. These adopted cements are easily found in the civil construction
market. The small aggregate selected to produce the mortars was a quartzite sand
obtained on the bed of the Paraíba do Sul River and is classified as a natural sand with
maximum diameter equal to or lower than 4.8 mm [14] and specific mass 2.73 g/cm3.
The water used was supplied by the concessionaire of Campos dos Goytacazes.
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Table 2 Mass values of mortar components

Cement
(g)

Tested
clay (g)

Industrial
clay (g)

Sand
(g)

Water
(g)

Total
(g)

Maximum
aggregate
fines
content
(%)

Proportion
of clay
minerals
(%)

Tested
mortar

214.2 304.3 – 1884.3 505.0 2907.8 5.23 2.85

Industrial
mortar

214.2 – 319.3 1884.3 570.0 2987.8 5.34 2.87

The granulometric characterization test of the clays studied was carried out
according to [15], a Brazilian standard that determines the granulometric analysis of
soils. The specific gravity and the Atterberg indices of the tested clay, the industrial
clay, and the sand were measured [16, 17].

The mass ratio of 1:1:6 for each mortar with tested clay with CPII and CPV, and
with industrial clay with CPII and CPV was corrected to the consistency index of
260 ± 10 mm according to [18]. The mass values of mortar component are given in
Table 2. The air entrained content must be between 8.00 and 17.00% according to
[19] for the study of dosage and workability. The compressive and the tensile bond
strengths tests of mortars containing tested clay and industrial clay at the ages of 7,
14, and 28 days were performed according to [20].

Results and Discussion

The X-ray diffractogram of both the clays shows the presence of the clay mineral
kaolinite and the minerals muscovite, quartz, goethite, and anatase, typical of
the quaternary region of Campos dos Goytacazes-RJ. The chemical composition
(Table 1) shows that the composition of SiO2 + Al2O3 above 93.00% characterizes
the tested clay as refractory, being able to withstand high temperatures if this
material is used in mortar for application in the presence of fire. The amount
of aluminum oxide (Al2O3: 42.20%) indicates the high presence of kaolinite.
Potassium oxide (K2O: 3.17%) can contribute in the mixture with cement to reduce
calcium hydroxide (portlandite), a fragile part of the mortar. The other compounds
below 1.00% do not interfere in the final product.

In the granulometric analysis (Fig. 3), the particle size distribution of the tested
clay and the industrial clay has significant differences, mainly regarding the clay
fraction, 32.00% for the tested clay and 42.00% for industrial clay. This is reflected
in the mechanical strength; however, as for the workability measured by the mortar
consistency, therewas no significant difference. Themaximumcontent of fines for the
tested clay is 5.23% and for industrial clay is 5.34%, meeting the criterion < 7.00%.
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The proportion of mineral clay is 2.85% for tested clay and 2.87% for industrial clay
after mixing in the mortar, meeting the < 35.00% criterion.

It can be observed in Table 3 that the tested clay has practically the same specific
gravity of the grains (2.60 g/cm3) in comparisonwith the industrial clay (2.59 g/cm3).
Thismeans that themass ratio will be similar. The difference is in the plasticity index,
whose lower IP value = 13.00% for the tested clay, presents the possibility of a less
fluid mortar compared to the mortar with industrial clay.

Analyzing the test on the flow table, it is observed that to have the desired value
of 260 ± 5 mm, it was necessary to add less water (505 g) in the tested clay mortar
than the industrial clay mortar (570 g). This means that the workability of the mortar

Table 3 Real specific gravity and Atterberg limits of the clays

Specific
gravity
(g/cm3)

Natural
water
content
(%)

Liquid
limit
(%)

Plastic
limit
(%)

Plasticity
index (%)

Consistency
index (%)

Activity

Tested clay 2.60 1.50 29.00 16.00 13.00 211.54 0.41
(inactive)

Industrial
clay

2.59 – 47.40 21.50 25.90 – 0.61
(inactive)
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with the tested clay uses less water to reach the same consistency, generating less
water consumption and less cost in the work.

The tested clay mortar obtained a result in air entrained content of 11.50%, and
industrial clay mortar, 10.00%. It is observed that the value practically does not
differ and is in accordance with the recommendation of [19]. In this regard, the air
entrained content favors the workability of the mortar, that is, making it moldable
on walls, ceilings, and brick settlements. This leads to a faster water absorption and
a higher total absorption of the material [13].

Figure 4 shows the mechanical strengths of the mortars studied at the ages of 7,
14, and 28 days. The tested clay and industrial clay, at all ages, do not differ, as the
deviations are coincident. Only among the cements used, a difference was noticed,
that is, at 28 days of age, the tested clay showed higher average resistance with
CP II than with CPV. The highest values were reached by the mortars added with
tested clay, showing that this clay can be used as an addition to the mortar for laying
masonry, wall, and ceiling coverings [21–27].

Conclusions

From the results obtained, it is concluded that:

• The clays have the same mineralogical composition, with the presence of the
clay mineral kaolinite and the minerals muscovite, quartz, goethite and anatase.
Regarding the chemical composition, they have practically the same components.
The clays have SiO2 + Al2O3 above 93%, and is characterized as refractory.
The amount of aluminum oxide (Al2O3) indicates the high presence of kaoli-
nite. Potassium oxide (K2O) can contribute in the mixture with cement to reduce
calcium hydroxide (portlandite), a fragile part of the mortar;
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• The particle size distribution of the tested clay and the industrial clay has signif-
icant differences, mainly regarding the clay fraction, 32.00% for the tested clay
and 42.00% for industrial clay. This reflected in the mechanical strength;

• It is observed that to have the desired value consistency, it was necessary to add
less water in the tested clay mortar than the industrial clay mortar, generating less
water consumption and less cost in the work;

• In relation to the air entrained content, mortars with the two clays don’t differ
significantly. The tested clay mortar obtained a result of 11.50%, and industrial
clay mortar, 10.00%;

• The tested clay and industrial clay, at all ages, do not differ, as the deviations
are coincident, in relation to mechanic strength. Only among the cements used a
difference was noticed, that is, at 28 days of age, the tested clay showed higher
average resistance with CP II than with CPV. The highest values were reached by
the mortars added with tested clay.

The clay tested as a material for dosing mortar in wall and ceiling coverings was
compatible with the industrial clay collected in the local trade for use in mortar. This
demonstrates the possibility of marketing the product studied. It should be noted that
other tests must be carried out to guarantee effective use of the tested clay.
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Abstract The pH is a critical variable and influences the surface state of the float
mineral particles and the flotation efficiency. Jamesonite is a sulphosal of lead and
antimony with iron content Pb4FeSb6S14. In this research, the study of the surface
state of jamesonite was carried out by means of infrared spectroscopy of particles
obtained in flotation without a collector in acid, neutral and alkaline medium. In an
alkaline medium, the flotation of the mineral decreases or is depressed, mainly due
to the oxidation of the surface iron forming iron oxyhydroxide, α-FeOOH goethite,
considered as a hydrophilic species, as well as the division of the main sulfate band
indicating the formation of metal sulfates. Meanwhile, when the flotation is carried
out without a collector at pH 5.9 and 7.8, a 70% w / w recovery is achieved, and the
absorption bands of the covalently bonded species are significantly attenuated.
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Introduction

Jamesonite Pb4FeSb6S14 is a lead sulfosalt that exists in nature associated with
iron sulfide-type minerals such as pyrite and pyrrhotite in hydrothermal deposits
[1, 2]. It is also considered a solid solution formed by lead sulfide and antimony
sulfide, therefore, the formula can be written as 4PbS·FeS·3Sb2S3 [3, 4]. Jamesonite
presents similar flotation conditions to galena PbS, for this reason, in the mineral
processing industry, a lead concentrate composed of both Pb4FeSb6S14 and PbS
species is commonly obtained [4].

The relevance of thismineral, on the one hand, is in lead (Pb), considered an impor-
tant metal in modern industry. Widely used in chemistry and the military industry, as
well as in electronics. Themain sources of lead areminerals such as galena, cerussite,
and jamesonite [4]. On the other hand, the industrial importance of the jamesonite
mineral is in antimony (Sb), this is a strategicmetal, used for the production of alloys,
chemical products, as well as in the military industry [5].

The fusion of these concentrates leads to excessive production costs due to differ-
ences in melting points [6]. For this reason, obtaining individual concentrates of
these mineral species is an outstanding issue that is currently being addressed [7].
Jamesonite is a mineral with contents of 40.15% of Pb, 35.39% of Sb, 21.75% of
S, and 2.71% of Fe. In the literature, it is established that jamesonite floats without
problems at natural pH without the need for activation [8]. In this research work the
study of the collectorless flotation of jamesonite will be approached

It has been established that the best flotation conditions for jamesonite are a
pH of 8, 20 mg/L of potassium amyl xanthate and 20 mg/L of butyl dithiophos-
phate. Furthermore, it has been established that activation with metal salts does not
improve results. However, at pH 10, the flotation of jamesonite is depressed, similarly
K2Cr2O7 depresses the flotation, but high dosages are needed, around 2000 g/ton [9].
Therefore, the use of organic and inorganic depressants during the flotation separation
of mineral sulfides is constantly the subject of arduous investigation, for example,
in the separation of jamesonite from impurities such as marmatite and pyrrhotite
mineral in the presence of isobutyl xanthate [10].

In this work, the surface state of the jamesonite obtained in flotation under slightly
acidic, neutral, and alkaline pH chemical conditionswas studied by Fourier transform
infrared spectroscopy, referring the optimal flotation conditions to pulp chemistry
and surface state of the jamesonite particles.

Experimental Methodology

The jamesonite used in this experimental work was exhaustively characterized by
instrumental techniques of XRD, SEM–EDS and previously reported [11]. The
jamesonite flotation tests were carried out in a Denver type flotation cell using for
each test 1 L of deionized water and 8 g of mineral particles retained on the 200 mesh
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(74 μm). The pH of the flotation pulp was adjusted as appropriate with NaOH and
1 M H2SO4 for alkaline and acid values, respectively.

The conditioning of the flotation pulp was carried out within the same cell, during
this stage and at the end of the flotation the potential of hydrogen ions (pH), the
oxidation–reduction potential (ORP) referred to as the standard hydrogen electrode
(SHE) mV was continuously monitored. As frother agent, methyl iso butyl carbinol
MIBC was used in a concentration of 60 mg/L provided by the company Alkemin
S.A de S.R.L. In addition, flotation times of; 30 s, 1, 2, 4, 6, 8, and 10 min obtaining
the recovery curves versus the flotation time.

The concentrates obtained at different flotation times were characterized by FTIR
to determine the surface state of the mineral particles during flotation without a
jamesonite collector, under different pH conditions. Therefore, the study of the influ-
ence of pH on the flotation without a collector of jamesonite would contribute to
provide information on the activation or depression of this mineral species.

Results

Figure 1 shows the results of the evaluation of the effect of activation or depression
of the pH in the flotation of jamesonite, it is observed that, when the initial pH of the
collectorless flotation is 5.9, natural pH, the cumulative recovery is around the 72%
w/w, similar cumulative recoveries are obtained when the pH is 7.8 in a maximum

Fig. 1 % of cumulative recovery jamesonite vs. flotation time effect of pH. (Color figure online)
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flotation time of 10 min. When the pH is greater than 8 the tendency of the flotation
of jamesonite is to decrease.

In this way, when the initial float pH is 8.9 and 10, the maximum cumulative
recoveries are 65% w/w and 55% w/w, respectively. Similar results have been found
in the literature, but using a diethyl dithiocarbamate collector in concentrations of 1
X 10−4 mol/L and terpenic acid as frother agent in concentrations of 6X10−5 mol/L
[12]. From Fig. 1, it can be seen that jamesonite presents excellent flotation at pH
between 5.9 and 7.8 without the use of a collector, only using frother agent.

The change in pH, not only alters the concentration of hydrogen ions H+ and
hydroxyl ions OH− in the flotation pulp, in addition, it decisively influences the
success or failure of the flotation of jamesonite, caused by the effect of the variation
of chemistry of the pulp specifically by the oxide reduction potential (mV) ORP of
the pulp the measured values of the potential are referred to the standard hydrogen
electrode (SHE) [13]. This property measures the oxidizing or reducing capacity of
a flotation system, in other words, it measures the ability of the pulp to exchange
electrons.

With regard to the potential for oxide reduction, previous electrochemical studies
of jamesonite show compounds rich in sulfur and deficient in metal, on the surface of
the particles, when it has a potential lower than+ 80mVand pHof 6.86. For example,
sulfur is passivated at a potential from+ 80 mV to+ 470 mV, with potentials greater
than this last value, S2O3

−2 and SO4
−2 are produced. Thus, from these studies, it

was found that at pH 9.18 the corrosion of jamesonite is much more intense and the
potential of oxidized jamesonite is similar to that of PbS, FeS, and Sb2S3 [14].

Figure 2 shows the results obtained in the monitoring of the oxide reduction
potential, from this figure it can be seen that the oxidizing character of the solution
tends to decrease with the addition of the mineral to the solution, subsequently the
pH is adjusted and the potential changes. When this is greater than + 200 mV,
good flotation efficiencies are obtained, however, at values lower than this value, the
jamesonite is depressed.

The alteration of the jamesonite happens at the surface level in the last atomic
layer of the mineral and the activation or depression during the flotation depends on
this situation, the phases formedwill be determined by the Fourier transform infrared
spectroscopy technique FTIR, due to the environmentwhere flotation occurs,mineral
particles tend to oxidize forming covalently bonded species such as sulfates, oxides,
hydroxides, oxyhydroxides.

To identify the species formed, FTIR spectra were obtained in the spectral region
from 400 cm−1 to 4000 cm−1 in a Perkin Elmer model Spectrum spectrometer, using
the potassium bromide pellet preparation method, using 0.01 g of sample and 0.3 g
of KBr, which were mixed and compressed in a hydraulic press, the obtained tablets
were analyzed by FTIR, obtaining their IR.

The identification of the different bands obtained was supported on the basis
of the constitution of an FTIR database of compounds of lead, antimony, and iron
oxides. Infrared spectroscopy is a powerful tool for the identification of the surface
state of jamesonite particles, the FTIR technique provides information that cannot
be obtained in XRD or SEM–EDS.
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Fig. 2 Oxide reduction potential referred to the Standard Hydrogen Electrode (SHE) mV vs. the
conditioning stage. Effect of pH. (Color figure online)

The IR study focused on three spectral domains: the zone corresponding to sulfur
species from 1000 cm−1 to 1200 cm−1, the zone of metallic oxides, hydroxides, and
oxyhydroxides from 400 cm−1 to 900 cm−1 and the carbonate zone 1300 cm−1 to
1400 cm−1. Figure 3 shows the infrared spectra of the jamesonite particles floated at
an initial pH of 10, for the first 30 s and 10 min of flotation it is worth mentioning
that at this pH the surface is depressed and the maximum cumulative flotation was
55% w/w.

The absorption band at 880 cm−1 in the IR spectrum of the floated particles in the
first 30 s indicates the presence of the Fe - O vibration bonds of the goethite Fe2O3.
H2O, therefore, this phase inhibits flotation of jamesonite from Fig. 1 presented
above, it is observed that at this flotation time a flotation of 8% w/w is achieved. The
vibration bands at 1049 cm−1 and 1088 cm−1 are attributed to the vibration of the
Sb-O and Pb–O bonds, of the Sb2O3 and PbO, respectively.

The weak bands of vibration at 1273 cm−1, 1383 cm−1, and 1641 cm−1 corre-
spond to the sulfate ion, the Sb-O bonds of Sb2O3 and the bending vibration of the
OH−1 ion bound at the surface, respectively. Note the presence of a weak signal from
the hydroxyl ion. Regarding the IR spectrum of the floating particles at 10 min of
flotation, it presents absorption bands at 469 cm−1 and 537 cm−1 which are assigned
to the modes of vibration of the Pb–O bonds of PbO and of Sb-O of Sb2O3, respec-
tively, it is worth mentioning that the band of Fe–O bonds is not present in this IR
spectrum Fig. 3.
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Fig. 3 IR spectra of jamesonite floated at initial pH 10, at 0.5 and 10 min. (Color figure online)

There is also a single absorption band at 1034 cm−1 corresponding to the vibration
of the free sulfate ion on the surface, weak absorption shoulders are also observed at
1243 cm−1, 1402 cm−1, and 1637 cm−1, it should be noted that the mode of vibration
of the hydroxyl bonds increases in this spectrum. On the other hand, Fig. 4 shows
the IR spectra of the jamesonite floated at pH 5.9 for the times of 30 s and 10 min of
floating, it should be remembered that the maximum recovery achieved in this test
was 72%w/w, the spectrum IR of the floating jamesonite in the first 30 s shows weak
absorption bands due to the decrease of the covalent binding groups of sulfates,
iron hydroxides, lead oxides and antimony, the only absorption band present in a
significant way is that corresponding to the hydroxyl ion at 1629 cm−1.

Regarding the IR spectrum of the jamesonite particles obtained at ten minutes of
flotation, there are weaker absorption bands, except for the signal at 1113 cm-1

and 1618 cm-1 that correspond to the sulfate and hydroxyl ion respectively, in
previous work has described similar absorption bands [15, 16]. In the field of mineral
processing, there is a point of agreement that oxidation of mineral sulfides produces
a surface rich in sulfur and deficient in metal [17].

Due to this characteristic, sulfides such as jamesonite experience natural flotation,
however, the surface increase of oxide phases such asPbO,PbO2, Sb2O3, significantly
decrease the natural flotation of jamesonite, undoubtedly the frother agent favors
hydrophobicity—natural flotation of jamesonite, as shown in Fig. 4, the notable
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Fig. 4 IR spectra of floating jamesonite at initial pH 5.9, at 0.5 and 10 min. (Color figure online)

decrease in the absorption bands of oxidized species such as lead oxides, antimony,
iron hydroxides on the mineral surface substantially improves flotation.

Conclusions

The flotation of jamesonite in alkaline media pH at 8.6 and 10 is significantly
depressed, achieving a % w/w of flotation of 65 and 55%, respectively, this is due
to the abundant presence of oxidized iron phases such as goethite Fe2O3 * H2O,
oxides of lead PbO and antimony oxides Sb2O3, while the absence or diminution of
the intensity of the absorption bands of the covalent bonds of the oxidized phases
on the jamesonite particles lead to an increase in cumulative flotation, achieving
a separation efficiency of 70% w/w. Adequate pulp potential to achieve the highest
collectorless flotation should be greater than+ 200mV, pulp potentials of+ 100 mV
lead to jamesonite depression.
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Superficial Speciation by FTIR
Spectroscopy of Floated PbS (Galena)
in the Presence of Copper Aqueous (+2)

Jimena Detzamin Ramírez Trejo, M. Reyes Pérez, Elia Palacios Beas,
Iván A. Reyes Domínguez, Mizraim U. Flores Guerrero,
Aislinn Michelle Teja Ruiz, Miguel Pérez Labra, Julio Cesar Juárez Tapia,
and Francisco Raúl Barrientos Hernández

Abstract The presence of copper aqueous (+2) in the pulps that feed the flotation
circuits is due to the oxidation of the copper contained in sulfides (chalcopyrite) and
in oxides (malachite) as a result of the galvanic reactions that occur during grinding
copper aqueous (+2) can have a negative effect during the collectorless flotation of
galena. In this investigation, the galena concentrated by collectorless flotation and in
the presence of copper aqueous (+2) in alkalinemediawas superficially characterized
by infrared spectroscopy. The results show the depression of galena with the increase
of the dosage of copper aqueous (+2) in the pulp at pH 9.6 and Eh of +120 (mV).
From the infrared characterization, it was found that the surface state of the galena
when it undergoes depression, shows the absence of some of the absorption bands
corresponding to the Pb-O and Pb-OH bonds of lead oxide and hydroxide detected
when galena flotation reaches maximum recovery.
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Introduction

Galena is a mineral lead sulfide (PbS) very abundant throughout the world and
is generally associated with mineral deposits of other base metal sulfides such as
sphalerite (ZnS), chalcopyrite (CuFeS2), and bornite (Cu5FeS4) among others [1,
2]. Flotation is considered an effective separation process to selectively recover lead
sulfide from its accompanying polymetallic sulfides and from mineral gangue. The
success of flotation lies in the hydrophobicity which is a superficial property of all
sulfides [3, 4].

In the literature, the issue of natural flotation and collectorless flotation of mineral
sulphides has been discussed [5]. It has been shown that natural buoyancy is due
to the formation of elemental sulfur on the mineral surface (examples of minerals
with natural buoyancy are molybdenite, realgar, orpiment) [6], some authors have
identified that the hydrophobic species in the collectorless flotation is a surface defi-
cient in metal and rich in poly sulphides [7]. Furthermore, collectorless flotation is
also referred to as a foam flotation process because it uses only foaming reagent, the
objective of which is to decrease the surface tension of the pulp [2].

The aforementioned surface phenomena substantially improve the hydrophobicity
of sulfides and make flotation without a collector possible. This process has advan-
tages such as; the reduction or zero consumption of chemical reagents, the increase
in selectivity during flotation, and reduces the number of equipments required to
achieve optimal separation. Addition of some metal ions to the flotation system, it
can have some negative effects such as the leading to the separation of some undesir-
able minerals with little flotation capacity [2]. Surface inhibitors or depressants has
been reported these can be organic [8] or inorganic such as potassium dichromate,
cyanide, sodium sulfite. However, they dangerously damage the environment, they
are toxic, poisonous, and their use is increasingly restricted [9–11].

In other works, the use of organic chemical reagents has been reported to depress
galena flotation these are carboxymethylcellulose [12], humic acid [13], starch [14],
tannin [15] lignin [11], these authors report a selective depressant effect of galena
with respect to other sulphides present in the pulp. In the processing of polymetallic
mineral sulphides, galena ore is generally floated in a second flotation circuit, for
this reason, its surface must initially experience a hydrophilic response [12].

In this research work, the effect of copper aqueous (+2) concentration on galena
mineral depression during flotation without a collector is studied evaluating alkaline
environment, as well as of pulp potential Eh (mV) and its effect on the success or
detriment of galena flotation, the surface speciation of the floated galena particles,
was studied by Fourier transform infrared spectroscopy in order to determine the
depressive mechanism of galena by effect of copper aqueous (+2) concentration.
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Experimental Methodology

To carry out the study of the depressant effect of copper aqueous (+2) in the flotation
without a galena collector, a mineral lead sulfide (PbS) was usedwhichwasmanually
sampled and selected fromZimapan, Hidalgo,Mexico. Themineral was fragmented,
in a laboratory jaw crusher later it was ground in a mill with steel media for 20 min
previously characterized and reported [16].

To perform the flotation tests a 1 L stainless steel laboratory Denver cell was
used, the impeller and diffuser made of polypropylene, the impeller stirring speed
was 1200 RPM. Deionized water and analytical grade chemical reagents were used
in all experiments. During the conditioning of the pulp and at the end of each of
the flotation tests both the pH and the oxide reduction potential (ORP) (mV) were
monitored these variables were measured with a potentiometer Thermo Scientific
Orion 3 Star brand equipped with a pH electrode, Ross ultra triode provided with a
temperature sensor.

For each one of the flotation tests, a volume of 1 L of distilledwater was used. Pulp
conditioning was carried out in the cell. At the beginning, the pH and the potential
oxide reduction were measured later the frother agent 60 mgL−1 of methyl isobutyl
carbinol (MIBC) was added, a dispersion time was given and the mineral lead sulfide
galena (PbS) 4 grams was added three minutes later the copper aqueous (+2) was
poured as copper sulfate, the concentrations studied were 5, 50, and 75 mgL−1 then
the pH of the pulp was brought to pH values between 9.5 and 10.5 using NaOH 1M,
this procedure was repeated for each of the flotation tests.

After the conditioning time, the flotation test was started, collecting the concen-
trate in times of 0.5, 1, 2, 4, 6, 8, and 10 min in previously weighed containers. Once
the collection of the foam containing the floated galena particles was concluded, the
air valve was closed, this procedure was repeated for each time and the float test was
performed. The concentrate obtained in each of the tests were dried, weighed and, by
weight difference of the container with and without mineral the floated galena mass
was obtained calculating the percentage of flotation obtained in each of the times,
analyzed with Eq. 1. Where Wt is the amount of floated mineral at each flotation
time and Wo amount of initial mineral.

%Flotation = Wt

Wo
∗ 100 (1)

The most significant galena solids were characterized by Fourier transform
infrared spectroscopy in order to identify the covalent species present on the surface
of the galena mineral, and thus determine the surface speciation and explain the
mechanism of depression or activation of the mineral during the float.
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Results

Figure 1 shows the results of galena collectorless flotation at pH between 9.5 and
10.5 in the presence of copper aqueous (+2) in concentrations of 5, 50, and 75
mgL−1 using a copper sulfate salt, it was decided to evaluate this pH to evaluate the
beneficial or harmful effect of the presence of copper aqueous (+2). It is observed that
the presence of 5 mgL−1 of copper aqueous (+2) improves the flotation efficiency.
However, concentrations greater than 50 and 75 mgL−1 substantially depress galena
flotation having cumulative recoveries of 55% w/w and 45% w/w, respectively.

The origin of copper aqueous (+2), in addition to the copper salt added as a surface
activator, comes from the oxidation of copper in minerals such as chalcopyrite,
malachite, tenorite, among others, during grinding, as shown in Fig. 1 the increased
concentration of copper aqueous (+2) depresses flotation of galena. Copper sulfate
is commonly used to activate the mineral surface of sphalerite [10]. It has been
identified in the literature that the main species on the surface that influences the
flotation of sphalerite are hydrophobic polysulfides [10].

The activation or depression of galena by the action of copper aqueous (+2) of
copper sulfate is not described in the literature or is scarcely studied. Some researchers
suggest the formation of a hydrophilic surface layer of metallic sulfite, the copper
consuming the solution due to the formation of this species and interacting with
the surface of the sulfide and reducing its hydrophobic characteristic [2]. The oxide

Fig. 1 % of cumulative recovery PbS versus flotation time. Effect of copper concentration. (Color
figure online)
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reduction potential values, measured in the conditioning stage with a pH of 6.42
and at the beginning of the flotation with a pH of 10.5, containing 1.18 X 10–3 M
(75 mgL–1) of copper, were expressed in reference to standard hydrogen electrode
(SHE) and graphed in the Eh-pH diagrams, Figs. 2 and 3. It is observed that in
the conditioning stage when the pH is 6.42, galena interacts with both the aqueous
species Cu2(OH)2(+2), Cu3 (OH)4(+2) as with the Cu(OH)2 precipitates. Meanwhile,
at the beginning of the flotation test at pH 10.5, the phase in contact with galena is
aqueous CuO(a) as seen in Fig. 2 and with precipitates of Cu(OH)2 as seen in Fig. 3.

Figures 2 and 3 show the Eh-pH diagrams of the Cu-H2O system at 25 °C in
a concentration of 1.18 X 10-3 M, Fig. 2 preferentially shows the most thermody-
namically stable aqueous copper phases as a function of pH and Eh, while Fig. 3
shows the zones of thermodynamic stability of the solid copper phases that eventually
precipitate. During the galena pulp conditioning stage, the addition of 1.18 X 10−3

M copper aqueous (+2) as copper sulfate gives a pH of 6.24 and an Eh of + 0.24 mV
under these conditions, copper tends to form Cu2(OH)+22 and it is the first aqueous
copper species that reacts with the surface of the galena particles, eventually due to
the oxide reduction reactions between the species involved, it causes precipitation to
CuO.

Cupper aqueous can precipitate and form CuO, the presence of these phases on
the surface of the galena will depend on the thermodynamic stability, the interaction

Fig. 2 Pourbaix Eh-pH diagram of the Cu-H2O system at 25 °C, concentration 1.18 X 10−3 M,
specifically representing the aqueous copper species. (Color figure online)
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Fig. 3 Diagram of Pourbaix Eh-pH of the Cu-H2O system at 25 °C, concentration 1.18 X 10−3

M. Zone of stability of Cu(OH)2. (Color figure online)

with the mineral surfaces of galena and the chemical conditions of the flotation,
dictate their presence on the surface of the particles, the surface speciation of the
galena particles obtained during the collectorless flotation in the presence of copper
were analyzed by infrared FTIR spectroscopy. This technique is very sensitive to
the surface state and can be applied directly for the determination of the surface
composition under specific flotation conditions.

Figure 4 shows the infrared spectra of the galena particles floated in the presence
of 5 mgL−1 of copper aqueous (+2) at pH 10.5 and pulp potential Eh of +0.075 mV
in times of 0.5 and 10 min. Multiple absorption bands are observed, both spectra
show a lot of similarities. During the decrease in size, the atomic bonds are superfi-
cially ungrouped, in the case of sulfur in galena, which adsorbs oxygen, forming a
double bond S = O between sulfur and oxygen identified with the absorption band
at 1385 cm−1.

The signal at 1644 cm−1 is assigned to the adsorption of hydroxyl ions OH− to
the surface of the galena mineral. In the zone corresponding to sulfur from 1000
to 1200 cm−1, a single absorption band is observed at 1105 cm−1 with very weak
absorption shoulders, the main band indicates the presence of the free sulfate ion on
the surface of the mineral.

In Fig. 4, multiple absorption bands are observed in the spectral zone from 400 to
900 cm−1, indicating the presence ofM-O bonds of both phases formedwith lead and
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Fig. 4 Infrared spectra of galena floated in the presence of 5 mgL−1 copper aqueous (+2). (Color
figure online)

copper, the absorption bands in 419 and 618 cm−1 show the presence of Pb-O bonds
of the PbO2 species, while the vibration band at around 680 cm−1 corresponds to the
modes of vibration of the covalent Pb-O bonds of PbO. The spectrum obtained from
the galena particles floated in the presence of 5 mgL−1 contains multiple absorption
bands, the signals detected at 545, 594 and 756 cm−1 indicate the surface formation
on the surface of galena from Cu-O bonds of CuO, the identification of these species
could not be detected by XRD or SEM-EDS.

Whengalenaflotation is carried out in the presence of 50mgL−1 of copper aqueous
(+2) as copper sulfate under pH conditions of 9.9 and a pulp potential Eh referred to
the standard hydrogen electrode of +0.104 mV, Fig. 5 shows the IR spectra of the
floated particles in the first 30 s and 10 min of floating. Unlike the spectra shown
in Fig. 4, many of the absorption bands found in the galena particles floated in the
presence of 5 mgL−1 of copper aqueous (+2) are not detected in the IR spectra when
you have 50 mgL−1 of copper aqueous (+2).

However, the absorption bands at 1101, 1401 and 1633 cm−1 increase in intensity,
bands corresponding to: the mode of vibration of the tetragonal bonds of the free
sulfate ion on the surface of the galena, the presence of S = O type bonds indicating
the formation of sulfo oxides and the adsorption of OH− ions, respectively. Along
with these intense bands of vibration, there are lower intensity bands of vibration
in 422 and 680 cm−1 corresponding to the Pb-O bonds, the absorption band in
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Fig. 5 Infrared spectra of galena floated in the presence of 50 mgL−1 of copper aqueous (+2).
(Color figure online)

595 cm−1 is assigned to the formation of bonds Cu-O. Both IR spectra for galena
particles floated in 30 s and the 10 min of float show a lot of similarities.

Therefore, the presence of these absorption bands in these last described spectra
is attributed as responsible for the depression of galena in the presence of 50 mgL−1

of copper, causing a decrease in the cumulative percentage of galena

Conclusions

The galena collectorless flotation contributes to the industrial process specifically in
the decrease in the consumption of collector reagent and increased galena flotation
selectivity. The collectorless flotation of galena in the presence of copper aqueous
(+2) at pH 9.9 is depressed when the concentration is 50 and 75 mg /L, achieving a%
w/w of cumulative flotation of 45% and 55%, respectively, FTIR analysis of floated
galena in the presence of these copper concentrations shows intense absorption bands
of free sulfate ion, of the S = O double bonds of sulfo oxides and of the hydroxyl
ion bound to the surface of galena, while when the galena flotation pulp contains
5 mg /L of copper aqueous (+2) and a pH of 10.5 the collectorless flotation of galena
is favorable, achieving a % w/w of cumulative flotation of 70%, the IR spectra of
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galena floated under these conditions shows multiple absorption bands of Cu-O and
Pb-O bonds.
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Synchronous Extraction of Valuable
Metals from Low-Nickel Matte Using
Ammonium Sulfate Roasting-Water
Leaching Process

Qiangchao Sun, Hongwei Cheng, Qiang Zhang, Guangshi Li, Qian Xu,
and Xionggang Lu

Abstract Owing to suffering the poor recovery of valuable metals and the massive
loss of Co metal by the traditional pyrometallurgical technology to process the low-
nickel matte. Herein, a sulfate roasting followed by a water leaching process was
developed as an efficient technology for the simultaneous extraction of Ni, Cu, and
Co from low-nickel matte in the presence of (NH4)2SO4 additive. The influence of
roasting temperature, the dosage of ammonium sulfate, and roasting rules on the
leaching efficiency of metals are conducted. Also, the characterizations of phase
evolution are complemented with the theoretical analysis of thermodynamic calcu-
lation to reveal the mechanism of (NH4)2SO4 added sulfate roasting. The results
demonstrate that the (NH4)2SO4 plays a critical role in reducing the reaction temper-
ature and improving the metal selectivity, achieving higher extraction efficiency of
Ni, Cu, andCo (90.12%, 81.82%, and 92.45%, respectively), while Fe is only 10.18%
and the high selectivity extraction can be achieved.

Keywords Low-nickel matte · Sulfation roasting · Ammonium sulfate ·Water
leaching

Introduction

Considering the novel physic-chemical properties of metal nickel, it’s widely applied
in energy storage devices, catalysts, and mechanical manufacturing [1–4]. The main
nickel resources exist in the crust in the form of sulfide ore, the most common phase
of Ni is pentlandite ((Fe, Ni)9S8) in sulfide ore, and copper (Cu), cobalt (Co) are
associated metals. For a long time, nickel sulfide ore is the main source of nickel in
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China, about 70% of nickel is refined from nickel sulfide ore [5–7]. However, contin-
uous overexploitation has led to the impoverishment of nickel ore resources, thus
efficient selective extraction in the machining process and comprehensive recovery
of valuable metals have promoted a challenge to the extraction of current nickel
sulfide ore.

Low-nickel matte is a conventional intermediate product of the nickel sulfide
smelting process, which is a complex sulfide co-melt rich in multi-metal elements,
like Ni, Cu, Co, and Fe [8]. In the traditional industry, the main processing method
for the low-nickel matte is to obtain high-nickel matte through converter blowing,
but this production method is inefficient and approximately 70 wt% Co and part of
Ni, Cu is transferred to the converter slag, resulting in a large amount of valuable
metal loss [9]. Therefore, how to simultaneous and efficient selective extraction of
valuable metals from low-nickel matte raw material, and reducing the emissions of
harmful gases during the process. That casting an arduous obstacle to facilitate the
extraction of the metals from low-grade nickel sulfide.

Currently, with the advantages of low energy consumption and eco-friendly,
the hydrometallurgical process has been widely used in recovering metals from
low-nickel mattes, such as pressure acid leaching process, oxidation acid leaching
process, and oxidation ammonia leaching process [10–12]. However, these extrac-
tion strategies usually have poor selectivity in the leaching process (especially for
the iron). Hence, an integration method of combination of the pyrometallurgy and
the hydrometallurgical process is proposed to meet the aforementioned difficulties.
Among them, sulfated roasting couple with water leaching is an effective method to
process the low-nickel matte [13]. Although the direct sulfated roasting process has
the advantages of easy operation and short process, in general, the metal extraction
selectivity of direct sulfated roasting technology needs to further improve. Thus, addi-
tive roasting has become a research focus. Roasting low-nickel matte with noncor-
rosive nature ammonium sulfate ((NH4)2SO4) as an effective lixiviant can not only
realize the high efficient recovery of valuable metals, but also realize the recycling
of additive ammonium sulfate [14–17].

In this study, the sulfated roasting mechanism, the influence of various parameters
(roasting temperature, roasting rules, and dosage of additive) on metal’s leaching
efficiency, and the role of (NH4)2SO4 in enhancing metal extraction selectivity is
discussed.

Experimental Methods

Raw Materials

The low-nickel matte used in this study was from Jinchuan Group Ltd. (Gansu,
China). Table 1 and Fig. 1 shows the X-ray fluorescence spectroscopy (XRF) and
the X-Ray diffraction (XRD) pattern of the low-nickel matte, respectively. The main
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Table 1 The main chemical composition of low-nickel matte (mass fraction, %)

Fe Ni Cu S O Co

26.19 24.69 22.94 21.84 3.69 0.47

Fig. 1 The XRD pattern of the low-nickel matte sample

phase of the sample are sulfide (Fe5Ni4S8), ferrous sulfide (FeS), cuprous sulfide
(Cu2S), magnetite (Fe3O4), Fe-Ni alloy (Ni3Fe), and the Ni and Cumetals are mainly
existing in the formof sulfide. The chemical reagent used in the testwas commercially
pure ammonium sulfate.

Material Characterizations

The composition of the sample was tested by XRF (XRF-1800). The crystalline
phase of the low-nickel matte and leaching residue was characterized by XRD (D8
ADVANCE) (from 10 to 90º with a 0.02º/step). The thermomechanical analysis
was performed in a thermogravimetric device (TG-DSC, STA 449 F3) under the air
atmosphere with a flow rate of 40 mL min−1 and heated to 800 °C with a heating
rate of 10 °C min−1. The concentration of metal ions in the leachate was analyzed
by using an inductively coupled plasma optical emission spectrometer (ICP-OES,).
The microstructure of the roasting products was characterized by scanning electron
microscope (SEM, SU-1500). The thermodynamic calculation was conducted by
HSC 6.1 software system.
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Sulfated Roasting and Water Leaching

The minerals are crushed and screened to obtain ~200 mesh powder samples
(< 74 μm), then dried at oven 80 ºC for 24 h. Generally, 1.0 g of low-nickel matte
and 0.1 g of ammonium sulfate were mixed in an agate mortar, then transferred to the
Al2O3 crucible for sulfation roasting in a tube furnace. After roasting, the roasting
products were transferred to the 150 mL conical flask, 100 mL of deionized water
was added, and the conical flask was placed in a constant temperature (80 °C) water
bath for 30min with strong agitation. After filtering, the filter residue was rinsed with
deionized water, placed in a petri dish, and dried in an oven. The filtrate was trans-
ferred to the 500 mL volumetric flask. Finally, the leaching efficiency of different
metal elements are calculated, respectively, according to the calculation formula as
follows:

ηX = CxV

m0ωx
×100% (1)

where Cx is the concentration of metal in the leachate, mg L−1, V is the volume of
the volumetric flask, L, m0 is the total mass of the mineral in the experiment, g, and
ωx is the percentage of the corresponding metal element in the mineral, %.

Results and Discussion

Direct Sulfated Roasting

As illustrated in Fig. 2a, the TG-DSC curves show that low-nickel matte oxidation
first under low temperature, then start sulfate reactionwith the temperature increased.
However, if the temperature is too high, some sulfate began to decompose into metal
oxide, even leading to the generation of ferrite species.

The XRD patterns are shown in Fig. 2b, the sulfate and metal oxides phase appear
at 450 °C, revealing that the oxidation and sulfate reaction were carried out succes-
sively. With the rise of temperature, the intensity of the sulfate phase gradually
becomes stronger, but over 500 the peak intensity begins to decline, those results
well agree with TG-DSC analysis. Figure 2c shows the leaching rate of metals at
different temperatures, with the rise of temperature, the leaching rate of Ni, Cu,
and Co increased continuously. However, when the temperature is over 550 °C, the
leaching rate of metals began to decline. Based on the XRD results in Fig. 2d, the
form of metal oxide and ferrite is the main reason for the low leaching rate under
higher temperatures. Besides, according to Figs. 2e and 2f, the optimal roasting time
is 2 h. Thus, the direct sulfated roasting process to extract valuable metals from
low-nickel matte is inefficient and poor selectively.
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Fig. 2 Direct sulfated roasting of low-nickel matte. a TG-DSC analysis, b XRD analysis after
oxidizing roasting, c, dLeaching rate, andXRD analysis of leaching residue under different roasting
temperatures, e, f Leaching rate and XRD analysis under different roasting time. (Color figure
online)

Sulfated Roasting with (NH4)2SO4 Added

As described in Fig. 3a, the TG-DSC curve represents two endothermic peaks at 310
and 405 °C, which was ascribed to the decomposition of (NH4)2SO4 additive. The
(NH4)2SO4 plays a key role in reducing the temperature of sulfation.

Fig. 3 Sulfated roasting of low-nickel matte with (NH4)2SO4 added. a TG-DSC analysis, b XRD
analysis after roasting, c, d Relationship of leaching rate of metals with temperature and additive
ratio, e Leaching rate of metals with different ratio of additive under two-step roasting rule (500 °C
for 2 h with 5 °C min−1 heating rate), f SEM image of the roasting product (500 °C for 2 h with
3.5 ratios of (NH4)2SO4/material). (Color figure online)
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The XRD patterns of roasting products at different temperature are shown in
Fig. 3b, in addition to the unreacted metal sulfides, there are (NH4)Fe(SO4)2, NiSO4,
and traces Cu(NH3)2SO4. The formation of compound sulfates well explains that the
(NH4)2SO4 can reduce the temperature of sulfation,which is agreedwith theTG-DSC
results. Figure 3c, 3d illustrated the relationship of leaching ratewith temperature and
ratio, respectively, using the one-step roasting process. Clearly, adding (NH4)2SO4

could greatly enhance the leaching rate of Ni, Cu, and Co realized the efficient
extraction of valuablemetals. To further improve the separation efficiency of different
valuable meals in raw materials, the two stages of a roasting rule is adopted to the
calcination process. The results represented in Fig. 3e, with 350% (NH4)2SO4 added,
the corresponding leaching rate of Ni, Cu, and Co are 90.12%, 81.82%, and 92.45%,
respectively, whereas the recovery efficiency of Fe is about 10%. The high-efficiency
extraction of Ni, Cu, Co, and the removal of Fe are realized. The morphology of
calcination product at 500 °C for 2 h with 350% (NH4)2SO4 added was analyzed,
as shown in Fig. 3f, revealing that the main micro-structure of roasting products is
flocculation.

Thermodynamic Calculation and Mechanism Discussion

Based on the calculation results expressed in Fig. 4a, the oxidation order of sulfide
in low-nickel matte is FeS > Ni3S2 > Cu2S.

Figure 4b depicts the Gibbs free energy of the sulfation process, obviously, the
value is negative indicating that the sulfation reaction can happen spontaneously,

Fig. 4 Thermodynamic calculation of sulfated roasting of low-nickel matte. Gibbs free energy
change of, Direct oxidation roasting process a, Sulfation process b, (NH4)2SO4 decomposition
c, Sulfate roasting with (NH4)2SO4 added d, MSO4 (M = Ni, Cu, and Fe) decomposition e,
f Equilibrium partial pressure of SO3 at different temperatures. (Color figure online)
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and the temperature has a crucial influence on sulfation. Thus, in the process of
direct roasting, as long as sufficient O2 and SO2 are provided, the oxidation reaction
and sulfation reaction will continue. The Gibbs free energy change of (NH4)2SO4

decomposition is illustrated in Fig. 4c, when the temperature is over 200 °C, the
reaction of (NH4)2SO4 decomposition is spontaneous, which explains well the two
endothermic peak in TG-DSC curves. In the process of roasting of low-nickel matte
with (NH4)2SO4, themetal sulfideswould reactwith (NH4)2SO4 to produce themetal
sulfate, the calculation results shown in Fig. 4d demonstrated its spontaneous reaction
within the experimental temperature range. According to the results in Fig. 4e, the
Fe2 (SO4)3 is more prone to decomposition than the NiSO4 and CuSO4, which is
consistent with the XRD results. Besides, when the temperature exceeds 700 °C,
all the MSO4 (M = Ni, Cu, and Fe) could decompose spontaneously. As depicted
in Fig. 4f, at the same temperature, the equilibrium partial pressure of SO3 of Fe2
(SO4)3 is larger than that of NiSO4 and CuSO4, so that in the presence of Fe2 (SO4)3,
NiSO4, and CuSO4 are difficult to decompose. Therefore, controlling the roasting
temperature that can make Fe2 (SO4)3 decompose preferentially, and the NiSO4 and
CuSO4 are still exist in the form of sulfate, thus, achieving the selective extraction
valuable metals by the subsequent water leaching process. Through thermodynamic
calculation and reaction mechanism analysis of this process, it is proved that the
(NH4)2SO4 additive could lower the roasting temperature and enhance the separation
efficiency.

Conclusion

In summary, insufficient degree of sulfation and the formation of NiFe2O4 are the
two main reason for the poor separation efficiency by the direct roasting process
to treat the low-nickel matte. The addition of (NH4)2SO4 provides sulfur for the
roasting reaction, ensuring the sulfation process is fully proceed. Besides, it can
reduce the reaction temperature, expanding the stable temperature range of sulfate,
therefore, significantly improve the leaching rate of Ni, Cu, and Co. The sulfated
roasting with additive added coupling with water-leaching is an efficient strategy to
extract valuable metals from low-grade nickel matte.
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Synthesis and Characterization of ZnO
Nanoparticles Obtained from the Extract
of Schinus Molle

Karime A. Cárdenas, Jenny Domínguez, Estrella Palacios, Laura García,
Pedro A. Ramírez, and Mizraim Flores

Abstract Zinc oxide nanoparticleswere synthesized using the green chemistry tech-
nique, zinc acetate was used as a precursor agent and Schinus molle extract as a stabi-
lizer agent themain Schinusmolle component are carboxylic acids, similarly presents
tension bands of the C-H group, the S-O group. A white powder, characteristic of
zinc oxide, was obtained. X-ray diffraction was performed on the synthesis product
and identified as zincite (ZnO), with a compact hexagonal unit cell, whose network
parameters are at a = 3.2490 Å and c = 5.2070 Å, the ICDD-PDF letter is 96-901-
1663. Scanning electron microscopy characterization showed that the nanoparticles
have a spherical morphology, sizes ranging from 23 to 67.6 nm.

Keywords Synthesis · Characterization · Nanoparticles · Schinus molle

Introduction

The nanoparticle synthesis for a green chemistry approach has had a lot of poten-
tial compared with the conventional methods to develop nanostructured materials
because it is an economic technique and friendly with the environment that allows to
obtain nanoparticulatedmaterials [1, 2]. Researchers have been using green synthesis
based on the ecological approach to obtain differentmetallic nanoparticles for diverse
industrial and medical applications, using plants like Sargassum Algae, Ginko biloba
or Panax, although [1–5], there are many more species to be able to synthesize
nanoparticles. Nowadays there is an extensive research known because of the study
of the metallic nanoparticles specifically the zinc oxide due to its low cost thanks to
the easy technic to be obtained.

Zinc oxide (ZnO) is a broadband (3.37 eV) piezoelectric and semiconductor mate-
rial with a high exciton binding energy (60 meV) at room temperature [6–8], it is a
white powder that is insoluble in water but soluble in weak and strong mineral acids,
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ammonia, acetic acid or formic acid [9, 10], its structure is relatively open with a
very compact hexagonal network where zinc atoms occupy half of the tetrahedral
sites, while all the octahedral sites are empty. The open structure also influences
the nature of the diffusion mechanism defects. The identity, quantity, and stability
of these vacancies or radicals are characteristics to consider when this material is
required in an application [11]. Based on its properties such as high chemical stability,
wide radiation absorption range, biocompatibility, biodegradability, etc., it becomes
a goodmaterial for technological applications [8]. Applications for this type of mate-
rial depend due to its electrical and magnetic properties and the method by which
they were prepared [10], nanometric ZnO has important properties that contribute to
the production of thin films which are used in steels to avoid corrosion processes.

Corrosion is the process of deterioration of metal materials (including pure metals
and such as alloys) through chemical and electrochemical reactions. Under certain
conditions, such as high salt concentrations, variations between dry and humid
climate, high temperatures and radiation rates, chemical, and electrochemical reac-
tions occur that cause loss of material properties or accelerated damage. Corrosion
is the physical-chemical interaction between a metal and its environment. It is a
spontaneous phenomenon, as all metals used tend to lose electrons (oxidize) and
return to their natural state by forming oxides, salts, hydroxides, etc. Oxidation is
the chemical reaction from which an atom, ion or molecule gives up electrons [12,
13]. Currently, there are several methods to control, reduce, and prevent metallic
corrosion. However, these attempts to interfere with the corrosion process cannot
completely prevent it. One of the traditional methods is the use of inhibitors that are
incorporated into coatings or paints.

The present work focuses on the biosynthesis of zinc oxide nanoparticles through
green chemistry, using the Schinus molle plant, which is a family of the Cassia alata
plant, being the phytochemicals that serve as reducing agents and stabilizing agents
through reduction and oxidation reaction [14].

Methods and Materials

For the synthesis of zinc oxide nanoparticles, the green chemistry technique was
used, where the Schinus molle tree leaves were used. The leaves that were used
were healthy, fresh, free of pests, and green in color, thus preventing the synthesis
from becoming contaminated. Twenty grams of Schinus molle leaves were weighed,
then washed with tap water, and rinsed with ultra-pure water, then dried at room
temperature. 500mL of ultra-purewater wasmeasured and placed in a Pyrex reaction
jar with a hermetically sealed four-necked lid, the reaction jar was placed on a heating
plate withmagnetic stirring (Thermo, Supernuovamodel RS-232), andmaintained at
a speed of 400 rpm. When the solution reached 75 °C the Schinus molle leaves were
deposited, after 10 min the zinc acetate solution (0.4 mol L−1) began to be deposited,
10 mL every after 10 min (Scheme 1), the solution changed color when making the
first deposit of the zinc acetate solution, and turned green, the temperature of the
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Scheme 1 Representation of the zinc acetate reduction process. (Color figure online)

solution rose to 92 °C. After having made the nine zinc acetate deposits, the solution
was cooled and filtered, using Whatman filter paper, No. 4, the filtration process was
maintained for 150 min. The filtered solution was brought to refrigeration and the
powder that remained on the filter paper was used for characterization by different
techniques. Schinus molle leaves were characterized by Fourier Transform Infrared
(FTIR) to determine the organic groups present in the plant. Powders obtained after
synthesis were analyzed by X-ray diffraction (XRD). For the characterization by
scanning electron microscopy (SEM), two drops of the filtered solution were taken,
which were deposited on the surface of a Cu sample holder. When the drops dried,
the nanoparticles that were intended to be in the solution were impregnated in the
said sample holder.

Results and Discussion

Schematic representation for the first equation of the ZnO nanoparticle synthesis
mechanism, in which the zinc acetate and the active compounds (Tannin) of the
leaves of the tree (Shinus molle) react leading to the formation of zinc hydroxide and
carboxylic acid. Scheme 2 shows the second equation where zinc hydroxide reacts
with the amines, leading to the formation of nanoparticulate zinc oxide.

Scheme 2 Representation of the zinc hydroxide reduction process. (Color figure online)
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Fig. 1 FTIR spectrum of Schinus molle leaves

A spectrum of FTIR was made to the leaves of Schinus molle, which were washed
with ultra-pure water, then dried and crushed. Figure 1 shows the FTIR spectrum
where a stretch broadband is present, characteristic of theO−Hlink,which represents
the phenolic groups in the region of 3200 to 3400 cm−1. Two intensity stretches
bands belonging to the C−H link are shown; one in the region 2900 cm−1 and one
2850 cm−1. A characteristic stretch band of carboxylic acids (C = O) is observed
in the region 1730 cm−1, which shows a high stretch band. In the region of 1000 to
1170 cm−1, there are a series of bands belonging to the C−O link.

To confirm the presence of ZnO in the synthesis, it was characterized by X-Ray
Diffraction. The results are displayed on a spectrum presented in Fig. 2, which was
indexed with ICDD-PDF 96-901-1663, where it is confirmed the presence of zinc
oxide in zincite shape (mineral of zinc oxide) the same which crystalline hexagonal

compact structure with a red parameter of a = 3.2490 Ǻ and c = 5.2070 Ǻ.
Figure 2 shows a diffractogram sampling thirteen crystallographic planes from

where only three peaks show the highest intensity, there the highest one is placed

36.31° with the crystallographic plane 101 has a interplanal distance 2.4754 Ǻ, the
second one hasmedium intensity in referencewith the last one and it´s located 31.76°

with the crystallographic plane 100 which interplanal distance 2.8137 Ǻ and the last
peak presents a lower intensity found in 34.43° with the crystallographic plane 002

with an interplanal distance 2.6035 Ǻ. The remaining peak show medium or lower
intensity as shown in Fig. 2, it is worth to emphasize that being an indexed graphic
with the chard previously mentioned, all of the peaks concur at 100%.
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Fig. 2 XRD spectrum of the ZnO powder. (Color figure online)

A samplewas takenwhichwas characterized by SEMat 200,000Xmagnifications
in the first micrograph present in Fig. 3, while in Fig. 4 it is at 100,000X magnifi-
cations and both at an acceleration of 5.0 kV. The results that were obtained were
favorable, showing that nanoparticles with a spherical morphology and sizes ranging
from approximately 23 to 67 nm were obtained.
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Fig. 3 Micrograph of ZnO nanoparticles ranging from 23.3 nm to 34.8 nm. (Color figure online)

Fig. 4 Micrograph of ZnO nanoparticles ranging from 25.5 nm to 67.6 nm. (Color figure online)

Conclusions

It was possible to synthesize zinc oxide nanoparticles (ZnO) by the green chemistry
method using the leaves of Schinus molle. The samples were characterized by X-ray
Diffraction showing that zinc oxide (ZnO) was obtained in the form of zincite whose
crystalline structure is compact hexagonal with a parameter of a network of a =



Synthesis and Characterization of ZnO Nanoparticles Obtained … 575

3.2490 and c = 5.207. The samples were characterized by SEM, showing that the
morphology of the nanoparticles is spherical, ranging from 23.3 nm to 67.6 nm, with
good dispersion of the nanoparticles.

Schinus molle leaves were characterized by FTIR and the presence of phenolic
groups and carboxylic acids was confirmed.

References

1. Rajit R, Bhabhin NM, Dharsan MV, Nivedit CV, Sindhu S (2015) Green synthesis of copper
nanoparticles using Ginkgo biloba L. leaf extract and their catalytic activity for the Huisgen [3
+ 2] cycloaddition of azides and alkynes at room temperature. J Colloid Inter Sci 6

2. MirzaAU,KareemA,Nami SAA,Bhat SA,MohammadA,NahiN (2016)Biological Synthesis
of nanoparticles from plants and microorganisms. Cellpress 596

3. Islan GA, Durán M, CacicedoML, Nakazat G, Kobayash RKT, Martinez D, Castro GR, Durán
N (2013) Potential therapeutic and diagnostic applications of one-step in situ biosynthesized
gold nanoconjugates (2-in-1 system) in cancer treatment. RSC Advances 10

4. Javadi E, Ghaffari M, Bahlakeh G, Taher P (2019) Photocatalytic, corrosion protection and
adhesion properties of acrylic nanocomposite coating containing silane treated nano zinc oxide:
a combined experimental and simulation study. Progr Org Coatings 14

5. Sing M, Wang Q, Xia X (2015) A strategic approach for rapid synthesis of gold and silver
nanoparticles by Panax ginseng leaves. Cells Nanomed Biotechnol 14

6. Al-Asedy HJ, Bidin N, Abbas KN, Al-Azaw MA (2018) Structure, morphology and photolu-
minescence attributes of Al/Ga co-doped ZnO nanofilms: Role of annealing time. Mater Res
Bull 10

7. Hamzaou N, Boukhache A, Ghamni M, Fauque C (2005) A comprehensive review of ZnO
materials and devices. J Appl Phys 8

8. Chen L, Batjikh I, Hurh J, Han Y, Huo Y, Alia H, Lib JF, Rupa EJ, Ahna J, Mathiyalagan R,
Yang DC (2019) Green synthesis of zinc oxide nanoparticles from root extract of Scutellaria
baicalensisandits photocatalyticde gradation activity using methylene blue. Optik 8

9. Jaramillo AF, Montoya LF, Prabhakar JM, Sanhueza JP, Fernández K, Rohwerder M, Rojas
D, Montalba C, Melendrez MF (2019) Formulation of a multifunctional coating based on
polyphenols extracted from the Pine radiata bark and functionalized zinc oxide nanoparticles:
Evaluation of hydrophobic and anticorrosive properties. Progr Org Coatings 14

10. Pouy Marzbani YM (2015) The effect of nano-zinc oxide on particleboard. Maderas. Ciencia
y tecnología 14

11. Acosta-Humánez M, Agarwal H (2015) Sol-gel synthesis of zinc oxide nanoparticle at three
different. DYNA 10

12. Jayabala J, Mani G, Krishna N, Pernaba J, Devados JM, Jang HT (2015) Green Synthesis
of palladium nanoparticles with sargassum alga and their electrocatalytic activities towards
hydrogen peroxide. Biochem Biotechnol 9

13. Pourhashem S, Machado CD, Raman V, Rehman JU, Maia BH, Meneghett EK, Almeida
VP, Silv RZ, Farago PV, Khan IK, Bude JM (2018) Schinus molle: anatomy of leaves and
stems, chemical composition and insecticidal activities of volatile oil against bed bug (Cimex
lectularius). J Alloys Compounds 11

14. HappyA, SoumyaM, Kumar SV, Rajeshkumar S, Sheb RD, Lakshmi T, NallaswamVD (2019)
Phyto-assisted synthesis of zinc oxide nanoparticles using Cassia alata and its antibacterial
activity against Escherichia coli. Biochem Biophys Reports 4



Technical, Environmental, and Economic
Advantages in the Use of Asphalt Rubber

Mariáh P. S. P. Soares, Niander A. Cerqueira, Felipe Fraga de Almeida,
Afonso R. G. Azevedo, and Markssuel Teixeira Marvila

Abstract The correct disposal of tires is a major concern for the environment. A
part of the waste is used to manufacture rubber asphalt, providing environmental,
technical, and economic advantages. In the present work, it was identified that the
permanent deformation at 60 °C in 10,000 cycles for CAP 50/70 (traditional asphalt)
is 4.7%, while rubber asphalt is 2.5%. In addition, the permanent deformation at 60
°C in 30,000 cycles for CAP 50/70 is 6.2%, and for rubber asphalt, it is 3.2%. Thus,
the pavement with rubber asphalt is more durable compared to the pavement with
CAP 50/70. So, even though rubber asphalt is a little more expensive, in the end,
it becomes more economical because it has greater durability. Moreover, over the
years the CAP 50/70 will need more maintenance, while rubber asphalt promises a
much lower amount of maintenance.

Keywords Asphalt rubber · Composites · Environmental effects · Sutainability

Introduction

The increase in population, the advancement of new technologies, and the growth of
the economy have resulted in an increase in the disposal of solid waste in nature. In
1999, with the approval of CONAMA Resolution 258/99 [1], there was a significant
growth in the recycling of waste tires in Brazil.

The CNT (National Confederation of Transport) Survey of Highways 2019, states
that the road modal is the main one for the movement of cargo and people, but it
does not receive significant investments for the growth of highways to accompany
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the economic growth of the country. The quality and maintenance of most roads are
not satisfactory.

Combining economic development and environmental issues, rubber asphalt
brings simple and effective perspectives in the short, medium, and long term related
to the durability and quality of the pavement, automobiles, the environment, and even
the health of citizens. This technology occurs through the range of useless tires with
no destination, with promising innovation for the paving part.

Tire Collection and Recycling in Brazil

Although the tire has been very useful since it was created, it is also a big problem
when it comes to the environment, because when the tire wears out completely it
becomes unusable. According to Reciclanip in 1999, to meet CONAMA resolution
258/99 [1], the National Waste Collection and Disposal Program began, which was
created by ANIP (National Association of the Pneumatic Industry), over time the
program was expanded and they decided to create Reciclanip, in 2007, which is an
institution focused on correctly collecting and disposing of waste tires in the country.
It was founded by the new tire manufacturers Bridgestone, Goodyear, Michelin, and
Pirelli. Subsequently, Continental and Dunlop joined the group.

Reciclanip has been working on reverse logistics, giving waste tires a correct
destination. In 2019, they hadmore than 1026 collection points and correctly disposed
of 471 tonnes ofwaste tires. Between 1999 and 2019, correctly collected and disposed
of more than 5.23 million tons of waste tires, which corresponds to 1.04 billion
passenger tires [2].

Lagarinhos [3] says that before the CONAMA Resolution, the country only recy-
cled 10% of tires. Soon after the legislation was passed, companies registered to
collect waste tires grew considerably. In Brazil, there is no government incentive in
favor of tire recycling. Reverse logistics is paid for by new tire manufacturers and
importers.

The Road Modal in Brazil

In Brazil, the main mode of transportation of people and cargo is the road, data from
the CNT Highway Survey 2019, show that only 12.4% of the highways are paved.
Despite being a very important modal, there are still few paved stretches [4]. And
road conditions are not satisfactory.

The search [4] shows that the growth of the vehicle fleet is greater than the growth
of the road network, the road mode is the most appropriate for short and medium
distance journeys and there is an overload of vehicles circulating on the highways,
with these aspects, combined, make it necessary for investment levels to expand and
maintain roads to be significant.
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The non-compliance with technical requirements related to the structure of the
flexible pavements, which was also observed in the CNT Roads Survey 2019, points
out that, both in the support capacity of the layers, as well as in the quality of the
materials used in the coating, it results in a more accelerated deformation [4].

Transport in Brazil is an activity that is part of the base of the economy in the
country, allowing functionality in several sectors, and should go hand in hand with
environmental issues. The quality of the road network, its state of conservation,
and its proper maintenance interferes mainly in safety, but also in costs and energy
efficiency of transport, influencing the environment. When vehicles travel on roads
in inadequate conditions, they generate some damage, such as accidents, higher fuel
consumption, wear and tear on vehicle parts, among other factors [4].

In view of the current situation of the road network in the country, it is necessary
to invest more in road infrastructure, both for paving new roads and for maintaining
existing roads; so that economic growth goes hand in handwith environmental issues.

Rubber Asphalt

Rubber asphalt is the integration of rubber in the asphalt mixture, which in addition
to offering desirable properties to the pavement, also presents a significant environ-
mental perspective, since it enables a more sustainable destination for millions of
scrap tires discarded every year [4].

Similarly, it is also defined as an asphalt binder that brings innovation, economy,
and sustainability to the pavement generated through investments in research for a
product of high durability and safety, which presents an attention to the reduction of
environmental problems [5].

Brief History of Asphalt Rubber

According to Di Giulio [6], the first studies on the use of rubber tires on asphalt were
around the 1950 s.However, it was only in the following decade that the technological
development of the material was verified, when the engineer Charles Mc Donald
traveled United States highways in a trailer, applied a mixture of rubber tire powder
with asphalt to seal the cracks in the roof of his vehicle. Over time, he observed that
the mixture did not oxidize, in the opposite way of those with conventional asphalt.
From there, engineers began to experiment with the mix for plug-in services. In the
United States, there is a law that requires the application of a minimum percentage
of recycled rubber in asphalt mixtures.

Since the 1960s, countries such as the United States, South Africa, Portugal,
China, and Australia have performed services with rubber asphalt. The first studies
on rubber asphalt in Brazil took place in 1999 [5]. In the same year, article No. 2 of
CONAMA resolution 258/99 [1], the article prohibits the disposal of waste tires in
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the environment, arising the need to give these tires a sustainable destination. The
first test application of rubber asphalt in the country was in 2001, at kilometer 319 of
BR116 inRioGrande doSul [7]. From then on, several other stretcheswere submitted
to rubber asphalt, with positive results in the applications. In September 2009, DNIT
publishes material and service specifications for rubber-modified asphalt with its wet
use [8, 9].

Today rubber asphalt is a reality in several countries, in Brazil, several stretches
were built, recovered or restored. More than 10 million scrap tires have been used in
the production of rubber asphalt [5].

Getting the Rubber Powder

The rubber powder, used in rubber asphalt, is obtained by grinding the tire at recycling
plants or companies specializing in tire retreading. There are three types of methods
for obtaining this rubber powder [10]:

• Cryogenics: Addition of liquid nitrogen to ground rubber. The rubber is frozen
and, after freezing, it is crushed until the desired granulometry is acquired.

• Regeneration: Extraction by means of solvent that separates the rubber from the
other components, such as metals, fabrics, and others. The ground chips of the
tire are subjected to water vapors together with chemicals, such as alkalis and
mineral oils, until the desired product is acquired.

• Cold grinding: Most common and cheap, a process in which the tire is ground
and sieved, then passed through magnets that remove the remaining metal parts.

The most used method of the three is cold grinding, as the other two methods have
a higher cost.

Methods for Obtaining Asphalt Rubber

There are two methods of incorporating tire rubber powder into asphalt mixtures
[11, 12]:

• Dry route: consists of the mixture of crushed rubber particles as an aggregate of
the mixture, producing the so-called aggregate-rubber. In this method, rubber is
added to the mixture as part of the stone aggregate and not as part of the asphalt
binder;

• Wet way: represents the mixture of small fine particles of rubber with asphalt,
giving rise to the so-called asphalt-rubber. The small rubber particles act as a
modifying agent and are added directly to the heated CAP (Asphalt Petroleum).

• This method has two types of manufacturing process; it can be stock or non-stock.
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Fig. 1 Scheme of manufacture of rubber asphalt by the wet process by the stocking mixing process
(blending terminal) Source Bernucci et al. [11]. (Color figure online)

• The non-stocking process, also known as continuous blending, is produced on
site with a mixing equipment and needs to be applied at the same time, due to
its instability. The stocking process, which is known as the blending terminal,
is appropriately mixed in a special terminal, resulting in a stable and relatively
homogeneous binder. Then having a more reliable quality control. Subsequently,
the asphalt binder is transported to each site.

Figure 1 shows a scheme for manufacturing rubber asphalt using the stockpile manu-
facturing process, which is the process standardized by DNIT 112/2009−ES [9].

Standards and Technical Characteristics of Rubber Asphalt

In 2009, developed the first Brazilian standards for rubber asphalt were by DNIT.
The DNIT Standard 111/2009-EM [8] has the purpose of specifying the material
used for paving with asphalt cement modified by rubber from unserviceable tires
by the wet process of the terminal blending type. The standard defines wet asphalt
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rubber as “Petroleum asphalt cement modified by the wet process addition of ground
rubber from unserviceable tires (particles passing through sieve No. 40), resulting
in a mixture in which ground rubber generally represents 15 to 20% of the binder
mass.”

This regulation presents some specific conditions that the asphalt rubber must
have, such as: the ground rubber must represent a minimum rubber content of 15%
by weight, incorporated into the asphalt binder by the wet method and it is also
necessary to check in advance if the results of the tests match the characteristics of
the two rubber asphalts, AB-8 and AB-22, as shown in Table 1.

In addition, the DNIT 111/2009-EM [8] standard indicates that the wet-blending
process of the terminal blending type is that which obtains the stockpile rubber
asphalt, where the elements are mixed in a special terminal by agitation with high
shear and subjected to high temperatures, originating in a stable and homogeneous
ligand. However, the standard in question does not indicate the maximum time
between the production of rubber asphalt and its use in the field and leaves the
manufacturer to define the conditions for storage and storage of rubber asphalt.

The DNIT 112/2009-ES [9] standard regulates the specification of the service and
quality control of asphalt concrete with rubber asphalt, which must be manufactured
in an appropriate plant, obtained through the wet process of the terminal blending
type. The standard also recommends the use of two types of rubber asphalt for specific
granulometric bands:

Table 1 Result of characteristic tests of rubber asphalt

Technical Characteristics Unity Asfalto Borracha Test methods

Type AB 8 Type AB 22

Penetration,100 g, 5 s, 25 °C 0,1 mm 30–70 30–70 DNER ME 003/99

Softening point, min, °C °C 55 57 DNER ME- 247/94

Brookfield Viscosity, 175 °C,
20 rpm, Spindle 3

cP 800–2000 2200–4000 NBR 15529

Flash Point, min °C 235 235 DNER ME 148/94

Elastic Recovery Ductilometer,
25 °C, 10 cm, min

% 50 55 NBR 15086:2006

Storage stability, max °C 9 9 DNER ME-384/99

Effect of heat and air (RTFOT),
163 °C:

Mass variation, max % 1 1 NBR 15235:2006

Softening Point Variation, max °C 10 10 DNER ME-247/94

Percentage of Original
Penetration, min

% 55 55 DNER ME 003/99

Percentage of Original Elastic
Recovery, 25 °C 10 cm, min

% 100 100 NBR 15086:2006

Source DNIT 111/2009-EM [8]



Technical, Environmental, and Economic Advantages … 583

• AB-8: for bands A, B, and C of DNIT and for discontinuous band type Gap
Graded;

• AB-22: for Gap Graded discontinuous band.

Technical Advantages in the Use of Asphalt Rubber

The use of rubber asphalt results in a pavement with greater resistance to cracks and
permanent deformations (wheel tracks), this is because the asphalt mixture gains
part of the rubber’s elastic capacity, consequently, the pavement reduces undesirable
deformations, since modified asphalt has the ability to deform when vehicles pass
and return to their initial position. Furthermore, rubber asphalt also shows late aging
and oxidation, due to certain elements present in rubber, such as carbon black, which
preserve the asphalt by combating the chemical wear caused by the exposure of the
floor to ultraviolet and infrared rays [10].

A study carried out at USP (University of São Paulo) analyzed the behavior,
in relation to permanent deformation, of conventional asphalt mixtures and asphalt
mixtures modified by rubber asphalt. Those modified by rubber asphalt show values
of deformation in the simulator much lower thanmixtures with conventional binders.
Coming to the conclusion that the modified mixture with rubber asphalt proved
to be less vulnerable to the formation of wheel tracks. Figure 2 shows the two
plates subjected to the test, the direct one is with rubber asphalt and only 5% was
deformed after 30,000 simulation cycles and the left plate with conventional ligand
was deformed 13% after 10,000 cycles [7].

CNT 2019 [4] also points out other benefits such as less thermal vulnerability; the
reduction of noise when passing vehicles, improving the well-being of passengers
and inhabitants of the areas adjacent to the highways; and the best grip between the
tire and the pavement, making passengers safer.

Fig. 2 Two plates after being submitted to the traffic simulator Source Greca Asfaltos [7]
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Environmental Advantages in the Use of Asphalt Rubber

With the approval of CONAMA Resolution 258/99 [1], there was a significant
advance in the recycling of waste tires in Brazil. In 2009, CONAMA Resolution
No. 416/09 [12] was approved, changing the formula for calculating production for
the aftermarket. The new resolution obliges manufacturers and importers to allocate
100% of the tires that enter the aftermarket. That is, for each new tire sold in the
aftermarket, importers, and manufacturers must give a correct destination for a waste
tire [5].

The CNT [4] shows that between 2009 and 2019, there was an increase of 80.8%
in the vehicle fleet in Brazil, generating more and more waste tires annually. The use
of rubber from these tires on paving reduces the deposit of this material in landfills
or other inappropriate places, and up to a thousand tires per kilometer can be used
[6].

The incorrect destination of the tires endangers the health of the population, as it is
a place for the development of parasites and insects that transmit diseases. In addition,
if they are burned, they generate toxic smoke, also attacking the environment. Thus, a
great alternative for the correct destination of these tires is to use rubber on pavements,
where a large amount of waste tires will be destined [10]

Economic Advantages in the Use of Asphalt Rubber

In 2009, Greca asfaltosmade a comparative study between a 30 kmpavement restora-
tion work, comparing the use of conventional asphalt with CAP-50/70 asphalt binder
and rubber asphalt. The purpose was to show the use of the technical characteristics
of rubber asphalt [7].

The section was reversed with a 5 cm thick conventional asphalt layer and 3.5 cm
thick asphalt rubber layer, having the same strength and stability as the conventional
asphalt section.

The execution price of rubber asphalt costs approximately 15% more expensive
than conventional asphalt. This is due to the fact that its manufacture requires high
machining temperatures to increase the efficiency of compacting the coating.

Table 2 shows that considering only the execution ofmachining and application of
CBUQ (Hot Machined Bituminous Cement) and the cost of the ton of conventional
asphalt and rubber asphalt, it is concluded that in these two points the rubber asphalt
has a higher value. However, when checking the work as a whole, taking into account
the quantity of CBUQ applied, which is lower in the case of rubber asphalt and also
its durability, the final cost of the work is less and the savings are in the long run.
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Table 2 Comparison of cost between rubber asphalt and conventional asphalt

Quantities Calculation Unity Asphalt Type

CAP 50/70 Rubber Asphalt (Ecoflex)

Mass quantity asphalt
from CBUQ produced

– ton 26,25 18,375

Machining Cost/
Application per ton of
CBUQ applied

– R$/ton 200 230

Mass quantity
x Machining Cost/
Application

A X B R$ 5.250.000,00 4.226.250,00

Asphalt Content – % em peso 5 5,5

Asphalt Cost Per Ton – R$/Ton 1.150,00 1.550,00

Asphalt Cost at CBUQ A x D x E R$ 1.509.375,00 1.566.468,75

Total Cost of Work C + F RS 6.759.375,00 5.792.718,75

Source Greca [7]

Conclusion

Due to the aforementioned facts, it can be realized that the use of rubber asphalt is
considerably higher than that of conventional asphalt, since with the superior quality,
costs are reduced because rework and intermittent repairs are not necessary. Runner
asphalt decreases the amount of car maintenance related to defects or irregularities
in the pavements. It guarantees the preservation of the environment and positively
influences the health of citizens, due to the fact that it can have an adequate destination
for waste tires, incorrect disposal is reduced, avoiding the proliferation of vectors in
accumulated, burnt water, among others.
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The Incorporation of the Light Green
Clay in the Textile Polyamide Residues

M. N. Sartori, D. P. Castro, F. R. Valenzuela-Diaz, and L. G. A. Silva

Abstract The aim of this work is to evaluate the possibility to use textile residues
of polyamide with elastane that are discarded by the industry as a matrix of a new
polymer-clay composite material, evaluated on a manometric scale, and to propose
a way of recycling for these materials. At the same time, with nanocomposite tech-
nology, value is added to this material. In this work, polyamide of textile residues
from industrywas used. Thesematerialswere first processed in a compactermachine.
Composites at 1, 2, and 3% by weight of Light Green clay/polyamide were prepared
by double screw extrusion. The properties of the composite were characterized by
X-ray diffraction (XRD), tensile, flexural, impact tests, and thermogravimetric anal-
ysis (TGA). Results obtained were compared with the neat textile polyamide prop-
erties. It was concluded that it is feasible to recycle the textile residues of polyamide,
and that the addition of clay, at the doses studied in this work, could lead to the
obtaining of composite materials with better mechanical than untreated ones.

Keywords Recycling · Textile residues · Polyamide · Clay

Introduction

In Brazil, the textile, industry is relevant to the generation of wealth and jobs. This
manufacturing activity consolidated strongly, making the country a major world
producer of textile, the 5th largest producer in the world, with an approximate
production of 1.8 million tons of made-up articles [1, 2].
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With such a large manufacturing activity, the generation of waste is unavoidable,
around 175 thousand tons of textile shavings per year coming only from cuts in the
mold of clothing in Brazil [3].

The study of polymer waste is a current and important theme, considering its
increasing presence in solid urban waste and being recyclable materials with high
potential for reuse.

Polyamides have been on the market for nearly 80 years. Fibers made of PA6 and
PA 6.6 were the first commercialized polyamide products. Until to-day, these two
polyamides have played a dominant role in the production and on the Market [4, 5].

These two types of polyamides belonging to the group of polymer thermoplastic
fibers have a very wide spectrum of applications, especially in the field of thermal
underwear and hosiery products, in which, plain stitch knitwear plays a predominant
role and are produced in the form of filaments and staple fibers. Polyamide fibers
show very good mechanical properties, and the high abrasion resistance is the most
valuable feature of these fibers [6, 7].

Polymer–clay nanocomposites, have attracted much attention from both industry
and academia over the past decade because they frequently exhibit unexpected prop-
erties. In contrast to the traditional fillers, nanofillers, in particular, nanoclay is
found to be effective. The addition of a small amount (< 5 wt%) can show signifi-
cant improvement in mechanical, thermal and barrier properties, flammability resis-
tance, and electrical/electronic properties of thefinal polymer nanocompositewithout
requiring special processing techniques [8, 9].

Experimental

Materials

The materials used in this work were the polyamide textile residues from postin-
dustrial supplied by NZ Cooperpolymer Thermoplastic Engineering and Brazilian
bentonite Light Green clay from Boa Vista−PB. This clay did not undergo any
purification process andwas only strained (D=0.074mm) to exclude larger particles.

Methodology

Firstly, the polyamide textile residues were processed in a compacting machine for
volume reduction. Before the extrusion process, the polyamide compacts and Light
Green clay were kept in an oven for 4 h at 100 °C to remove moisture. The clay was
mixed with the polymer matrix manually.

The incorporation of Light Green clay into the polyamide was carried out in a
twin screw extruder using temperatures from 200 to 250 °C and thread rotation speed
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Table 1 Formulations of
textile polyamide with Light
Green clay (%, by weight)

Samples Textile polyamide % clay

PA 0 100 0

PA1 99 1

PA2 98 2

PA3 97 3

of 60 rpm. The extruded material was dried, pelletized by a pelletizer, fed into an
injection molding machine and specimen test samples were obtained. The mergers
were made according to Table 1.

The aim of this work is to develop a method for recycling the polyamide textile
residues and analyses the mechanical properties. As an important part of the paper,
the experimental parts are shown in steps in Fig. 1 below, to demonstrate how the
samples were obtained. The step (1) shows the polyamide textile residues from
postindustrial that were used in this work. Step (2) present the material after the
compaction process. Is it possible to notice reductions in the total volume of the
material, small particles were obtained in this process. The granules obtained in the
extrusion process are shown in step (3). Step (4) is the final of the experimental part,
the samples of the materials.

Fig. 1 Steps of the experimental part. 1 polyamide textile residues; 2 compacted polyamide textile
residues; 3 polyamide extruded; 4 samples of polyamide textile residues. (Color figure online)
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The formulations were evaluated by tensile strength at rupture (ASTM D 638)
and flexural resistance (ASTM D 790) for both tests were used ten specimens for
each formulation. The Izod impact resistance (ASTMD 256) was also examined and
seven specimens were used for each composition.

The X-ray diffraction study was performed using the Rigaku DMAX 2100 equip-
ment with CuKα (λ = 1.54 nm) operated at 40 kV and 40 mA, with 2θ varying
between 2nd and 50th. This technique was performed to evaluate the formation of
nanocomposites.

To perform the thermogravimetric analysis (TGA) in an inert nitrogen atmosphere
using a heating rate of 20 °C/min, the samples were warmed from room temperature
to 800 °C.

Results and Discussion

X-Ray Diffraction (XRD)

Figure 2 show the results of diffraction of samples of pure polyamide and systems
with the addition of 1%, 2%, and 3%.

The results showed a change in the intensity and inclination of the peaks, which
indicates that the clay was interspersed with the polyamide matrix. No completely
exfoliated structures were obtained, as the appearance of the d001 peaks indicates at
least a certain degree of intercalation.

In
te

ns
ity

 (a
.u

)

2θ

PA0 PA1 PA2 PA3

Fig. 2 X-ray diffraction patterns of PA0, PA1, PA2, and PA3 samples. (Color figure online)
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Fig. 3 Thermogravimetric curves of the PA0, PA1, PA2, and PA3 samples. (Color figure online)

Thermogravimetric Analysis (TGA)

Someworks [10, 11] in the literature have found no difference in the thermal stability
of polyamide/clay nanocomposites. In this work, the same behavior was observed
(Fig. 3). No system obtained with clay showed thermal stability superior to that
of pure polymer, regardless of the clay content used. The analysis showed that the
thermal stability was the same both for the pure polymer and for the nanocomposites
produced with the unmodified clays.

Mechanical Tests Results

Mechanical test results are shown in Table 2.

Table 2 Mechanical test results for PA0, PA1, PA2, and PA3

Tensile strength at break
(MPa)

Elongation (%) Izod impact (J/m) Flexural strength
(MPa)

PA 0 29.31 ± 1.64 4.17 ± 1.21 109.38 ± 9.81 283.90 ± 24.16

PA 1 48.86 ± 3.65 5.96 ± 1.65 124.40 ± 2.87 278.03 ± 11.38

PA 2 65.58 ± 4.88 9.04 ± 0.52 120.92 ± 2.52 284.57 ± 16.75

PA 3 31.95 ± 4.81 5.39 ± 0.34 119.80 ± 2.18 283.66 ± 13.91
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The addition of 1% of clay promoted an increase in tensile strength at break of
67% when compared to neat polymer. In the formulation with 3%, this increase was
about 120% (Table 2). This improvement in the mechanical property of tensile, when
compared to the properties of polyamide without the addition of clay, indicates that
the clay acted as a reinforcing load increasing the sample stiffness.

The addition of clay, in all formulations, promoted an increase bigger than 10%
in the impact resistance of the material (Table 2). This improvement can be attributed
to the absorption of impact energy by the clay with the consequent reduction in the
propagation of micro-cracks.

The flexural strength values found for PA0, PA1, PA2, and PA3 were the same,
considering the measurement error, which indicates that the clay, in the percentages
added does not interfere with the flexural strength of the recycled textile polyamide.
In addition, some nanocomposites dissipated small deviations, being smaller than
pure material, which gives greater reliability to the results (Table 2).

For a recycled material reinforced with clay without modification, the result is
considered significant, showing it a real possibility of use.

Conclusions

The objective of the present study was to develop a method for recycling the
polyamide textile residues and to evaluate the contribution of the natural Brazilian
bentonite Light Green clay on the properties of the polyamide textile residues. As
for processing, the materials formulated with clay showed a behavior according to
that used by the recycled polymer industry. This particularity observed in the process
was a positive point for the material formed, suggesting that the method used can be
repeated by the industry on a regular basis. The results showed that the incorporation
of nanoclay represented a significant gain in tensile strength at break and also an
improvement in impact resistance. The superior mechanical properties of nanocom-
posite observed in this study can be attributed to the stiffness of Light Green clay, to
the degree of the intercalation, and good dispersion of the clay layers in the polyamide
residues.
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The Simpex-Lattice Method Application
to Optimize the Design of Soil-Slag-Fly
Ash Mixtures

Mateus Henrique R. Rodrigues, Leonardo G. Pedroti, Taciano O. da Silva,
Heraldo N. Pitanga, Klaus Henrique de P. Rodrigues, and Emerson C. Lopes

Abstract Ladle furnace slags and fly ashes may be utilized as soil stabilizers in road
construction as an option to reuse these by-products. However, there is no method
grounded on experimental design to optimize the dosage of those by-products in
mixtures with soil. This study applied the Simplex-Lattice method to perform the
experimental design to optimize the design of soil-slag-fly ashmixtures. The soil was
geomechanically characterized and the by-products were subjected to scanning elec-
tronic microscopy (SEM), X-ray diffraction (XRD), pozzolanic activity, and specific
surface area analysis. The experimental mixtures were submitted to an unconfined
compressive strength test and the results led to a response surface and a mathe-
matical model that described the interaction between the components and allowed
the mixture design optimization. This study highlights the potential of the Simplex-
Lattice method to optimize soil-slag-fly ash mixtures and the technical suitability of
utilizing those by-products as soil stabilizers.

Keywords Steel slag · Fly ash · Simplex-Lattice · Soil stabilization
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Introduction

The steelmaking industry in Brazil is responsible for producing around 35.4 million
tons of steel annually; therefore, it is responsible for generating approximately 20
million tons of waste per year. From this total, 27% are classified as steel slag and
6% as fines (including fly ashes) [1]. This considerable volume of waste makes the
by-products an undesirable, but inevitable, environmental liability, emphasizing the
necessity to find alternatives for their utilization rather than just disposal in nature
[2].

These by-products have been successfully applied on the mortars [3], cement [4],
and asphalt concrete production [5]. In highway engineering, these materials have
shown promising results when used as chemical soil stabilizer agents [6, 7]. The
stabilizing potential of those by-products can be optimized when combined with
other steelmaking by-products, which is the case of the combined application of
ladle furnace slag (LFS) and fly ashes (FA) [8] .

Fly ashes are defined as an artificial pozzolan that, by itself, has few or no agglom-
eration properties, but when in contact with water, can react with calcium hydroxides
creating binding compounds [9]. LFS is a material resulting from secondary steel
refining, presenting low hydraulic reactivity, but shows great potential as a chemical
agent in soil stabilization applications [6]. Research involving LFS, FA, and other
by-products in soil stabilization applications have been carried out using empirical
methods based on professional experience to design the mixtures with soil [10].
However, the lack of a consolidated methodology that allows an optimized design
of mixtures composed of these by-products and soil, makes it difficult to apply these
materials for large-scale production. In order to suppress this difficulty, some statis-
tical design methods have been studied for this purpose, such as the Simplex-Lattice
method,which is a promisingmethod that has been successfully used in the optimized
design of ceramic compounds [11], mortars [12], and other product varieties.

The Simplex-Lattice method can be described as an ordered system consisting of
a uniformly spaced points arrangement, that must be tested, and which results are
used to fit a regression model. An advantage of applying this method while designing
mixtures is to reduce the number of trials required to get a regressionmodel to predict
the mixtures response in function of mix ratio components [13].

The present paper evaluates the Simplex-Latticemethod technical applicability on
the optimized design of Soil-Ladle Furnace Slag-Fly Ash (SLF) mixtures, aiming
to maximize the unconfined compressive strength of these mixtures. To study the
mixtures responses and to evaluate the potential of the application of these by-
products as a chemical stabilizer in soil stabilization applications, itwas also proposed
performing the physical, mineralogical, and chemical characterization of the raw
materials.
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Materials and Methods

Materials

The soil sample used in this studywas collected inViçosa,MinasGerais State, Brazil,
submitted to air-drying, and prepared to perform the laboratory tests in accordance
with NBR 6457 [14].

The LFS sample was obtained from a steelmaking company located in Jeceaba,
Minas Gerais State, Brazil. Thematerial samplingwas carried out in accordance with
NBR 10007 [15]. After transporting the material to the Civil Engineering Laboratory
at the Federal University of Viçosa, the material was air-dried, milled, and submitted
to a sieving process to retain the particles larger than 0.6 mm (sieve nº 30).

The FAused in this studywas obtained from a company responsible for processing
and commercialize pozzolanic fly ash from coal burning, located in Capivari de
Baixo, Santa Catarina State, Brazil. The material is classified as class-C fly ash and
meets the pozzolanic requirements prescribed in technical standard NBR 12653 [16].

Characterization of Raw Materials

Soil sample was submitted to characterization laboratory tests to determine: (i) the
particle size distribution [17]; (ii) specific gravity [18]; and (iii) Atterberg Limits and
Plasticity Index [19, 20]. Samples of LFS and FA were submitted to laboratory tests
to determine the specific gravity [21], the finesses by sieving [22], and the specific
surface area by Brunauer, Emmett, Teller (BET)method. The pozzolanic activity test
performed on steel slag and fly ash sampleswere carried out following the procedures
proposed by Lúxan et al. [23].

The mineralogical characterization of soil, ladle furnace steel slag and fly ash,
were carried out by means of XRD diffraction test, utilizing Brunker D-8 Discover
diffractometer (CuKα radiation, 40 kV, 30 mA, λ = 1.5418 Å, θ–2θ angles, 5º a
80º range, 0.02°/step, 1 s/step). Scanning electron microscopy (SEM) analysis was
also performed on LFS and FA samples, utilizing JOEL JSM-6010LA equipment,
utilizing sputter coated specimens to prevent charging in the SEM.

Experimental Design of Mixtures

The method chosen to design the experimental mixtures was the Simplex-Centroid
method. The experimental mixtures were composed of three components (soil, LFS,
and FA), therefore, the total experimental mixtures to be tested in this experimental
program is given by (2q–1), where “q” corresponds to the number of components
on the mixture [24], totalizing 7 mixtures. Additionally, it was proposed that the
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Fig. 1 Simplex-Centroid
triangular diagram and
testing mixtures
identification

Table 1 Component contents of the experimental mixtures (dry mass composition)

Material M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

Soil (%) 95.0 87.5 80.0 80.0 80.0 87.5 85.0 82.5 82.5 90.0

LFS (%) 5.0 12.5 20.0 12.5 5.0 5.0 10.0 7.5 15.0 7.5

Fly Ash (%) 0.0 0.0 0.0 7.5 15.0 7.5 5.0 10.0 2.5 2.5

3 intermediate mixtures were to be tested, as shown in Fig. 1. The maximum and
minimum limits that all components can assume in the mix proportion were defined
based onvalues verified in the technical literature [25], being defined that themixtures
would be composed by 5–20% of LFS and 0–15% of FA. The composition of each
experimental mixture is presented on Table 1.

Testing Methods

The natural soil and all the experimental mixtures were submitted to a compaction
test, in accordance with NBR 7182 [26], to define the maximum dry unit weight and
the optimum moisture content. Three specimens of each experimental mixture and
three specimens of natural soil were submitted to unconfined compressive strength
(UCS) test in accordance with NBR 12770 [27], considering the Standard Proctor
compaction energy and 7 days curing period. The UCS of each mixture was deter-
mined from the mean value obtained from the three tested specimens. The UCS
of the natural soil was determined following the same procedure adopted for the
experimental mixtures.
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Table 2 Geotechnical characterization of soil

Geotechnical parameter Result Geotechnical parameter Result

Clay (%) (� ≤ 0.002 mm) 5 Bulk Specific Gravity (g/cm3) 2.657

Silt (%) (0.002 mm < � ≤ 0.06 mm) 24 Liquidity Limity (LL) (%) 36

Fine sand (%) (0.06 mm < � ≤
0.2 mm)

13 Plasticity Limit (PL) (%) 18

Medium Sand (%) (0.2 mm < � ≤
0.6 mm)

40 Plasticity Index (PI) (%) 18

Gravel Sand (%) (0.6 mm < � ≤
2 mm)

15 USCS Classification SC

Gravel (%) (� > 2.0 mm) 3 TRB Classification A-2-6

The UCS result for each mixture was uploaded in Minitab® software to generate
the mathematical model that describes the interaction between components and their
impact on the product mechanical behavior. To the statistical analysis it was setup a
confidence level of 95%.

Results and Discussion

Geotechnical Characterization of Soil

Table 2 presents the results from the geotechnical characterization of soil and the soil
classification according to the Unified System of Classification of soils (USCS) and
Transportation Research Board (TRB). The soil can be classified as a clayed sand
soil according to USCS and as A-2-6 soil according to (TRB). The soil particle size
distribution is shown in Fig. 2.

Mineralogical Characterization

Figure 3a and b show, respectively, the ladle furnace steel slag and the fly ash SEM
images. From the SEM images, it is noted that LFS has very irregular shaped parti-
cles, while the fly ash is composed of particles fine-grained and spherical in shape.
Irregularly shaped particles have a lower specific surface area compared to spherical
particles. For materials that present cementitious properties, it is desirable that these
materials show high specific surface area since the amount of chemical reactions
tends to be proportional to this factor.

Figures 4 and 5 presents the major mineralogic phases identified in the ladle
furnace slag and in the fly ash samples, respectively. The major phases identified in
the ladle steel slag were the portlandite, olivine, calcite, dolomite, brucite, artinite,
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Fig. 2 Soil grain size distribution

Fig. 3 Ladle furnace steel slag a SEM image and fly ash b SEM image

and larnite, while in the fly ash sample were identified the mullite, wollastonite,
quartz, lime, calcite, albite, anhydrite. The peaks on the XRD patterns indicate the
amount of themineralogic phases in thematerials composition. Both themineralogic
phases and the amount of these phases in the materials compositions were the same
verified in some studies approaching the same type ofmaterials, except for the olivine
in the LFS, and for the mullite in the FA, which has shown a larger amount than what
is observed in the technical literature consulted [6–8, 28].
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Fig. 4 Results of the XRD analysis of the ladle furnace steel slag sample

Fig. 5 Results of the XRD analysis of the fly ash sample
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Table 3 Physical and
chemical characterization of
ladle furnace steel slag and fly
ash samples

Properties LFS Fly Ash

Finesses index (%) 55.8 23.71

Blaine Specific Surface Area (cm2/g) 1906.4 1788.24

Specific Gravity (g/cm3) - 2.91 2.08

Pozzolanic Activity (Lúxan et al. 1989) Low Medium

Chemical and Physical Characterization of Raw Materials

The results from the characterization tests performed on the by-products are shown
in Table 3. The LFS has larger specific gravity compared to fly ash, which is in
accordance with usual values for the specific gravity of these materials [29]. Both
materials have shown a high specific surface area, indicating a favorable condition
to occur hydration reactions. The finesses index for both materials indicates that
the fly ash has a larger amount of fines compared to the ladle furnace slag. The fly
ash response to the pozzolanic activity test performed indicates that this material
has medium pozzolanic activity, while the ladle furnace slag sample presented low
pozzolanic activity. Even though those materials have not shown good pozzolanic
activity, the combined application of those materials may be interesting; the fly
ash has a higher amount of artificial pozzolanic components and the steel slag has
higher contents of cementitious compounds, whichwhen combined, favors hydration
reactions [25].

Geotechnical Characterization of Experimental Mixtures
and Natural Soil

Figure 6 shows the maximum dry unit weight and the optimum moisture content for
each experimental mixture and for the natural soil submitted to the compaction test.
From Fig. 6, the variation in the maximum dry unit weight and moisture content
between the mixtures can be observed, showing that the by-products addition has
increased the maximum dry unit weight and the optimum moisture content of the
mixtures when compared to the natural soil. The soil maximum dry unit weight
was 1.717 g/cm3 at 15.1% of water content. The higher maximum dry unit weight
was observed for the mixture containing 20% of ladle steel slag on its composition.
Also, an increase in the optimum moisture content proportional to the amount of
by-product in the mixture was observed. This behavior is assigned due to the amount
of fines in the mixture increase, which increases the mixture specific surface area
and requires higher amount of water to hydrate the cementitious compounds added
to the mixtures [16].



The Simpex-Lattice Method Application to Optimize the Design … 603

15
.1

15
.2 16

. 4

15
.3

15
.5

14
.7 15

.7

15
.4

15
.3 15
.6

14

1.
71

7

1.
74

1

1.
74

5

1.
76

4

1.
71

7

1.
74

7

1.
73

2

1.
74

8

1.
72

4

1.
74

8

1.
75

5
Soil

M
1-95;5;0

M
2-87.5;12.5;0

M
3-80;20;0

M
4-80;12.5;7.5

M
5-80;5;15

M
6-87.5;5;7.5

M
7-85;10;5

M
8-82.5;7.5;10

M
9-82.5;15;2.5

M
10-90;7.5;2.5

0

2

4

6

8

10

12

14

16

18

O
pt

im
um

 M
oi

st
ur

e 
C

on
te

nt
 (%

)
 Opitmum Moisture Content (%)
 Maximum Dry Unit Weight (g/cm³)

0

2

4

6

8

10

12

14

16

18

M
ax

im
um

 D
ry

 U
ni

t W
ei

gh
t (

g/
cm

³)

Fig. 6 Experimental mixtures optimum water content and maximum dry unit weight

Unconfined Compressive Strength Tests

The results from the UCS tests performed are shown in Fig. 7. The addition of
steelmaking by-products in the mixtures has improved the compressive strength of
the natural soil, by 14 to 62%. The experimental mixtures that shown the highest
UCSs were mixtures M3, M4, M5, and M7, with a maximum UCS of 166 kPa
corresponding to the M5 mixture. This value represents a significant increase of
62% in the unconfined compressive strength of natural soil, suggesting a baseline
for optimization of materials combinations.

The verified gain in soils compressive strength can be assumed as a consequence of
cementitious and hydration reactions that originate cemented components along the
curing time considered. This hypothesis is taken as an explanation when considering
the XRD analyses indicating the presence of minerals such as larnite, mayenite, and
wollastonite in the materials structure desirable hydraulic properties [6, 10].
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Fig. 7 Unconfined Compressive Strength tests results

Simplex-Lattice Method Analysis

The UCS results from each experimental mixture were assessed in Matlab 2018®
software to obtain the triangular response surface shown in Fig. 8, fromwhich can be
observed the resistance intervals as a function of the proportion of each component
in the mixture.

As the mixtures were composed of three materials, the mathematical model
proposed to describe the UCS behavior of the mixtures has the structure presented
in Eq. 1 [25], where “Y” represents the unconfined compressive strength, “βx” the
regression coefficients, and “xi” the amount of each component in the mixture.

Y (x1x2x3) = β1x1 + β2x2 + β3x3 + β12x1x2 + β13x1x3 + β23x2x3 + β123x1x2x3
(1)

Themost statisticallyfitted regressionmodel calculated, considering95%of confi-
dence level, is shown in Eq. 2. In this equation, the UCS is expressed as a function
of the proportion of soil (S), ladle furnace slag (L), and Fly ash (F) in the mixture
composition.

UCS(kPa) = 109.6 S + 369.6 L + 382.1F (2)
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From the regression model coefficients presented in Eq. 2, can be inferred that
the LFS and the FA addition in the mixture composition has a positive influence on
the mixture’s unconfined compressive strength. The coefficients that represent the
interaction between the components as shown in Eq. 1 (β12, β13, β23, β123) did not
present statistical relevance and have been removed from the regression model. The
regression model presented in Eq. 2 resulted in R2 equals to 71.72%.

From the mathematical model presented in Eq. 2, it was possible to optimize the
mix design through the statistical tool “desirability” available from the Minitab®
software to maximize the UCS. This approach was carried out with a set UCS target
value of 170 kPa. As a result of this optimizing procedure, the Minitab ® software
returned the mixture composed of 80% of soil, 5% of LFS, and 15% of FA as the
optimal mixture with a desirability value equal to 0.962, and a maximum UCS of
166.4 kPa.

Conclusion

The Simplex-Lattice method is a powerful tool to perform the experimental design
of mixtures aiming to evaluate the product’s responses as a function of the mixture
components contents. Thismethod significantly reduces the number of trials required
to achieve the balance between thematerials ratio in themixture and their mechanical
response. In addition, the Simplex-Lattice method can establish a response surface
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consistent with the testing results, allowing the possibility to define different propor-
tions that are able to reach the same range of UCS, andmaking suitable the optimized
design of mixtures.

The unconfined compressive strength of the natural soil has increased up to 62%
by applying different materials proportions in the mixtures. The observed behavior
is attributed to pozzolanic and cementitious reactions between the steelmaking by-
products and the soil, since the mineralogical characterization of those materials
verified the presence ofmineralogic phases that indicates high cementitious potential,
such as larnite, mayenite and wollastonite, and belite.

From the significant improvement on soil performance under this loading condi-
tion, it is verified the technical suitability of the application of ladle furnace slag and
fly ash as soil stabilizer agents, consolidating an interesting alternative to reuse a
large amount of those by-products.
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Variation of the Silica Module for Dosing
Activated Alkali Mortars
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Abstract The dosage of activated alkali materials, as is the case with blast furnace
slag mortars, is one of the great complexities of materials science. In this context, the
objective of this work is to propose the mortar dosage 1: 1: 0.5 (precursor: aggregate:
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activator), varying the silica module of the solution by 0.3, 0.6, 0.9, 1.2, and 1.5, and
performing compression, density, water absorption, and porosity tests, performing
thermal curing at 60 °C and normal curing, with curing of 7 days. The results showed
that the variation of the silicamodule significantly changes the results of the evaluated
properties, with the best parameters obtained for a 1.2 module of silica.

Keywords Silica module · Alkali activated materials · Slag

Introduction

One of the most important factors in the dosage of activated alkali materials is the
definition of the materials present in the activating solution [1]. Usually, sodium
and potassium hydroxides and silicates are used, due to their availability and high
alkalinity. In case of materials produced with calcium-rich strikers, as is the case
with blast furnace slag, the application of the alkaline solution is responsible for
accelerating the hydration reaction of the slag, since the alkaline materials induce a
greater break in the bonds present in the slag, producing resistant components in the
material [2, 3].

It is known that the structure of the blast furnace slag hardened and produced
through alkaline activation is the basis of C-A-S-H crystals, named as tobermorite
[4]. The sodium or potassium, present in the activators, are necessary to occupy the
interstices and balance the electrical charges of C-A-S-H, making the material stable
and resistant. It is clear to observe, however, the presence of silicate in the structure of
tobermorite. However, blast furnace slag has a predominantly very large amount of
calcium oxide in its structure [5, 6]. This indicates a need for silicates in the alkaline
activation reaction.

Therefore, it is essential to apply silicates in the alkaline solution, to complete the
formation of the structure of tobermorite [7]. However, the use of silicates in activated
alkali materials can impair other properties, such as the viscosity of the formed
material. The application of silicates, therefore, can impair workability parameters
and consequently reduce the compaction and densification of the material.

Another important fact is the pH of the alkaline solution. The application of
silicates reduces the pH of the solution, and may indirectly reduce the efficiency of
the activated alkali reaction that occurs in highpHmedia [8, 9]. In addition, it is known
that there is a maximum amount of silicates that can be absorbed by the structure
of tobermorite without the fragility of the formed network occurring. Figure 1, for
example, illustrates themicroscopy of an activated alkalimaterial formedwith excess
silicate [10], which induces the formation of less resistant secondary phases than the
classic tobermorite (C-A-S-H) [11, 12].

All of these factors lead to the conclusion that there is an optimum amount of
silicates that should be used in the alkaline activation process. The use of silicates
at levels less than optimal does not form the tobermorite network in a complete
way, however, the use of silicates at levels above optimum may affect the alkaline
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Fig. 1 Microscopy of tobermorite and secondary phases [10]

activation reaction due to the drop in pH, due to the lack of densification of the
materials produced. and due to the saturation of silicate phases within the tobermorite
network.

In this context, the objective of this work is to evaluate the influence of the silica
module, which is the relationship between silicon oxide and sodium oxide used for
alkaline activation, through the analysis of the compressive strength obtained by the
materials.

Materials and Methods

The materials used to produce the activated alkali materials were blast furnace slag
extracted from a Brazilian steel industry and river sand extracted in Brazil. For the
production of the alkaline solution, two componentswere used, the first being sodium
silicate with 63%SiO2, 18%Na2O, and 19%H2O, leading to a 3.5 silicamodule. The
second component is sodium hydroxide micropearls with a purity of 99%, necessary
to enable variation in the silica module. This module, presented by Eq. (1), was
varied from 0.3 to 1.5, according to data consulted by the bibliography for similar
precursors [13].

Ms = [SiO2]

[Na2O]
(1)

where:
Ms is the silica module.
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Table 1 Chemical composition of blast furnace slag

Ca Si Al Mg S Ti Fe K Others

62.49 22.00 6.69 3.96 1.95 0.86 0.58 0.45 1.02

[SiO2] is the number of moles of SiO2 present in the solution, obtained by
calculating the mass divided by the molar mass of the compound.

[Na2O] is the number of moles of Na2O present in the solution, obtained by
calculating the mass divided by the molar mass of the compound.

The slag used presents the chemical composition shown in Table 1, where it is
possible to perceive the high amount of Ca and low Si content, leading to a Ca /
Si ratio of 2.84, illustrating the need for the application of silicates in the activator
solution to correct the absent contents.

For this reason, alkali mortars activated in the proportion 1: 1: 0.5 (binder: sand:
water) were produced, varying the silica module from 0.3 to 1.5. For each studied
composition, cylindrical specimens of 50 × 100 mm were produced, using 3 exper-
imental units for each test, as showed in Fig. 2. Two curing procedures were used,
at room temperature and at a temperature of 60 °C, and the tests were carried out
after 7 days of molding. Then the specimens were tested through three different
tests: resistance to compression, using a hydraulic press brand SOLOTET; water
absorption; porosity; and mass density in the hardened state.

Fig. 2 Samples produced. (Color figure online)
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Results and Discussion

Figure 3 shows the results of compressive strength. It is observed that the strength
of the material is increased as the silica module of the solution is increased. The
optimum silica modulus occurs with the amount of 1.2, justified by the formation
of tobermorite gels in the material, composed of C-A-S-H [10]. Table 1 shows that
blast furnace slag contains 22% SiO2, with the complementary material obtained by
sodium silicate present in the activating solution. However, the use of 1.5 in the silica
module is excessive, forming additional, less resistant phases, reducing the strength
of the material.

Figure 4 shows the density of the activated alkali materials studied as a function
of the silica module and the type of cure performed. It is observed that there is
no statistical difference in density between the applied silica modules, however, the
thermal curing causes a reduction in the density of thematerial, due to the elimination
of water during the curing procedure of the material.

Figures 5 and 6 show the results of porosity and water absorption, respectively,
for the studied materials. It is observed that there was an increase in porosity, and
consequently in water absorption, as there was an increase in the silica module up to
1.5. It is also possible to identify a direct relationship between porosity and mechan-
ical strength for activated alkali materials, differently from what occurs with most
cementitious materials. This is because the mechanism of reaction and formation of
gels in this class of materials is not just a physical characteristic, beingmainly related
to mineralogical and chemical issues [12, 13].
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Fig. 3 Compressive strength of materials studied. (Color figure online)
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Conclusions

After discussing the results, it can be concluded that:

• The blast furnace slag studied has a low amount of SiO2, requiring the application
of silicate in the solution to correct the levels and greater efficiency in alkaline
activation.

• The dosage of the materials through the silica module showed that the optimum
content is obtained with a ratio of 1.5, as observed by the resistance values. This
is attributed to the formation of tobermorite gels, responsible for the mechanical
behavior of the material. Above this content, less resistant secondary phases are
formed.

• There is no statistical difference in the density of the materials due to the silica
modulus factor.

• Alkali activated materials do not obey the indirect relationship between resistance
to compression andporosity andwater absorption, in the sameway as cementitious
materials. This is because the principles of resistance are not only physical, but
mainly chemical.
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