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About This Book

This volume of Advanced Structured Materials contains selected papers presented at
the 4th International Conference on Materials Design and Applications 2022 (MDA
2022), held in Porto, Portugal, during July 7-8, 2022. The goal of the conference was
to provide a unique opportunity to exchange information, present the latest results as
well as to discuss issues relevant to materials design and applications. The focus is on
fundamental research and application areas in the field of the design and application of
engineering materials, predominantly within the context of mechanical engineering
applications. This includes a wide range of materials engineering and technology,
including metals, e.g., lightweight metallic materials, polymers, composites, and
ceramics. Advanced applications include manufacturing of new materials, testing
methods, multi-scale experimental and computational aspects. Approximately, 110
papers were presented by researchers from nearly 25 countries.

In order to disseminate the work presented in MDA 2022, selected papers were
prepared which resulted in the present volume dedicated to Materials Design and
Applications IV. A wide range of topics are covered resulting in 11 papers dealing
with metals, composites, additive manufacturing, design, forming, and joining. The
book is a state of the art of materials design and applications and also serves as
a reference volume for researchers and graduate students working with advanced
materials.
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Part I
Metals



Chapter 1 )
Microstructure and Strength Properties ek
of the Mg-Zn-Ca-Er Alloy Produced

by Spark Plasma Sintering (SPS) Method

Sabina Lesz, Barttomiej Hrapkowicz, and Malgorzata Karolus

Abstract In this work, a novel Mg-Zn-Ca-Er alloy was prepared. A spark plasma
sintering (SPS) technique was used to produce samples from powders synthesized
by mechanical alloying (MA). Sintering temperature of 583 K and holding time of
4 min were used. These parameters allow to obtain the appropriate densification
and compaction in the produced samples. Before and after sintering, microstruc-
tural changes were investigated by X-ray diffraction (XRD) and scanning electron
microscopy (SEM) methods. The results of density measurements, microhardness,
and compression strength tests are presented. Analyses showed that amorphous
structure was achieved by mechanical alloying for milling times exceeding 20 h.
A substantial increase in hardness values with increasing the milling time up to 70 h
was attributed to the particle size decrease, and strong plastic deformations occur. The
mechanical properties that can be achieved using SPS of the Mg-Zn-Ca-Er alloy are
promising. Mechanical test results displayed reasonable improvements in compres-
sive strength with decreasing porosity of the samples. Fracture morphology of the
Mg-Zn-Ca-Er is the characteristic for brittle crystalline materials.

Keywords Mg-Zn-Ca-Er alloy - MA - SPS - XRD - SEM method -
Microhardness + Compression strength tests

1.1 Introduction

Apart from the obvious biocompatibility, one of the most important properties of
biomaterials is high strength and fracture toughness. Metallic implants may be supe-
rior to polymeric or ceramic materials, thanks to their high values of mentioned prop-
erties. (Niinomi 2007) However, the materials mechanical properties, when superior
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to the human bone, may cause problems due to the stress-shielding phenomenon. This
process is ensued from Wolff’s law, stating the bone rebuilds itself and strengthens
its tissue according to the applied load. The opposite is also true and is known as
osteopenia. (Frost 1994; Razavi et al. 2010) Fortunately, magnesium (Mg) excels in
that matter among many metals possible to be used as biomaterials. Its properties are
closely related to those of the human bone, making it an excellent choice for implant
materials (Murty et al. 2003; Datta et al. 2011; Lesz et al. 2018, 2021; Hrapkowicz
and Lesz 2019).

Nowadays, commonly used materials such as titanium (Ti) and stainless steel
(SS) are usually bioinert materials, meaning they do not interact with surrounding
tissues and do not take part in metabolic processes. On the other hand, magnesium
is a bioactive material actively assisting various bodily functions via interacting
with the physicochemical environment surrounding the implant. The bioactivity of
magnesium means it can be used as a biodegradable material (Hermawan et al. 2010;
Witte 2010; Datta et al. 2011). Bioinert materials are usually the base of permanent
implants, and such solutions usually mean there is a need for a second surgery, to
remove the implant after the bone had been stabilized. That is not the case with
biodegradable implants. Due to their design and appropriate corrosion behavior,
they degrade over time, supplementing the body and removing the potential risks of
a re-operation, as they completely disappear after the healing process. It has been
proven that Mg?* ions promote bone growth and reduce the overall healing time.
(Rude 1998).

Unfortunately, pure Mg has a considerable drawback of corroding too quickly
in physiological environments. That issue can be addressed by carefully selecting
appropriate alloying elements that can enhance its properties. One of the best alloying
elements which improve a plethora of properties is zinc (Zn). It not only improves
the overall mechanical properties but at the same time lowers the degradation rate of
the alloy (Boehlert and Knittel 2006); at the same time, it is an important metabolic
microelement, which has been proven to have a positive effect on bones. (Yamaguchi
2010; Jin et al. 2014) Another element with a beneficial influence on magnesium
alloys is calcium (Ca). Ca causes brittleness in Mg alloys thus reducing the failure
strain. It contributes to the alloy via solution and precipitation strengthening; more-
over, it can act as a grain refining agent. However, Ca addition exceeding the solu-
bility in Mg causes a sharp drop of corrosion resistance by forming Mg,Ca phases,
although at the same time it increases the hardness of the alloy. Hence, both corro-
sion resistance and hardness may be controlled by the Ca content. (Kirkland et al.
2010; Harandi et al. 2013; Chen and Thouas 2015) As it is biocompatible and osteo-
conductive, it is a very appropriate choice for biomaterials; however, its corrosion
products are insoluble and generally unfavorable; thus, the Ca quantity should not
be excessive. (Drynda et al. 2010) Other interesting alloying elements are rare earth
elements (RE). They have been known to tremendously improve Mg alloys since
the 1930s, although their effect on biomaterials is still being extensively researched.
They are usually divided into two groups: light RE (La, Ce, Pr, etc.) and heavy RE
(Gd, Dy, etc.). The main difference between the two is their solubility in Mg. While
light REs have very limited solubility, they form stable intermetallic compounds
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mainly located on grain boundaries, whereas the heavy group forms intermetallic
phases and it is possible to keep them in a solid solution. They quickly react with
alloys’ “pollutants” such as H, O, F, and CI. The products of these reactions may
have detrimental effects on the human health and corrosion resistance, as such the
alloys should be ideally free of impurities. They have been, however, already in use
as biomedical materials. In general, all the rare earth elements indicated a strength-
ening effect and may promote corrosion resistance at lower concentrations. (Ashida
et al. 1992; Hampl et al. 2013; Li et al. 2015; Liu et al. 2017).

Along mentioned materials, erbium (Er) seems to be attractive as compared to
other materials. It is not that vastly researched as the other rare earth elements (in
terms of their applications in the biomedical field), although its corrosion products
seem to be only mildly or in negligible degree toxic. In the magnesium alloys, erbium
may be used as an addition which considerably strengthens the material, both in terms
of mechanical properties and corrosion resistance. Moreover, as it can be seen in the
Mg-Er phase diagram, erbium is soluble in magnesium up to around ~ 3—4%.

The mentioned alloying elements have very different melting temperatures, thus
making the casting process more difficult. A very good solution to that is using
mechanical alloying (MA), which is a powder metallurgy technique utilizing metallic
powders and milling them to obtain a homogeneous alloy without melting them. It is
possible via solid solution diffusion which appears during high-energy milling. The
advantages of said process are numerous, but the most viable are the cost decrease and
high control over the process parameters and resulting alloys. Via MA, it is possible
to synthesize homogeneous powdered alloys and control their microstructure, such
as supersaturated solid solutions, non-equilibrium crystalline, and crystalline phases
as well as amorphous structures (Schultz 1988; Suryanarayana 2001; Polmear et al.
2017).

It was reported that the amorphous alloys exhibit higher strength, ductility, and
corrosion resistance as opposed to the crystalline alloys (Murty et al. 2003; Witte et al.
2005; Gu et al. 2009, 2010; Datta et al. 2011). Moreover, via appropriate alloying
addition, it is possible to reduce the hydrogen evolution during the corrosion process
resulting from the interaction with surrounding tissues and fluids (Nagels et al. 2003;
Razavi et al. 2010; Datta et al. 2011). The amorphous materials are very tedious and
extremely hard to prepare when manufactured by standard methods. The conditions
needed for such a process encompass very rapid solidification and appropriate critical
thickness of the material. Fortunately, while using MA, those concerns are negligible.
Both size and structure of the obtained powder are very refined, and it is possible to
obtain not only the amorphous structures but crystalline too, by carefully tailoring
the process parameters (Schultz 1988; Suryanarayana 2001).

The obtained powders, however, need to be consolidated. Nowadays, the rapid
growth of additive manufacturing opens many doors to the shaping of powder mate-
rials. As such, methods like selective laser sintering (SLS) or spark plasma sintering
(SPS) are capable of manufacturing products and details hard to obtain via conven-
tional means. In contrast to other consolidation techniques, SPS allows for rapid
densification, even at lower temperatures, hence making it possible to retain amor-
phous or nano-crystalline structure even after the consolidation process (Mardiha
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et al. 2019, 2022; Mohammadnejad et al. 2021). Although the main advantage of
the SPS method is the capability of producing ultra-fine structures with a very small
number of pores in the material (Orru et al. 2009; Straffelini et al. 2013; Trapp and
Kieback 2019). This is very crucial for Mg-based biomaterials, as pores may induce
local galvanic corrosion, lowering the overall corrosion resistance considerably.
This paper aims to investigate the morphology and mechanical properties of the
Mg-Zn-Ca-Er alloy, obtained via high-energy ball milling and sintered via the SPS
method. Hence, the presented results encompass XRD phase analysis, compression
strength, density, and porosity of the samples, as well as their microhardness.

1.2 Material and Methods

1.2.1 Material

High purity powders of magnesium, zinc, erbium (99.9 wt%), and calcium chunks
(99.9 wt%) were used as the basic starting mixture with the desired composition of
Mggs.xZnzpCasEry, where x = 1, 2, 3 at.%. Powders were mixed in stainless steel
cylinders in argon atmosphere. Ball-to-powder ratio was 10:1. The powder alloys
were prepared via high-energy mechanical alloying (HEMA) process in high-energy
dual shaker ball mill SPEX 8000D (Metuchen, USA). The process was carried out
at room temperature, using 10-mm stainless steel balls for varying time with 0.5 h
interval. (Lesz et al. 2018, 2021; Hrapkowicz et al. 2022).

The sintering process was performed via spark plasma sintering by FCT SPSHP D
25 (Frankenblick, Germany). Synthesized alloys were placed in a graphite die toolset
with 10 mm inside diameter. The toolset was lined with a graphite foil to prevent
the alloy from sticking to the toolset and facilitate the post-process extraction. The
pressure applied was kept at 51 MPa. The samples were sintered at 583 K, 323 K/min
heating rate, with 4 min holding time and cooled to the room temperature. The
samples were sandblasted after the process to remove any remaining graphite foil.

1.2.2 Experimental Procedure

The X-ray phase analysis was performed with the Empyrean diffractometer (PANa-
Iytical, Almelo, the Netherlands) with Cu-Ka radiation and PixCell counter via
the step scanning method in 10 to 150° 26 angle range. The phases were iden-
tified with the High Score Plus PANalytical software (version 4.0, PANalytical,
Almelo, The Netherlands) and the ICDD PDF4+2016 database (International Centre
for Diffraction Data, Newtown Square, PA, USA).
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Density assessment of the sintered samples was performed on the helium
pycnometer Micromeritics AccuPyc II 1340 (Norcross, U.S.A.). To obtain statis-
tically valid data, each sample was tested 50 times. Consequently, the porosities of
the obtained samples were measured via following Eq. (1.1):

— <1 _ &) - 100%, (1.1)

where P—porosity, p.—calculated value of density, and p,—absolute density of the
sample.

The compression tests to assess the deformation behavior of the samples were
performed on ZwickRoell Z100 testing machine (Ulm, Germany). Samples were
cylindrical with base-to-height ratio of approximately 1:1.5. The microhardness test
was performed on the FM700 Vickers hardness tester (Future-Tech, Tokyo, Japan)
with 15 s dwell time and with a load of 50 gf (HV 0.05).

The morphology details of both powder and sintered samples were characterized
via scanning electron microscope (SEM) SUPRA 25, Carl Zeiss (Jena, Germany),
equipped with an energy-dispersive X-ray spectroscopy (EDS). The fractographic
investigation was carried out on the samples after compression testing, to determine
the character of fracture.

1.3 Results and Discussion

Depending on the erbium content (1-3 at.%), a transition state has been observed
in the selected samples (Er; and Er,) after 20 h of milling and (Er3) after 30 h. It is
characterized by higher degree of amorphous structure as compared to alloys milled
for both longer and shorter times. It is a state, where transition phases start to form
in the material, although the processes happening due to the mechanical synthesis
are not yet completed.

Figure 1.1a shows the X-ray diffraction pattern (XRD) for Mg-based samples with
varying Er addition (1-3 at.%). In the milled materials, the identified phases were as
follows: Mg (P63/mmc), MgZn, (P63/mmc),, CazZn (Cmcm), Zn (P63/mmc), and
Er (Fm3m). Figure 1.1b features the XRD patterns for the sintered samples. The
phases identified were Mg (P63/mmc), MgZn, Mg;Zn;, Mg,Zn;; (Pm-3), MgZn,
(P63/mmc), Ca (Im3m), and SiO, (Pa-3).

Figure 1.2 represents the SEM micrographs. The morphology of the powders of
the alloys with varying Er addition can be seen as (a)—Er;, (b)—Er», and (c)—E;.
Analogously, in Fig. 1.2d—f, the surface of the sintered samples after compression
strength can be seen. The morphology of the samples clearly indicates brittle fracture,
with various cracks, both intra- and trans-crystalline. Alongside the micrographs,
Table 1.1 features the EDS results. The powder alloys results are in line with the
assumed nominal compositions; on the other hand, the sintered samples compositions
vary slightly, with the most prominent change in the Er; sample.
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Fig. 1.1 XRD analysis graphs for Mg-Zn-Ca-Er samples with varying Er addition (1-3 at.%), a
before sintering and b after sintering
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Fig. 1.2 SEM micrographs of the Mg-Zn-Ca-Er samples. Samples are presented side by side,
before (a—c) and after sintering (d—f). a, d—Mgg5Zn3oCasEr;, b, e—MgessZn3oCayEr2, and c,
f—Mge3Zn3pCasErs. The “corncob” structure is marked with the red rectangle. Trans-crystalline
cracks are marked with red arrows, and inter-crystalline cracks are marked with green arrows

Figure 1.3 shows a graph featuring the compression strength of all samples. The
highest value of 325 MPa was obtained by the Er; sample, 310 MPa for Er,, and
299 MPa for Er;. The values clearly indicate an increasing tendency, proportional
to the erbium content. Consequently, the hardness measurement performed on the
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Table 1.1 EDS results comparison for Mg-Zn-Ca-Er samples, before and after sintering

Element (at.%) Powder samples Sintered samples

Er Enp Er3 Ery Erp Er3
Mg 67.0 65.2 62.1 62.0 61.0 534
Zn 28.2 28.5 30.9 32.8 29.7 39.0
Ca 3.8 4.1 39 39 7.4 4.2
Er 1.0 22 3.1 1.3 1.9 34

samples features a similar tendency with results averaging from 272 HV, 313 HV,
and 330 HYV, for Ery, Er,, and Er; samples, respectively.

The density was measured for all the samples averaging from 50 measurements,
with the highest value of 3.4098 g/cm?® for the Ers sample, 3.2617 g/cm? for Ers,
and 3.2569 g/cm? for Ery; see Table 1.2. The porosity calculated from the density
with the use of Eq. (1.1) was 4% for Er;, 3% for Er;, and 0.1% for Er;. Table 1.2
and Fig. 1.3 feature comparative results of density, porosity, and hardness (alongside
compressive strength).

The XRD pattern in Fig. 1.1a features the phases formed at the milling phase of
the work. Some degree of amorphousness can be discerned by the wide peak located
between 35 and 45°, although microcrystalline phases are clearly visible, and they
mainly refer to pure elements such as Zn and Er. Moreover, Mg(x) is a solid solution,
where x = Zn, Ca, and Er. However, MgZn, phase can be discerned as well. Its
presence is beneficial to the alloy due to its thermal and mechanical stability. The
MgZn, phase has been described as a good strengthening and stabilizing factor
(Andersson et al. 2010; Singh et al. 2010; Xie et al. 2013).

I Compressive strength (MPa)
[ Hardness (HV 0.05)

I Porosity (%) 399

Er, 20h Er, 20h Er, 30h

Fig. 1.3 Compressive strength, hardness, and porosity comparison for Mg-Zn-Ca-Er samples
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Table 1.2 Comparison of density, porosity, and hardness values for Mg-Zn-Ca-Er samples

Sample | Density (g/cm3) | Porosity (%) | Hardness (HV 0.05) | Compressive strength
(MPa)

Er; 20h | 3.2569 4.0 272 299

Er, 20h  |3.2617 3.0 313 310

Er3 30h |3.4098 0.1 330 325

Compressive strength added for clarity

Figure 1.1b, on the other hand, presents the phases formed after the sintering. The
wide peaks visible in the former graph are much smaller, with much clearer crystalline
peaks. During the sintering process, the thermal and mechanical processes caused
the MgZn, phase to disappear into different intermetallic phases: MgZn, Mg;Zn3,
and Mg;Zn;;. The SiO, phase has not been formed during the process, and it is a
residue from sandblasting the samples after the SPS process. This is to remove the
remnant graphite foil.

The micrographs of both powders and sintered specimens are visible in Fig. 1.2.
Figure 1.2a—c features the powdered alloys, as the milling time of the alloys was quite
similar (20-30 h), there are not any discernible traits between them. All three alloys
bear semblance in terms of powder particle size and distribution. Small, equiaxial
powder particles can be seen, along bigger agglomerates. This is caused by cyclical
fracturing and cold welding of the particles in the mill. The usual, for mechanical
synthesis, plate structure is absent, although structures resembling a “corncob” can be
seen (Fig. 1.2a—c, marked with red rectangles). Those are characteristics for a brittle
material, as strong fragmentation occurring during the process causes a significant
rise in hardness, straining the material, hence breaking it apart into smaller particles.
The mentioned “corncob” is created when finer, thus harder, particulate embeds itself
in softer, bigger agglomerates (Jurczyk 2003; Hrapkowicz et al. 2022).

In Fig. 1.2d-f, the surfaces of the sintered samples are shown. The fractures
visible in the micrographs were caused by the compression tests and are brittle for
all specimens. No porosity can be seen in the fractures, although slight cracks of
both inter- (see the green arrows in Fig. 1.2d—f) and trans-crystalline (see the red
arrows in Fig. 1.2a—c) type are present. Alongside SEM, EDS tests were conducted;
their results are presented in Table 1.1, for both powders and sintered specimens.
The results vary slightly between powder and sintered specimen, and they may be
an indicator of phase changes occurring during the sintering process, although the
changes are not that considerable as far as the Er is concerned.
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Figure 1.3 features the results from performed compression tests, where the
compressive strengths obtained were 299, 310, and 325 MPa for Ery, Er,, and
Er; samples, respectively. The increase in compressive strength could be attributed
to the decreasing porosities of the samples (Er;—4%, Er,—3%, and Er;—0.1%).
Both porosity and the microhardness are related to the resulting strength of the
samples. It can be clearly seen that the porosity of the samples decreases, while the
compressive strength of the sintered specimens indicates an increasing tendency, the
microhardness is proportional, i.e., it has a rising tendency as well.

1.4 Conclusions

Based on the results of the structure analysis, density, and compressive strength of
the Mg-Zn-Ca-Er alloys, it can be concluded that:

e The alloys have been successfully synthesized by MA and sintered via SPS
method. The powders obtained feature some degree of amorphous structure
with microcrystalline phases. The structure changes considerably during the
sintering process, transforming into crystalline material and changing its phase
composition.

e The density of the sintered samples is comparable (3.25-3.41 g/cm?) and is like
that of a human bone. The same can be said about mechanical properties of
the sintered samples, as their compressive strength (299-325 MPa) is compa-
rable to the bone properties. The mechanical properties are strictly related to the
microhardness of the samples (272-330 HV).

e After the sintering process, the obtained porosity is very small (0—4%), and along
the decreasing porosity hardness, the compression strength rises accordingly.

e The morphologies of the samples are characteristic for brittle and crystalline
materials. SEM micrographs feature cracks of inter- and trans-crystalline origin.
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Chapter 2 M)
Coir and Hop Fibres: Tensile skl
Characterization and Comparison

Between Fibres from Distinct Climates

J. Aguirar, J. Rocha®, L. Queijo, and J. E. Ribeiro

Abstract The human behaviour has significantly affected the climate. Because of
that, the pursue of new alternatives for non-renewable materials has increased. In that
scenario, the use of natural fibre to substitute synthetic ones in composite materials
has also increased. In this work, two types of natural fibres from different regions and
climates were evaluated and compared. The evaluated fibres were Coir from Brazil
and Hop from Portugal and also were evaluated two different extraction methods
for the hop batches, boiling in NaOH and maceration in water. To evaluate the
composite mechanical characteristics, seven tensile tests were performed in each fibre
batch, according to ASTM C 1557-14—Standard Test Method for Tensile Strength
and Young’s Modulus of Fibres, and the average tensile strength for each one was
calculated. The highest value of ultimate tensile strength was brought by the hop
extracted with the boiling in NaOH method and resulted in an average of 16 MPa.

Keywords Green composite + Natural fibre composites + Tensile strength

2.1 Introduction

The effect of human behaviour on global changes is undeniable. The agenda of
sustainable development has been widely in focus trying to find ways to continue
with the socio-economic development in a more conscious way.
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At the beginning of the 1990s, the concept of Ecological footprint was developed
by Mathis Wackernagel and William Rees, which measured the human demand on
the biosphere (Wackernagel and Galli 2007). Since then, the global concern with
carbon emissions and greenhouse effects has increased. In 1997, the Kyoto protocol
was signed aiming to reduce the emission of greenhouse gases (Protocol 1998). All
that leads to sustainable development and intense research targeting the use reduction
of non-renewable materials, such as petroleum-based plastics and substituting them
for renewable materials.

The challenge of substituting these materials is huge, that is why extensive research
of natural sources is necessary. Nowadays, natural fibres are increasingly gaining
space as an alternative to synthetic fibres and the technological development involved
in the expansion of these materials is directly connected with consumers demands
and expectations.

The use of natural plant fibres can be traced back more de 10.000 years. They were
used about 8.000 B.C, in the Middle East and China, for textiles. In about 650 B.C.,
the Babylonians used it for burial purposes (Mwaikambo and Mwaikambo 2006),
and over time, the plant fibres were always present.

Faruk et al. (Faruk et al. 2012) called this century the cellulosic century because
of the vast number of renewable plant resources for products that are being discov-
ered. The natural fibres are usually residues from primary processing of agricultural
materials (Zhao et al. 2022), and all over the world, there is a huge variety of plant
residues with potential to be used as natural fibres.

In addition to the growth region, other parameters have influence in the charac-
teristics of the fibres, as the sowing time (Hall et al. 2013) and the sowing density
(Bueno 2018), if there is an irrigation system. Many of these parameters are being
explored, but the research still is a little restrict to some types of fibres that are more
common, as flax (Graupner et al. 2021; Kandemir et al. 2021), hemp (Hall et al.
2013; Colomer-Romero et al. 2020), jute (Arulmurugan and Venkateshwaran 2019),
sisal (Ekundayo 2019) and Coir (Tan et al. 2021; Bui et al. 2008; Majid 2011).

In industry, the natural fibres isolated have no huge application, so they are
combined with different matrices to create composites. These can be polymeric
matrices, cement matrices or other types that are being widely studied for different
applications as natural fibre composites (NFC).

The NFCs already have a space in the commercial markets for value-added prod-
ucts, especially in the automotive sector. Although to achieve other markets, NFCs
need to ensure high-quality performance, serviceability, durability and reliability
standards (Faruk et al. 2012). That is why, the natural fibre research is increasing.

Some types of NFCs have already been widely studied and are already used in the
industry, for example, the flax yarns that were accepted and established in the high-
price segment and used in a hybrid composite with glass fibres used in prototypes of
leaf springs of a narrow-gauge railroad (Graupner et al. 2021).

There are hemp fibres being studied for bio-composites with epoxy matrix, eval-
uating the difference between different epoxy resins (Colomer-Romero et al. 2020)
and comparisons between different fibres and different weight percentages in the
composites (Yun et al. 2022).
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It is also used as an insulating material for the automobile industry, evaluating
noise reduction, sound absorption, thermal resistance, biodegradability, antibacte-
rial and antifungal characteristics. The use of light-weighted, green, environmen-
tally friendly and biodegradable fibres as insulating materials provided compa-
rable acoustic properties and thermal resistance with the commercial insulating
materials (Cai et al. 2021). Hop bine fibres have already been used in the paper
industry (Haunreiter et al. 2021). The coir fibre has been used for lightweight vehicle
applications (Tan et al. 2021).

As seen before, natural fibres have a huge potential for usage, mainly as composite
reinforcement. For that reason, this work aims to characterize different types of
natural fibres in different regions of the world. The Coir was brought from Brazil
and is also widely produced in India, which is the biggest producer in the world. The
Hop was produced in Braganca, Portugal, but is also widely produced in many other
countries such as the United States and Germany.

This work is proposed to characterize some mechanical properties of coir and hop
natural fibres and compare the obtained results.

2.1.1 Natural Fibres

The natural fibres can be classified according to their sources. They can be animal
fibres that are generally comprised of proteins. Mineral fibres are mainly occurring
fibre or slightly modified fibre processed from minerals, or plant fibres that can be
extracted from different parts of the plats, such as bast, leaf, seed, fruit or stalk
(Saxena et al. 2011).

Coconut fibre/Coir. The coconut fibre, also called Coir, is extracted from the drupe
of the coconut tree, Cocos nucifera, that is from the Palm family, Arecaceae. There
are two types of coconut fibres, the brown and the white ones. The brown fibres
are extracted from the mature coconut, and they are thick, are strong and have high
abrasion resistance. The white fibres are extracted from the immature coconut, and
they are smoother and finer than the brown ones but are also weaker (Ekundayo 2019).
The coconut fibre is composed of hemicellulose, cellulose and lignin in percentages
as shown in Table 2.1.

Hop fibre. The Hop fibre is extracted from the hop plant, Humulus lupulus, a member
of the family Cannabaceae, the same as hemp. The Hop plant is mostly grown for its
flower and after its harvesting the plant is cut and considered waste.

The Hop fibre is composed of cellulose, lignin and ash as shown in Table 2.2.

Table Zfl, Coir chemical Fibre | Cellulose (wt%) | Hemicellulose | Lignin (wt%)
composition (Faruk et al. (Wi%)

2012)

Coir 3243 0.15-0.25 40-45
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Table 2.2 Hop chemical
composition (Bredemann
1944)

Fibre | Cellulose (wt%) | Hemicellulose | Lignin (wt%)
(wWt%)

Hop 84+ 1.6 6.0£0.2 2.0+0.1

2.2 Experimental Procedure

2.2.1 Hop Fibre Extraction Method

The hop fibres were extracted using two different methods, boiling in NaOH and
maceration in water and were named Hop 1 and Hop 2, respectively.

The first method was based on Bredemann (Fiore et al. 2015) procedure. The
fibres were extracted from random medium plants, with no distinguishment between
what part of the bast was. The samples were boiled in a 0.35% NaOH solution for
1.5 h to separate the bark from the nucleus. Succeeding, the bark was boiled in a 2%
NaOH solution, washed with tap water and dried at a temperature of 70 °C without
any positioning of the fibre.

In the second method, the fibres were also extracted from random medium plants,
with no distinguishment between what part of the bast was. The samples were
submerged in water until the bark comes off. The water was renewed three times
to reduce de Ph variation.

2.2.2 Specimen Manufacturing

The Coir was bought from a Brazilian industry that sells brown coconut fibres for
gardening. The samples were untangled from the fibre tangles, Fig. 2.1. As the
objective was to compare the two types of fibres, the coir was chosen to have almost
the same thickness, 1 mm. After being chosen, they were cut 9 mm in length.

The samples of hop fibre, extracted as described before, also from tangles, Fig. 2.2,
were also chosen to have thickness close to 1 mm and cut with 9 mm in length.

The fibres were weighted in a 4 decimal Laboratory Weighing Balance (ADA
model 210/C). The mean masses are presented in Table 2.3.

After the mass evaluation, the samples were prepared for the tensile test. The
samples were fixed in paper supports with masking tape, Fig. 2.3, according to
ASTM C1557, and identified with LC for the first hop batch, LE for the second
hop batch and C for the coir batch and numbers from 1 to 8. Figure 2.2 sample, for
example, is the first sample of the second hop batch.

All the samples have the same gauge length, 4 mm.
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Fig. 2.1 Coir tangled fibres

(a)

Fig. 2.2 a Hop 1 tangle, b Hop 2 tangle

Table 2.3 Mean masses, standard deviation
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Sample Mean mass (g) o

Coir 0.0170 0.004454
Hop 1 0.013825 0.003913
Hop 2 0.0048 0.00033
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Fig. 2.3 Sample example

2.2.3 Tensile Test

After that, the samples were tested in a universal test machine, Shimadzu Autograph
AGS-X 10Kn, with a constant deformation velocity of 5 mm/min.

For each batch were made 7 samples, tested following the ASTM C 1557-14—
Standard Test Method for Tensile Strength and Young’s Modulus of Fibres.

2.3 Results and Discussion

The test machine returned the dislocation in millimetres, the force in newtons and
the time in seconds. With this information and the gauge length, the stress and strain
were calculated. The graphs were plotted and are presented in Figs. 2.4, 2.5 and 2.6.

The significant variability of the results between the samples of the same batches
is due the difficulty of tensile test on single lignocellulosic fibres. Many factors have
influence in the results, as test parameters and conditions, plant characteristics as
the source and age of the plant, the processes of fibre extraction and the presence of
defects (Fiore et al. 2015; Liu et al. 2009). As some of these parameters could not
be controlled, it is not possible to determine what is the source of the variation.

To compare the behaviour between the three batches the average stress—strain
curve was determined for each material. In Fig. 2.7 is presented a comparison between
the three average stress—strain curves.

Based on the stress—strain curves, Young’s modulus was calculated for each
sample and its values and standard deviation are presented in Table 2.4.

The values of the Coir Young’s modulus are considerably smaller than the values
that are seen in the literatures, that are around 4-6 GPa (Majid 2011; Biswas et al.
2013). In these works, the researchers had control in the extraction method, something
that was not possible here because the fibres were bought already extracted.
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The exact extraction method that was used to these fibres is not known. These
fibres were bought from a gardening supply’s company so, probably the integrity
of the fibre was not the main concern in the extraction. This is one of the possible
explanations for the difference in Young’s modulus.
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Table 2.4 Young’s modulus )
Sampl Yo dulus (MP:
and standard deviation ampe oung’s modulus (MPa) g
Coir 40.5 8.6
Hop 1 16.1 5.8
Hop 2 30.8 3.9

Also, with the graphs, the force to failure was extracted for each sample and it is
presented in Table 2.5 with its standard deviation.



2 Coir and Hop Fibres: Tensile Characterization and Comparison ... 25

Table 2.5 Ultimate tensile . .
Sampl Ultimate tensile strength (MP:

strength and standard ampe imate tensile strength (MPa) a

deviation Coir 7.90 1.98
Hop 1 16.00 3.23
Hop 2 9.03 4.71

As seen in the results, the standard deviation was very high for the hop fibres
batches, and it is due to the difficulty of tensile test on single lignocellulosic fibres,
as explained before.

It was expected that the results for the hop fibre batches would be similar to the
results for hemp and cotton fibres (Reddy and Yang 2009), but they were considerably
different. The difference may possibly be because of the lack of distinguishment
between what part of the bast was, causing a considerable variation in the results
between samples and the expected results.

Combined with that, both batches of the hop fibres were not positioned in an
aligned way for the drying process. They were tangled, as shown in Figs. 2.1 and
2.2, so when the samples were extracted only the strongest fibres were in conditions
to be used in the test, the fibres that were thinner or had any type of defect could not
even be aligned to be fixed in the test supports.

In the coir fibre samples, these problems were not seen. But many coir samples
fractured near or in the gripping area which may be because of the fragilization of
the extraction method or because of fragilization generated by the gripping method.

2.4 Conclusions

These are preliminary results for the use and comparison of these two fibre types.
There are already many studies with the coir, but the use of the hop fibres has not been
profoundly investigated. At the beginning of this research, the results are satisfactory
and the major conclusion that can be assumed is that the extraction method must be
improved to generate samples more standardized.

To have greater conclusions the tests have to be repeated making improvements
in the fibre’s extraction methods and controlling the other parameters to understand
which parameters interfere the most in the test results.
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Chapter 3 M)
Simulation Strategies for Dynamic ek
and Static Behaviour of Composite

Beams

A. C. Alves, S. Alves, N. Peixinho, V. H. Carneiro, J. P. Mendonca,
and O. Rodrigues

Abstract Doors and windows represent a vital role in domestic energy efficiency,
and multi-material beams with a thermal break can be fundamental in terms of ener-
getic sustainability. Their static and dynamic structural performance is fundamental
to ensure a proper thermal insulation. Two multi-material composite beam topolo-
gies were tested in a three-point bending, while one was subjected to an experimental
frequency response analysis. FEM models were created for the composite beams,
using beam elements (BEAM189) and solid elements (SOLID186) with a shared
topology configuration. Their capacity to predict the static and dynamic behaviour
of the beams was assessed by comparing the numerical results with the experimental
and analytical data. It is shown that the three-point bending behaviour of the physical
beam could not be realistically captured by the 1D beam elements model, as their
cross section with different components could not be coupled due to the relatively
low stiffness of the polymeric components. However, the eigenfrequencies from
the beam elements were very close to those measured experimentally, meaning the
dynamic modulus at low strain values could keep the beam’s cross section in-plane
during the experiment. On the other hand, the 3D solid elements had the opposite
outcome, agreeing with the experimental three-point bending test but not with the
experimental modal analysis.
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3.1 Introduction

The current design trends of doors and windows systems were, and continue to
be, heavily influenced by the rising demand in Europe for energy-efficient doors
and windows (Architecture & Design 2021). For this reason, it became imperative to
develop solutions that cater to sustainable living. To comply with additional consumer
demands, such as a sense of space, natural light and better ventilation, glazing has
taken over most surface space in door and window structures (Woodland Windows &
Doors Blog 2021). In addition, with innovative glass technology and assembly, it is
possible to achieve excellent thermal performances while making glazing the primary
building material (Thames Valley Window Company Blog 2021). Furthermore, to
assure adequate natural light and ventilation, the size of doors and windows can
be increased, and their positioning can be altered, sometimes spanning over entire
walls. Hence, taller, wider doors and windows, with almost non-visible frames, are
a popular option nowadays (Woodland Windows & Doors Blog 2021). In addition,
aesthetically, there is a preference for slender door and window frames that showcase
the exterior view and allow more surface space for the glass panel (Thames Valley
Window Company Blog 2021). Ideally, given the current trends, the beams that make
up the frame of these systems should be as thin as possible. However, this constitutes
a structural problem since these systems must abide by European standards and
manufacturer technical guidelines that often require stiff beams. Therefore, the design
of door and window systems, of large dimensions, with very slender frames has to take
into account European certification tests that require a minimum level of structural
strength and stiffness.

An efficient and practical solution to the mentioned problems would be to increase
the width of the beams used in the design of these structures. However, given the
aesthetic requirements for slenderness, the said solution is often not feasible. In other
words, the increased mechanical properties provided by a stiff beam are forgone.
Instead, a slender option is selected, more visually appealing, despite the increasing
cost and demand for additional structural reinforcement. In these cases, the door and
window systems must be designed outside the manufacturer’s specification, and their
rigidity and resistance must be increased without hindering their CE certification.

In addition, and despite not directly affecting the certification of doors and
windows, dynamic vibration analyses are essential in the interest of escaping the
frequencies of the loads caused by natural phenomena such as earthquakes and
hurricanes, and consequently, prevent resonant effects in these systems. These loads
are random and therefore non-deterministic, meaning that the future of the displace-
ments, velocities and accelerations generated by these loads are hard to predict. These
phenomena produce loads distributed in a wide frequency range, without significant
peaks occurring in the frequency domain graphs. However, if such type of event has
been measured on many occasions for a sufficiently long period, its statistical prop-
erties can be deduced. These phenomena are then described as a stationary stochastic
process, and it is possible to assume that they follow, e.g. a Gaussian distribution.
The frequencies at which the loads are applied can be plotted statistically using
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a power spectral density (PSD) (Solari 1989; Dyrbye and Hansen 1997; Brandt
2011). Furthermore, to estimate the performance of the door or window system,
its displacements and stresses must be evaluated. Consequently, since these values
depend on damping, a correct damping characterization is essential to predict the
dynamic behaviour of the structure in analysis.

To guarantee that door or window structures are designed well enough to pass
the necessary certification, it is essential to predict their performance. The trial and
error method implies unnecessary costs that would otherwise not exist if numerical
simulation was used. Hence, numeric methods, such as the finite element method,
combined with parameterized analyses, can be a precious help. Some scientific works
can be cited regarding the application of FEM in static structural analysis to increase
the resistance or rigidity of beams.

In 2016, Wang et al. (2016) used LS-DYNA, a nonlinear explicit finite element
code, to simulate the three-point bending test of empty and reinforced multi-cell
square tubes, which would then be validated by experimental testing. The goal
was to then develop parametric studies that would investigate the influence of
geometry configurations and loading conditions on the bending resistance of the
tubes. Zhang and Zhang (2018) also analysed the bending behaviour of structures
using experimental data and a numerical model to simulate a three-point bending
test. The analysed structures were thin-walled square beams under quasi-static and
dynamic loading. In terms of composite structures, Jin et al (2021) analysed the
static behaviour of sandwich beams subjected to bending by a transverse load. The
performed FEM analysis allowed the determination of the displacement response
of the beams. Afterwards, the authors used Abaqus software to analyse the static
behaviour of the sandwich beams. In 2022, approaches have been conducted for
the case of a block matrix formulation of an uncoupled double Timoshenko beam,
separated by a Winker elastic interlayer, that allowed the determination of its modal
response (Copetti et al. 2022). Additionally, computational methods have been devel-
oped, by Eberle and Oberguggenberger et al. (2022), based on experimental results
from bending tests and analytical data, for an Euler-Bernoulli beam with a varying
cross section along its length. All these developments can be helpful, for instance,
to describe the modal response of sandwich composites or laminated beams and in
defining the bending stiffness of irregular beams (Copetti et al. 2022; Eberle and
Oberguggenberger et al. 2022). Furthermore, it is evident that the study of beams
that possess geometrical details that increase the complexity of their behaviour, e.g.
variable cross section along their length and/or multiple components, is still evolving.

This study details different approaches simulate the static and dynamic behaviour
of multi-material composite beams, using door and window frames as bench-
mark. Two multi-material composite beams with complex section topologies were
subjected to a three-point bending tests. One of the beam topologies was also
subjected to vibrations analysis to determine its frequency response. Finally, two
FEM models were created to simulate the performance of the composite beams
using 1D beam and 3D solid elements. Conclusions were obtained regarding their
capability to depict the static and dynamic behaviour of the tested beams once the
numerical results were compared with analytical and experimental data.
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3.2 Methodology

Multi-material complex beams with complex section topologies were selected from
the Secco Sistemi catalogue (2020). Their manufacturing process consists of machine
rolling of the brass sheets to from the shells which are combined with polyamide and
polyurethane cores (Fig. 3.1). These models are referred by Secco Sistemi as EBE8S
P.1102 and P.2992.

While the metal shells define the external geometry of the composite and influence
the type of opening system, the final product will have the thermal break contributes
mostly towards thermal insulation.

Tensile properties of the beam materials were previously determined as part of an
ongoing study. Their elastic, elastoplastic and physical properties are presented in
Table 3.1. It may be determined that these are the fundamental properties to perform
static elastoplastic structural analysis with a bilinear hardening models and harmonic
analysis using FEA. The Poisson’s ratio of these materials was assumed as 0.33.

POLYURETHANE

BRASS
SHELLS

POLYAMIDE

Fig. 3.1 Standard Secco Sistemi material combination exemplified on an EBE8S5 P.1102 beam

Table 3.1 Experimentally obtained properties of Secco Sistemi brass, polyurethane and polyamide

Material E (GPa) = STD |0, (MPa) =+ STD o (kg/m®) + STD | E; (MPa)
Brass 102.64 £ 1.48 248.55 £ 6.36 8491.97 +£4.22 926
Polyurethane 0.57 £0.02 31.11 £ 1.27 1134.00 £ 0.16 20
Polyamide 0.65 £ 0.01 46.29 £ 1.07 1336.03 £ 1.12 86.91

The values of the tangent moduli were retrieved from Alves (2022)
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Fig. 3.2 Lateral view of the Secco Sistemi OS275 P.2992 during the three-point bending test

In order to test the static and dynamic performance of the composite beams, these
were subjected to a three-point bending test and an FRF modal testing. The Secco
Sistemi OS275 P.2992 composite beam will be taken as an example for all other
tested beams for the following detailed experimental methods.

An example of the three-point bending testing is depicted in Fig. 3.2 for the
symmetric Secco Sistemi composite beam OS275 P.2992 in its brass version with a
length of 1600 mm.

This test was performed in an Instron 8874 universal testing machine, with a half
cylinder steel mounted at the end of the hydraulic cylinder and a steel base structure
with two steel cylindrical supports. The supporting cylinders on the base structure
were 1540 mm apart, and the base structure was mounted in a way that put the
loading half cylinder, which was attached to the hydraulic ram at the same distance
from each supporting pin. Each beam was then placed on the supporting pins so that
a transversal plane would pass at the centre of the loading cylinder, which was then
lowered to be tangent to the top face of the beam. A digital gauge with a magnetic
base was placed on the base structure, measuring the displacement of the beam on
the bottom face on its mid-length. The Instron Bluehill data acquisition software was
used again for the data collection. This detailed setup is represented in Fig. 3.3.

Two displacement measurements took place on the mid-length of the beam during
the test, one on the top face registered by the Instron Bluehill software and another
at the bottom face recorded by the digital gauge. Once the displacement registered
on the digital gauge reached 10 mm, it was removed since enough data was gathered
to calculate the stiffness. During the test, the hydraulic ram imposed a 0.025 mm/s
displacement rate until collapse was monitored.
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Fig. 3.3 Three-point bending test setup

The experimental vibration analysis (Fig. 3.4) required a PCB piezoelectric model
086¢01 impact hammer which was used to impose an impact excitation, while a PCB
model 356A1 triaxial piezoelectric accelerometer monitored the dynamic behaviour
of the beam. A LMS Scadas mobile spectrum analyser was used to process and
analyse the signal and obtain the frequency response function (FRF). After obtaining
the general FRF of the system, in the z-direction, the damping ratio was determined
from the first resonance frequency using the half-power bandwidth method.

The analytical model of the composite beams behaviour was necessary to validate
the experimentally obtained results. Therefore, an analytical method was used to
transform the studied composite beams into homogenous transformed versions that
facilitated calculations and variable manipulation.

The analytical method was based on the Euler—Bernoulli beam theory. The
following assumptions were made: the distinct beam elements are bonded together at
the various interfaces, and the beam cross section remains unchanged after bending.
This allows for the multi-material beam to be defined as a single beam since the
centre of curvature of the different elements, when bent, is the same at any point
along the length of the beam.

The resulting bending moment of the beam, M, from the applied external loads,
will match the resistance offered by its distinct elements, as depicted in Fig. 3.5.
Therefore, the total moment of resistance of the beam will equal the sum of the
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LMS Scadas Mobile

]
Laptop running
LMS Test.Xpress

Test frame P.2992 Impact hammer

Fig. 3.4 Experimental modal analysis setup

moments supported by each element as stated by Eq. (3.1).

d*y
M=) M=} —El_=5 3.0

Fig. 3.5 Internal moments from the five components of an MMB compose the internal bending
moment that results from applying the external loads
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By rearranging Eq. (3.1) into Eq. (3.2), it is possible to obtain an equivalent
homogenous beam, made of a single and arbitrarily chosen material, with an equiv-
alent second moment of area /.4, to the original beam determined by Eq. (3.3).
Figure 3.6 illustrates the cross section of this transformed homogenous equivalent
beam, where the material of the different components influences the weight of its
elemental areas in the equivalent beam’s cross section. In this case, the equivalent
beam is illustrated by expanding each elemental area by the correspondent n; in a
direction parallel to the axis of rotation. The variables d and b represent the distance
between the centroid of acomponent’s cross section and the equivalent beam’s neutral
plane or the CAD software’s axis, respectively.

d2y
M= —Eyly > (3.2)
E;
Ly=) 7l (3.3)

Analysing the contribution of element i to the second moment of area, a factor n;
can be singled out, being multiplied by the elemental area, dA, as shown in Eq. (3.4).
Consequently, and as represented in Eq. (3.5), the position on the centroid to consider
Y, needs to account for the factors n;.

E;
=l =nil; :ni/ysz:/yzn,-dA (3.4)
b

y Beam cross-section

X

Fig. 3.6 Representation of the cross section of the equivalent beam, from the cross section of a
composite beam



3 Simulation Strategies for Dynamic and Static Behaviour ... 37

nyn,dA _ Zl’lib,'A,'
anldA o ZniAi
With this, other equations can be found, for instance, for a composite beam of

length L, the three-point bending deflection, represented by Eq. (3.6), and the natural
frequencies of the beam in the transverse direction, represented by Eq. (3.7).

Y=

(3.5)
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The data from the experimental tests was compared to the data from numerical
models developed to capture the static and dynamic behaviour of the composite
beam. These models were constructed with beam elements (BEAM189, based on
Timoshenko’s beam theory) and solid elements (SOLID185 and SOLID186). Addi-
tionally, the geometry was prepared in Design Modeler, and the numerical simula-
tions were performed on ANSYS Workbench. The three-point bending simulation
was performed in the static structural module, and the modal module was used to
find the natural frequencies of the composite beam’s models.

The first developed numerical model used five 1D beam elements to represent the
different components of the composite beams in analysis. This numerical model
consisted of five line bodies representing each beam component and the corre-
sponding material data, boundary conditions and applied loads that simulated the
physical problem. The static and dynamic simulations considered 1540 mm and
1600 mm lengths, respectively.

The first step in creating the beam elements model was defining a static structural
analysis in ANSYS Workbench and adding the materials to the Engineering Data of
the project. More specifically, only the elastic modulus, density, Poisson’s ratio and
tangent modulus were used.

After defining the necessary material properties in the Engineering Data of the
project, the geometry of the composite beam was defined in Design Modeler where
five separated parallel line bodies, already cut for the boundary conditions to be
applied in ANSYS Mechanical (in the static analysis), were given the cross sections
relative to each of the composite beam’s components. With the “Connect” tool, the
line bodies were joined without being merged, each vertex at a time, to the location
of one of the line bodies. Then, the correct offsets were given to each line body’s
cross section, as illustrated in Fig. 3.7, before these line bodies were joined using
the “Share Topology” tool. This tool resulted in coincident nodes being created on
coincident geometry and the DOF of these nodes being bonded together. This step
will guarantee that the separate elements will be treated as a single multi-component
beam in the numerical model.

(3.6)

8max
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P.2992 P.1102
£ @

.

Fig. 3.7 Beam elements models with the different cross sections graphically displayed, taken in
ANSYS mechanical

A quadratic element was used in this model, more specifically BEAM189, when
defining the mesh. Additionally, for the static analysis, an element size of 5 mm was
selected, and for the modal analysis, a division of 100 was employed on the line
bodies without the geometry split.

Once the materials, geometry and mesh properties were defined, it was possible to
characterize the numerical model’s boundary conditions, which represent a simply
supported beam in pure bending physical problem, as depicted in Fig. 3.8. Addi-
tionally, the large deformation effects were turned on, and several timesteps were
defined. Relating the load and displacement in the vertical direction at each timestep,
it was possible to build the force—displacement curve.

For the modal analyses, damped and undamped, the goal was to find nine
natural/resonant frequencies, which made it possible to achieve all the values for

F
l
3 I'/2 | L/2 %

Fig. 3.8 Constraints/boundary conditions applied in the static analysis of the beam elements model
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comparison with the analytical model and the experimental data. In the damped
modal analysis, damping was turned on, and the first resonance frequency and the
correspondent damping ratio from the experimental modal analysis were used for
the programme to calculate the Rayleigh damping, considering the mass damping as
zero. A range from 5 to 400 Hz was considered for both analyses.

Compared to the beam elements model, there was no simplification of the
boundary conditions in the solid elements model, and the maximum deformation
could be determined for any point of the composite beam, not exclusively the neutral
axis. However, there was a simplification of the beams’ cross sections. The simula-
tions with this model were also performed in ANSYS Workbench, in a static structural
module, for the static study, and in the modal module, for the dynamic study, and the
same materials introduced in the Engineering Data of the simulations with the beam
elements model were also considered in these simulations.

For the three-point bending simulations, %4 of the brass composite beam was
modelled, and symmetry conditions were applied in the model. By reducing the
geometry to %, a significant amount of computational time was saved without
affecting the results. For the P.2992 and P.1102 beams, a length of 1600 mm and
1540 mm was considered, respectively. Additionally, for the static analyses, to
prepare the mesh, the geometry of the beam was cut into several bodies and strate-
gically split near the ends to further refine the mesh in the zones where contact was
expected with the loading and support pins. These pins were modelled as surfaces and
had symmetry conditions applied to them. The cut geometry was bonded together
using the “Share” tool, which in the case of the P.1102 profile also considered the
geometry from the loading and support pins.

For the dynamic analysis, the 1600 mm beam was modelled without cuts, and
the different bodies had their topology shared to bond the beam components. In the
static simulation, each material was assigned to its corresponding component. The
thickness of the surfaces was defined, with an offset to the interior of the loading
and support pins, as their radius. Frictionless contacts with penetration of 0.1 mm
and a symmetric behaviour were defined between the loading and support pins and
the contacting faces of the beam, as well as between the internal beam surfaces that
became into contact during the three-point bending experiment.

The static and dynamic simulations both used quadratic elements, SOLID185
(P.1102) and SOLID186 (P.2992) for the beam geometry and SHEL.181 (P.1102) and
SHELL281 (P.2992) for the pins. Figures 3.9 and 3.10 show the meshed geometry
used in the static and dynamic analyses, respectively.

In the post-processing phase, the displacements at the bottom and the top of
the composite beam were then probed at the central symmetry plane and plotted
against the reaction force (x4) in the vertical direction at each timestep, allowing
for a force—displacement curve to be constructed and compared with the three-point
bending experimental data. Since the frequency response analysis considered the
composite beam free in space, no boundary conditions were specified.
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Fig. 3.9 Solid elements model of the three-point bending analysis

Fig. 3.10 Solid elements model of the frequency response analysis

3.3 Results

In Fig. 3.11, it is possible to observe that the analytical and numerical models have
similar results despite overestimating the actual stiffness of the tested composite
beams.

When discussing the graph related to the P.1102 beam’s top face, it is possible
to conclude that the curves for the solid elements model and the experimental data
essentially overlap. For the P.2992 beam, this only occurs in the initial section of
the graph. In addition, for the same beam, it can be observed that there are small
but abrupt drops in force in the experimental data, which are linked to the loss of
adhesion between the composite beam components. The final drop is related to the
complete loss of adhesion between one of the brass components and the rest of the
beam. Since the adhesion of the interface between the different components of the
beam was not accounted for in the solid elements model, this model only depicts
the experimental data on the initial part of the curve. It could also be observed that
indentation caused by the loading pin occurred on the top face of both the solid
elements model and the experimental test.
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As shown in the P.2992 graph, the solid elements models can also depict the
deformation of the physical beam at the bottom face, where indentation did not
occur on the supports or the loading pin, meaning that this curve can be taken as
representative of the composite beam’s real force—displacement curve.

The analytical and the beam elements models overestimate the stiffness of the
physical beam; however, this is not observed in the solid element models. This can be
attributed to the formulation and the elastic moduli of polymers. Both the analytical
method and the beam elements models assume the beam’s cross section remains
in-plane, i.e. they follow the Euler—Bernoulli and the Timoshenko beam theories.
However, this does not happen, as the elastic moduli of the polymers do not provide
these components with enough stiffness to resist the deformation that results from
the longitudinal shear stresses that appear when the composite beam is bent. As the
solid elements model can capture this drop in stiffness, its results are coherent with
the experimental data at the bottom of the beam. Figure 3.12 details the deformed
shapes that support this hypothesis.

The results from the experimental modal analysis of the composite beam can be
found in the FRF plotted in Fig. 3.13, where three significant eigenfrequency peaks
can be identified. Using the half-power bandwidth method applied on the first peak,
a damping ratio of 0.0135 was determined.

Table 3.2 compares the eigenfrequency values from the analytical and numerical
models to those obtained from the experimental data. With this, it is possible to
note that the introduction of damping has little influence on the frequency values but
still causes a slight reduction, as expected by for damped eigenfrequencies. The first
eigenfrequency (w)) is relatively close to the experimental value on all models, with

Beam elements model Solid elements model

Fig. 3.12 Deformation at the end of the composite beam by a factor of 40 for the numerical models,
where the beam elements model is the only one that keeps the cross section of the composite beam
in-plane
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Fig. 3.13 FRF modal analysis of P.2992 beam with peak frequencies

the error being around 3%. For the second eigenfrequency (w), contrary to what
had happened in the three-point bending analysis, the analytical and beam elements
models had results closer to the experimental data, and the solid elements models
presented results with much lower values, reaching a deviation of almost -10% from
the experimental value. From the results of the third eigenfrequency (w3), similar
observations to those from the first resonance frequency results could be made, with
the slight difference that the analytical and beam elements model agree even better
with the experimental data, and the solid elements model error is slightly higher.
For traditional materials (e.g. steel), the elastic modulus is assumed to be constant.
However, for polymers, it has been experimentally proved that the value of this prop-
erty, when determined by static and by dynamic methods, varies considerably due to
the viscoelastic behaviour of these materials, which makes them dependent on the
strain rate and temperature, and exhibiting hysteresis under cyclic load, dissipating a
good amount of energy (Popov and Sabev 2016; Fan et al. 2017; Massaq et al. 2013).

Table 3.2 Natural and resonant frequencies results, of a P.2992 beam, from numerical models and
frequency response analysis

Eigenfrequencies | Numerical Analytical
(bending modes) | ey Error | Solids | Error Error
(Hz) (%) | (Hz) (%)
Undamped | o 63.50 —3.20 | 64.00 —2.45|63.79 —2.76%
w2 124.66 | —1.38|114.18 | —9.64 |126.28 |—0.09%
w3 17400 | —1.14 17135 | —-2.68|175.84 |— 0.09%
Damped 1 63.49 —3.21|63.99 —2.46 |- -
w2 124.62 | —1.41|114.18 | —9.67 |- -
w3 173.89 | —1.20|171.19 |—-273 |- -
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The increase of stiffness of the beam in vibration, due to the increase in the elastic
modulus, can explain why the second resonant frequency in the physical frame is
higher than in the solid elements model while presenting relatively similar results
to the analytical and beam elements models. The higher modulus causes the beam’s
cross section to remain in-plane. Since the analytical and beam elements models’
formulation depicts the beam’s cross section in-plane throughout its deformation,
they can capture the behaviour of the physical beam since once the cross section is
in-plane, most of the beam’s bending stiffness comes from the metal components, and
the elastic modulus of the polymers has less influence. On the other hand, because the
polymers cannot maintain the beam’s cross section in-plane on the solid elements
model, there is a significant loss in stiffness, and the second resonant frequency
appears earlier.

This conclusion makes sense with the three-point bending results. The main differ-
entiating factor between the stiffness of the analytical, beam elements and solid
elements model was whether the cross section could remain in-plane or not. Hence,
there is a clear distinction between the static elastic modulus and the dynamic elastic
modulus of the polymeric materials.

3.4 Conclusions

The results for both the analytical data and the beam elements models showed agree-
ment in the static analysis and presented a similar stiffness. However, these models
overestimated the stiffness of the real beam since, in the experiment, the cross section
of the composite beam did not remain in-plane due to the high difference between
the elastic modulus of the brass and polymeric components. Since the formula-
tion of these models assumes the beam keeps its cross section in-plane, throughout
its deformation, they are not very realistic. On the other hand, the solid elements
model captured the deformation behaviour of the beam’s cross section and therefore
depicted the real bending behaviour of the tested composite beam. Because the inter-
face between components was not studied and therefore not accounted for in this
numerical model, the sliding between components that occurred in the experiment
could not be captured. In addition, despite this sliding taking place for the P.2992
beam, it never happened in the experimental test with the P.1102 beam.

In the dynamic analysis, since the dynamic modulus of the polymers was higher
than their static elastic modulus and the cross section of the physical beam remained
in-plane during the experiment, opposite results from the static analysis were
observed. The analytical method and the beam elements models maintained the
beam’s cross section in-plane as it was deformed and exhibited similar outcomes. In
addition, both could depict the resonant frequencies of the physical composite beam.
On the other hand, the solid elements model did not account for the change in elastic
modulus for a dynamic application, so it still depicted an unrealistic deformation
behaviour for the cross section of the beam and underestimated the stiffness of the
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beam. This resulted in smaller values for the resonant frequencies with mode shapes
that depended on the behaviour of the cross section of the beam.
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Chapter 4 M)
The Design of a Cementitious Material fre
Modified with the Synergistic Addition

of Sodium Silicate and Fine Aggregate

Sourced from Granite Waste in Order

to Obtain a Mortar with Low Capillary

Suction

Natalia Szemiot and L.ukasz Sadowski

Abstract The aim of the study was to design a cementitious material that is prepared
with the synergistic addition of sodium silicate and granite fine aggregate in order to
obtain low capillary suction. For this purpose, three different classes of cement mortar
(M15, M10, M5), one type of granite fine aggregate and two different proportions of
additive in the form of sodium silicate (0.002 kg, 0.005 kg) were analysed. Firstly,
the capillary suction of the granite aggregates was analysed and compared with
traditional sand. Afterwards, nine cementitious material bars were made, which were
then used to examine the capillary suction. It was proved that the M 15 cementitious
material with the granite fine aggregate and a higher proportion of the additive had the
lowest capillary suction. In turn, the M5 cementitious material without the additive
had the highest index of capillary suction, which shows that adding sodium silicate
to cement mortar can significantly reduce its capillary suction. Finally, the results
of this study were compared with the previous authors’ studies concerning basalt and
quartz fine aggregates. As a result of the research, it was found that the cementitious
material with the fine quartz aggregate had a lower rate of capillary suction index
than the cementitious material with the fine basalt aggregate.
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4.1 Introduction

Dampness is one of the main causes of the degradation of civil engineering structures
made of brick (e.g. buildings and bridges). In winter, moisture can freeze and lead
to the bursting of building materials due to an increase in the volume of water as it
becomes solid (Clim et al. 2017; Aval et al. 2022; Yik et al. 2004; Hota and Czarnecki
2022). The common process of the flow of moisture in the structure of building
materials is known as capillary suction (Popek and Wapinska 2009; Pratiwi et al.
2020; Saberian et al. 2017; Karagiannis et al. 2018), which involves the upward
transport of water in a porous material by means of capillary forces. These forces
depend on the amount of open pores in the material, as well as their diameters
(Karoglou et al. 2005; Dondelewski and Januszewski 2008). The smaller the diameter
of the capillaries, the higher the level of wall dampness. The height at which capillary
suction is noticeable which depends on the structure of the material, primarily its
porosity and the system of pores and capillaries (Moropoulou et al. 2001). Figure 4.1
shows the capillary suction of water.

Moisture occurring in building partitions causes the deterioration of their proper-
ties, such as e.g. their thermal resistance. In article (Kon and Caner 2022), the authors
present the influence of various insulation materials (e.g. hemp wool insulation), and
their thicknesses, on the reduction of dampness in walls. They also describe the use
of various energy sources for limiting the appearance of dampness in walls. Regard-
less of the type of used insulation, dampness and mould, to a greater or lesser extent,
appeared on the walls.

Cement mortar contains cement, water and aggregate, and therefore when
designing cementitious materials, the type of fine aggregate is important (WoZniak

groundwater level

Fig. 4.1 Capillary suction of water as a one of the main reasons of dampness in civil engineering
structures made of brick
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and Chajec 2022). Approximately 71-78% of the volume of cement mortar is fine
aggregates sourced from granite quarry waste. Nowadays, the application of aggre-
gates from industrial wastes is getting more attention (e.g. regarding their use in fine-
grained concrete with enhanced durability (Zajceva et al. 2021), or mortars with
fine aggregates sourced from crushed glass (Czapik et al. 2020)). In the research
presented in this article, granite fine aggregate was used. The results of this study
were compared with the authors’ previous studies concerning basalt and quartz fine
aggregates. Moreover, the used cementitious material was modified with the addition
of sodium silicate in various proportions.

The novelty of the article involves the design of a cementitious material that is
modified with the addition of sodium silicate and granite fine aggregate in order
to obtain a material with low capillary suction. Moreover, the authors conducted
research on the reduction of the capillary suction index of cementitious mortars that
were prepared with the use of sodium silicate, basalt fine aggregate and quartz fine
aggregate.

4.2 Materials and Methods

4.2.1 Granite Fine Aggregate

In the authors’ studies, granite fine aggregate with a density of pd = 2.60 g/cm? was
used. The grain size of granite fine aggregate ranges from 0.25 to 2.5 mm. It is a
natural aggregate that consists of many minerals, such as mica (about 10%), quartz
(about 35%) and feldspar (60—65%). Granite is the most common igneous rock and
occurs on all the continents in the world (Nedelec and Bouchez 2015). Figure 4.2
represents the particle size distribution of granite fine aggregate.

4.2.2 Cement

Portland cement CEM 1 42.5 R was used in the research. Portland cement is a loose
and grey material that is made by combining ground cement clinker (95%) with
gypsum (max. 5%) (Bogue 1948). The chemical composition of clinker includes:
alite; tricalcium silicate (50-65% of the clinker’s mass); belite; dicalcium silicate
(approx. 20% of the clinker’s mass); brownmillerite; a compound of calcium oxide,
aluminium oxide and iron (IIT) oxide (approx. 10% clinker mass); tricalcium alumi-
nate (approx. 10% of the clinker’s mass); and other aluminium, calcium and magne-
sium compounds (Double et al. 1978). CEM I is a Portland cement with no additives
and is a pure form of cement. In Portland cement CEM [ 42.5 R, there is 0.07% of
Cl-, 3.2% of SO3 and 0.80% of Na,O. The grain size of Portland cement ranges from
0.02 to 0.14 mm.
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Fig. 4.2 Particle size distribution of granite fine aggregate

4.2.3 Sodium Silicate

Sodium silicate was used in this study as an admixture. The chemical formula of
this admixture is Na,O nSiO,. The content of the pure substance ranges from 18
to 40% (Na,O + Si0,), and the rest is water. Sodium silicate is a semi-translucent,
white or colourless, viscous and odourless liquid, which is easily soluble in water.
It is inorganic, non-flammable and has a pH of 11-13 in a temp of 20 °C. The pour
point of sodium silicate is 730-870 °C, and its softening point is 550—-670 °C. The
relative density of this substance ranges from 1.26 to 1.71 g/cm?, and its tenacity
ranges from 20 to 800 mPa/20 °C. The substance is mixed with water in different
ratios.

4.2.4 Testing the Capillary Suction of the Granite Fine
Aggregate

The research consisted of measuring the height of the capillary suction of the granite
fine aggregate. For this purpose, three granite fine aggregate samples were prepared,
with each being placed in a 1500 mm long pipe of plexiglass. The dimensions of
the pipe and the test stand are shown in Fig. 4.3. The pipe was embedded in a glass
container filled with liquid up to 10 mm, and then filled with granite fine aggregate.
After a specific time, the index of the capillary suction of the fine aggregate was
measured. Figure 4.3 shows the scheme of testing the capillary suction of the granite
fine aggregate.
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Fig. 4.3 Testing the capillary suction of the fine granite aggregate (own elaboration based on
Wysocka et al. 2013)

4.2.5 Testing the Capillary Suction of the Designed
Cementitious Material

The research consisted of measuring the height of the capillary suction of the cemen-
titious material. 9 bars of cementitious mortar with dimensions of 40 x 40 x 160 mm
were prepared according to standard PN-EN 480-1. Figure 4.4 shows the components
of each of the 9 bars of the cementitious mortars. The amounts of the components
of the cementitious materials are shown in kilograms. The cementitious material
was kept in moulds for 28 days. After this time, the capillary suction tests were
performed, with the index of the capillary suction of the cementitious material then
being measured.

4.3 Results

4.3.1 The Capillary Suction of the Granite Fine Aggregate

Three samples of granite fine aggregate were used to analyse its capillary suction.
Each sample was measured thirteen times. From these 3 samples, the average height
of the capillary suction was calculated and is given in the last column of Table
4.1. Table 4.1 presents the results of testing the capillary suction of the granite fine
aggregate.
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Table 4.1 Tests of the capillary suction of the granite fine aggregate

(%]

N

(V]

N

(V]

N

Granite fine aggregate
Time (h) Height (mm)

Sample 1 Sample 2 Sample 3 Average
0.12 51 48 50 49.67
0.25 79 76 78 77.67
0.5 101 98 100 99.67
1 136 132 135 134.33
2 178 170 178 175.33
3 195 189 193 192.33
5 220 215 221 218.67
10 235 227 236 232.67
24 249 241 250 246.67
48 261 256 264 260.33
72 275 269 271 273.67
96 280 274 284 279.33
120 291 286 298 291.67
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Fig. 4.5 Capillary suction of the granite, quartz and basalt fine aggregates—a comparison

Figure 4.5 presents a comparison of the capillary suction of three different fine
aggregates: granite, quartz and basalt. In the first fifteen minutes of the tests, the
capillary suction of the basalt and quartz fine aggregate was similar. However, the
granite fine aggregate had about a 20% lower capillary suction than the quartz and
basalt fine aggregates. From the 15th minute to about the 96th hour of the research,
the capillary suction of the granite and quartz fine aggregates was similar, whereas
the capillary suction of the basalt fine aggregate was lower when compared to the
other fine aggregates. In the last hour of the research, the quartz and basalt fine
aggregates had a higher capillary suction than the granite fine aggregate. The granite
fine aggregate was about 4.9% more resistant to capillary suction than the quartz
fine aggregate, and about 6.6% more resistant to capillary suction than the basalt fine
aggregate. The granite fine aggregate had the most favourable result with regards to
capillary suction.

4.3.2 The Capillary Suction of the Prepared Cementitious
Materials

Figure 4.6 shows a comparison of the capillary suction of the M5 cementitious
material that was prepared with the addition of sodium silicate and three different fine
aggregates: quartz, basalt and granite. A total of six different cementitious material
bars was compared (the composition of the cementitious mortar bars is presented in
Fig. 4.4). Each cementitious material bar was measured thirteen times.

Figure 4.6a shows the capillary suction of the three M5 cementitious material
bars that had a lower amount of sodium silicate. The first bar also had the quartz
fine aggregate, the second bar—the basalt fine aggregate and the third bar—the
granite fine aggregate. From the beginning of the research to about the 48th hour, the
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Fig. 4.6 Capillary suction of the M5 cementitious material bars with the granite, quartz and basalt
fine aggregates: a with a lower proportion of the additive and b with a higher proportion of the
additive

cementitious material with the granite fine aggregate and the cementitious material
with the quartz fine aggregate had similar results. At the same time, the cementitious
material with the basalt fine aggregate had about a 6% higher capillary suction than
the other bars. After the 48th hour of testing, all the bars achieved the same result.
Figure 4.6b presents the capillary suction of the three M5 cementitious material
bars that a higher amount of sodium silicate. The first bar also had the quartz fine
aggregate, the second bar—the basalt fine aggregate and the third bar—the granite
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fine aggregate. As was the case in Fig. 4.6a, from the beginning of the research
to about 48 h, the cementitious material with the granite fine aggregate and the
cementitious material with the quartz fine aggregate had similar results. At the same
time, the cementitious material with the basalt fine aggregate had about a 12.5%
higher capillary suction than the other bars. After the 48th hour of testing, all the
bars achieved the same result.

Figure 4.7 shows a comparison of the capillary suction of the M10 cementitious
material, which was prepared with the addition of sodium silicate and three different
fine aggregates: quartz, basalt and granite. A total of six different cementitious mate-
rial bars were compared (the composition of the cementitious mortar bars is presented
in Fig. 4.4). Each cementitious material bar was measured thirteen times.

The capillary suction of the three M5 cementitious material bars that had a lower
amount of sodium silicate is presented in Fig. 4.7a. The first bar also had the quartz
fine aggregate, the second bar—the basalt fine aggregate, and the third—the granite
fine aggregate. The results obtained for the cementitious material with the quartz
fine aggregate and the cementitious material with the granite fine aggregate were
similar. In turn, the cementitious material with the basalt fine aggregate had about a
6% higher capillary suction index than the other cementitious materials.

Figure 4.7b shows the capillary suction of the three M5 cementitious material
bars that had a higher amount of sodium silicate. The first bar also had the quartz
fine aggregate, the second bar—the basalt fine aggregate and the third—the granite
fine aggregate. The bar of the M 10 cementitious material (with the quartz fine aggre-
gate) and the bar of the M10 cementitious material (with the granite fine aggregate)
had a lower index of capillary suction when compared to the cementitious material
bar with the basalt fine aggregate. However, the M10 cementitious material with a
greater amount of the additive had a more favourable result than the M10 cemen-
titious material with a lower amount of sodium silicate, regardless of the type of
used fine aggregate. In turn, the bar of the M5 cementitious material had a higher
capillary suction than the M10 cementitious material bars. For the production of the
M10 cementitious material, less fine aggregate was used than in the case of the M5
cementitious material. The cementitious material with the basalt fine aggregate and
a higher proportion of sodium silicate had the least favourable result. The capillary
suction rate of the cementitious material with the basalt fine aggregate was 12%
higher than the capillary suction rate of the cementitious material with the quartz
fine aggregate, and 10% higher than the capillary suction index of the cementitious
material with the granite fine aggregate. However, the capillary suction of the M10
cementitious material with the granite fine aggregate and a higher amount of sodium
silicate was about 53% lower than the capillary suction of the M10 cementitious
material with the granite fine aggregate and a lower amount of the additive.

Figure 4.8 presents a comparison of the capillary suction of the M15 cementi-
tious material that was prepared with the addition of sodium silicate and the three
different fine aggregates: quartz, basalt and granite. A total of six different cementi-
tious material bars were compared (the composition of the cementitious mortar bars
is presented in Fig. 4.4). Each cementitious material bar was measured thirteen times.
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Fig. 4.7 Capillary suction of the M10 cementitious material bars with the granite, quartz and basalt
fine aggregates: a with a lower proportion of the additive and b with a higher proportion of the
additive

Figure 4.8a shows the capillary suction of the three M15 cementitious material
bars that had a lower amount of sodium silicate. The first bar also had the quartz
fine aggregate, the second bar—the basalt fine aggregate and the third—the granite
fine aggregate. The result of the capillary suction of the cementitious material with
the basalt fine aggregate and a lower amount of sodium silicate was 8% higher than
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Fig. 4.8 Capillary suction of the M15 cementitious material bars with the granite, quartz and basalt
fine aggregates: a with a lower proportion of the additive and b with a higher proportion of the
additive

the capillary suction of the cementitious material with the quartz fine aggregate and
a lower amount of sodium silicate and 6.5% higher than the result of the capillary
suction of the cementitious material with the granite fine aggregate.

Figure 4.8b shows the capillary suction of the three M15 cementitious material
bars that had a higher amount of sodium silicate. The first bar also had the quartz
fine aggregate, the second bar—the basalt fine aggregate and the third bar—the
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granite fine aggregate. In this study, the bar of the M15 cementitious material with
the quartz fine aggregate, and the bar of the M15 cementitious material with the
granite fine aggregate had the same results (37 mm). However, the M 15 cementitious
material bar with the basalt fine aggregate had the least favourable result (39 mm).
The capillary suction index of the cementitious material with the basalt fine aggregate
was 5% higher than the capillary suction index of the cementitious material with the
quartz fine aggregate, and the cementitious material with the granite fine aggregate.
However, the capillary suction of the M15 cementitious material with the granite
fine aggregate and a higher amount of sodium silicate was about 35% lower than the
capillary suction of the M15 cementitious material with the granite fine aggregate
and a lower amount of sodium silicate.

Figure 4.9a shows a comparison of the capillary suction of the granite, quartz and
basalt fine aggregates, the M5 cementitious material with the granite fine aggregate
without the additive, the M5 cementitious material with the quartz fine aggregate
without the additive and the M5 cementitious material with the basalt fine aggregate
without the additive. Figure 4.9b presents a comparison of the capillary suction
of the granite, quartz and basalt fine aggregates, the M10 cementitious material with
the granite fine aggregate without the additive, the M10 cementitious material with
the quartz fine aggregate without the additive and the M10 cementitious material
with the basalt fine aggregate without the additive. Figure 4.9c shows a comparison
of the capillary suction of the granite, quartz and basalt fine aggregates, the M15
cementitious material with the granite fine aggregate without the additive, the M15
cementitious material with the quartz fine aggregate without the additive and the
M15 cementitious material with the basalt fine aggregate without the additive.

The fine aggregates, when compared to the cementitious materials, had less
favourable results in terms of their capillary suction.

4.4 Conclusions

In this research, the capillary suction of cementitious materials with sodium silicate
(two different proportions: 0.002 and 0.005 kg) and granite fine aggregate was investi-
gated. The research focused on the design of a cementitious material with a low capil-
lary suction. M5, M10 and M15 cementitious materials were used for testing. The
obtained results were compared with previous research concerning quartz and basalt
fine aggregates. It was observed that the used additive (sodium silicate) had a positive
influence on the capillary suction index of the prepared cementitious materials.
The conducted research also showed that:

e The capillary suction of the M5 cementitious material with the granite fine aggre-
gate and a greater amount of sodium silicate was about 77% higher than the
capillary suction of the M 15 cementitious material with the granite fine aggregate
and a greater amount of sodium silicate.
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a the M5 cementitious material bar without sodium silicate, b the M10 cementitious material bar
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e The M15 cementitious material with a greater amount of sodium silicate had the
most favourable result. The cementitious material with the quartz fine aggregate
and the cementitious material with the granite aggregate obtained the same results
with regards to capillary suction. In turn, the M10 cementitious material with the
basalt fine aggregate had about a 5% higher capillary suction index when compared
to the other two cementitious materials. The least fine aggregate when compared
to the M5 and M10 cementitious materials was added to the M 15 cementitious
material.

e The addition of sodium silicate to the cementitious materials reduced their capil-
lary suction. The M 15 cementitious material with the granite fine aggregate had a
60% higher capillary suction index than the M 15 cementitious material with the
granite fine aggregate and a greater amount of sodium silicate.

To sum up, sodium silicate, the type of fine aggregate and the type of cement
mortar had a direct impact on the capillary suction of the cement mortars. Very
promising results were obtained for the M 15 cementitious materials with a greater
amount of sodium silicate. Therefore, this additive, and the type of cement mortar,
should be applied in cementitious materials in order to reduce capillary suction.
The perspectives for future research include the analysis of the capillary suction of
brick walls made using cement mortar with the addition of sodium silicate.

Funding The author received funding from the project supported by the National Centre for
Research and Development, Poland [grant no. LIDER/35/0130/L-11/19/NCBR/2020 “The use of
granite powder waste for the production of selected construction products.”
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Chapter 5 M)
The Production Process of Foamed ek
Geopolymers with the Use of Various

Foaming Agents

P. Bazan, M. Lach, B. Kozub, B. Figiela, and K. Korniejenko

Abstract The paper presents the possibility of producing foamed geopolymer mate-
rials with various foaming agents. Geopolymer is an amorphous aluminosilicate
polymer made from the synthesis of silicon (Si) and aluminum (Al), geologi-
cally obtained from minerals. Geopolymers contain long chains (copolymers) of
aluminum-silicon and aluminum, stabilizing metal cations, most often sodium,
potassium, lithium or calcium, and bound water, in addition, there are usually various
mixed phases: silicon oxide, unreacted aluminosilicate substrate, and—sometimes—
crystallized aluminosilicates of the type zeolite. Most methods of geopolymer
synthesis come down to one process: The fine and dried pozzolanic materials are
mixed with an aqueous solution of a suitable silicate with the addition of a strong
base—usually concentrated sodium or potassium hydroxide. The resulting paste
behaves like cement. Fly ash from the Heat and Power Plant in Skawina (Poland)
was used as a precursor for the production of geopolymer. The activation process
was performed with a 10-molar solution of sodium hydroxide NaOH in combination
with a solution of sodium silicate. The foaming agents were perhydrol, aluminum
powder, and the Sika® Lightcrete-400 foaming saucer—an organic surfactant for
the production of low-emission, lightweight, porous concrete. The produced foamed
geopolymer materials were subjected to strength and thermal conductivity tests.
The properties of the foams are related to the used foaming agent, but it is not the
only factor affecting the quality of the materials. In the production of samples, the
crucial factors are mixing the materials, the amount of the added additive, and the
temperature of the geopolymerization process.
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5.1 Introduction

Portland cement and concretes based on it are construction materials whose produc-
tion is quite harmful to the environment. Carbon emissions from Portland cement
production in 2020 are estimated to be around 4.8 billion tones (Mehta 2001; Singh
and Middendorf 2020). Therefore, the scientific and industrial community has been
looking for an alternative to this material for many years. An option to such can
be inorganic polymers, formed from polycondensation of aluminosilicate waste
(containing silicates with alkali), called geopolymers (Yang et al. 2017; Krdl and
Blaszczyniski 2013). Currently, most research is carried out on fly ash-based geopoly-
mers (Sitarz et al. 2020; Assi et al. 2016), metakaolin (Duxon et al. 2007), rice husk
ash (Kaur et al. 2018), or slag (Nguyen et al. 2018). Research on this type of mate-
rials has shown that these materials are characterized by high strength, corrosion
resistance, flame retardance, and durability (Thokchom et al. 2010; Rickard et al.
2013). The construction sector is most often indicated as using geopolymer materials,
but also increasingly as a neutralizing material and more environmentally friendly
(Duxon et al. 2006; Grant Norton and Provis 2020; Fan et al. 2018; Deb et al. 2014).
To date, dozens of works on geopolymers based on various types of waste have
been carried out, and the great potential of this type of materials has been indicated.
However, most literature focuses on solid materials and their strength properties.
Only recently, attention has been focused on the production of porous geopolymeric
materials characterized by low thermal conductivity (Feng et al. 2015). Foamed
geopolymer is obtained by chemical or mechanical foaming (Zhang et al. 2014).
Research on foamed geopolymers has shown a lower thermal conductivity, usually
around 10-50% of that of ordinary concrete (Zhang et al. 2015). It also has lower
energy consumption and less environmental burden than conventional foam concrete
(Yang et al. 2014; Duxson et al. 2007). The most common application is the filling
of insulation, partitions, and voids (Ramamurthy et al. 2009) For non-mechanical
thermal purposes, the thermal conductivity of the typically foamed geopolymer is
generally from 0.072 to 0.48 W/(m K). The thermal properties of geopolymers are
influenced by parameters such as size, distribution, pore shape, type and content of
the foaming agent, type and content of binder, activator content, temperature, and
method of foaming (Jelle et al. 2010; Ducman and Korat 2016; Kamseu et al. 2015;
Vucinic et al. 2003; Studart et al. 2006; Kim et al. 2009). Research on geopolymers
has identified another critical factor in the production of geopolymers—water. Water
is responsible for dissolving the aluminosilicate precursors, transporting ions, and
the polycondensation process of Si and Al monomers; in addition, water is respon-
sible for the appropriate lightness of the mixture, which is a key factor in foaming
materials; it can affect the foam structure, its regularity, porosity, and the stability
of the bubbles formed, therefore, it is necessary to know the effect of water in the
production of foamed geopolymers (Lizcano et al. 2012; Perera et al. 2006; Song
et al. 2000).
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5.2 Materials and Method of Sample Preparation

Fly ash from the Heat and Power Plant in Skawina (Poland) was used as a precursor
for the production of geopolymer. The activation process was carried out using a 10-
molar sodium hydroxide solution (NaOH) combined with a sodium silicate solution.
The foaming agents were hydrogen peroxide (perhydrol 36%, Biomus), aluminum
powder (powder, max. particle size 60-wm, purity 99.9%, Sigma-Aldrich), and
conventional foam concentrate used in concrete (Sika® Lightcrete-400)—an organic
agent surfactant for the production of low-emission, lightweight, porous concrete.
Syringaldehyde stabilizer (Sigma-Aldrich) was also used for the geopolymer blend.
The process of preparing the foamed geopolymer is shown in Fig. 5.1.

The work was divided into two stages. Part I involved the preparation of foamed
geopolymers with three different blowing agents and comparing strength properties
and thermal conductivity. Then, based on the first step, two foaming agents were
selected and an attempt was made to optimize the foaming process with the addition
of H,O. The type and composition of the manufactured materials are presented in
Table 5.1.

Addition of foaming agents

fly ash
alkali activator Addition of stabilizator
Part II - Addition of

geopolymer foam  [=50)

geopolymer paste

Fig. 5.1 Process of producing geopolymer foams

Table 5.1 List of manufactured materials

Part |Index |Precursor—fly | Activator—10 | Foaming agent | Stabilizer (g) | Water (g)
ash (g) molar (g) (g
I 1 500 460 Sika, 60 5 -
2 500 460 H0,, 25 -
3 500 460 Al 1 -
I 4 500 460 H0,, 25 21
5 500 460 H0,, 25 43
6 500 460 Al 1 21
7 500 460 Al 1 43
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5.3 Methods of Testing

As part of the research, the produced materials were tested for compressive strength
and thermal conductivity. The compressive strength of the composites was carried out
according to EN 12,390-3: 2019-07: Concrete tests-part 3: Compressive strength. It
was tested on the MATEST 3000 kN (Matest, Treviolo, Italy). Cubic samples of 50 x
50 x 50 mm were prepared for the test and seasoned for 28 days at room temperature.
Each geopolymer composite was tested on five samples. The heat conduction coef-
ficient was tested on the HFM 446 plate apparatus (Wittelsbacherstrasse, Germany).
In a heat flow meter (HFM), the test specimen is placed between two heated plate-
controlled temperatures. For the tests, panels with dimensions of approximately 200
x 200 x 25 mm were made, dried to a constant weight after 28 days of stabilization,
and then tested.

5.4 Results and Discussion

5.4.1 Part I—Comparison of Foaming Agents

The first step compared the performance of the three types of tensioning agents,
perhydrol, aluminum powder, and the conventional foam concentrate used in
concrete. The properties of foams are related to the foaming agent used, but it is not
the only factor affecting the quality of the materials. In the production of samples, the
process of mixing the materials, the amount of added additive, and the temperature of
the geopolymerization process are also important factors. In the production process
of geopolymer foam, chemical and mechanical methods are distinguished. Another
division is the direct and indirect introduction of gas into the material. Blowing agents
such as aluminum oxide or perhydrol, in combination with calcium oxides present in
the matrix and binder, emit hydrogen, which gives porosity to the geopolymer struc-
ture. During this reaction, hydrated calcium silicate is released, while hydrogen, being
lighter than air, escapes from the geopolymeric mass, increasing the mold volume.
After some time, the hydrogen completely escapes from the mass and is replaced
with air filling the spaces of the foamed geopolymer. Aluminum powder reacts with
calcium oxides and calcium hydroxides. In turn, hydrogen peroxide (perhydrol)
reacts with calcium chlorides, so it is a chemical foaming. When using a conventional
foaming agent, mechanical tamping first made the foam. Then, the foam was mixed
with the geopolymer mass, so this method belongs to the direct/mechanical foaming
method. Table 5.2 gives the produced foamed geopolymer materials.

The compressive strength and thermal conductivity test results of the manufac-
tured materials are shown in Figs. 5.2 and 5.3. Photographs were also taken on a
Keyence VH-7000 digital microscope at 20 x and 30 x magnification to compare
the pore size. The microscopic photos are shown in Figs. 5.4, 5.5 and 5.6.
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Table 5.2 List of materials manufactured in part I
Part | Index Precursor—Afly ash | Activator—10 | Foaming agent (g) | Stabilizer (g)
(2 molar (g)
I Foam 500 460 Sika, 60 5
Hy0, 500 460 H,0,, 25
Aluminum | 500 460 Al 1
0.100 0.400
0-090 0.350
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Fig. 5.2 Comparison of the conductivity and thermal resistance of the manufactured materials
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Fig. 5.6 Geopolymer foamed with aluminum powder

The thermal conductivity tests showed little difference between the material
foamed with a conventional foaming agent and the use of perhydrol. The lowest
thermal conductivity characterized the material foamed with aluminum powder. The
thermal conductivity was 0.089 W/(m K) other researchers also investigated foamed
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geopolymer materials using HyO, and aluminum powder. The result of thermal
conductivity oscillated between 0.07 and 0.22 W/(m K) (Feng et al. 2015; Novais
et al. 2016; Lach et al. 2021).

The photos taken on the samples showed that the foamed material with a conven-
tional foaming agent was characterized by an average pore size within 2500 pm
and a mixed porosity of both open and closed pores. The highest porosity described
the material foamed with H,O,. The average pore size was 4000-5000 pm, and
closed porosity was observed predominantly. The smallest pore size characterized
the material foamed with aluminum powder. The size of the pores ranged from 1000
to 1500 pm, and there were more of them than in the case of the other two materials.

On the other hand, it was observed that the pores cracked during the foaming
process. The analysis of the photos and the results of thermal conductivity confirm
the conclusions pointed by other researchers that the greater the number of pores
containing air, the lower the density of the material, and thus, the decrease in the value
of thermal conductivity. However, some sources confirm the opposite relationship
(Wongsa et al. 2018; Demirboga and Giil 2003).

The results of the strength tests showed that also in this case, the material foamed
with aluminum powder was characterized by the best properties. On the other hand,
the material foamed with a concrete foam concentrate demonstrated the lowest
compressive strength. This strength was only 0.2 MPa, which according to the
JC/T2200-2013 standard for insulation boards based on ordinary Portland cement
(OPC) does not meet the strength conditions (> 0.4 MPa for 0.25 g/cm?).

5.4.2 Part II—Influence of Water Addition

Based on stage I, materials foamed with perhydrol and aluminum powder were
selected for further research. In the second stage, an attempt was made to regulate
the pore size of foamed geopolymeric materials with the addition of water. The list
of manufactured materials is presented in Table 5.3.

The water addition was selected on the basis of the research presented by Cui
and Wang. The study conducted by the authors showed that increasing the water-to-
solid (W/S) ratio affects the viscosity, pore characteristics, bulk density, compressive
strength, and thermal conductivity. An increase in the water-to-solid ratio causes a

Table 5.3 List and mass composition of the produced materials

Part | Index Precursor—Afly | Activator—10 | Foaming agent | Stabilizer (g) | Water (g)
ash (g) molar (g) (8
I H,0,_21 | 500 460 H,0,, 25 5 21
H,0,_43 | 500 460 H,0,, 25 43
Al 21 500 460 Al 1 21
Al_43 500 460 Al 1 43
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Fig. 5.7 Schematic of the sample manufacturing process

decrease in the viscosity of the geopolymer paste. Additional water also causing
an increase in the proportion of micropores and macropores, which resulted in a
decrease in thermal conductivity from 0.06 to 0.048 W/(m K) (Cui and Wang 2019).

Foamed geopolymer materials prepared according to the scheme shown in Fig. 5.7.

The results of the compression strength and thermal conductivity tests are shown
in Figs. 5.8 and 5.9.

The obtained research results are in line with the conclusions presented by Ciu
and Wang. The addition of water affects the viscosity of the geopolymer paste. As a
result, H,O-modified foams had larger pores and a larger pore volume, which resulted
in deterioration of strength properties and positively affected thermal conductivity.
However, the manufactured materials still meet the requirements of the JC/T2200-
2013 standard for insulation boards based on Portland cement (OPC), which is a
compressive strength > 0.4 MPa.

5.5 Conclusion

In this work, three types of foaming agents in geopolymer materials were compared.
The manufactured materials were tested for compressive strength and thermal
conductivity tests. The use of a conventional foaming agent in the production of foam
concrete resulted in a geopolymer foam with thermal conductivity of 0.092 W/(m K)
and insufficient compressive strength of 0.2 MPa. The best properties were obtained
by geopolymer foam foamed with aluminum powder. The thermal conductivity was
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0.089 W/(m K) with a compressive strength of 0.9 MPa. As part of the research,
attempts were made to regulate the pore size with the addition of water, influencing
the viscosity of the geopolymer paste. The H,O-modified foams had larger pores and
a larger pore volume, which resulted in a deterioration of the strength properties. It
was also observed that in the case of H,O, foaming agent, the results were charac-
terized by a greater scatter of the result than in the case of materials foamed with
aluminum powder. This is because perhydrol is a foaming agent that is very sensitive
to changes in the surface tension of the geopolymeric mass.

The presented research results indicate that geopolymer foams, although they
cannot compete with insulating materials such as polystyrene or polyurethane
foams, show great potential as building materials. It should be emphasized here that
these materials meet the conditions of a closed-loop economy, are non-flammable
materials, and are characterized by high mechanical strength.
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Chapter 6 M)
Mechanical and Physical ek
Characterization of Parts Manufactured

by 3D Printing

C. Oliveira, J. Rocha(®, and J. E. Ribeiro

Abstract Fused deposition modelling is an additive manufacturing technique, clas-
sified as one of the most popular 3D manufacturing processes, because of its low
cost and easy usability, resulting in good quality products. However, the mechanical
properties of manufactured pieces depend on the base material properties, manu-
facturing parameters and room conditions (temperature and moisture). For those
reasons, to obtain the optimal conditions, three different types of experimental tests
were performed: tensile, flexural and water absorption. These tests were carried out to
determine ABS and PLA’s mechanical and physical properties, which are the main
materials used in FDM technique. Results showed that PLA has higher values of
tensile and flexural strength comparatively to ABS and, in the other hand, ABS had
greater weight of water absorption.

Keywords ABS - PLA - 3D printing - FDM - Tensile test - Flexural test - Water
absorption

6.1 Introduction

Additive manufacturing (AM), also known as 3D printing, has been attracting interest
from industry and the research community (Dizon et al. 2018); nowadays, not cheaper
and faster AM techniques have been established, which can manufacture high print
qualities. In addition, polymer materials for 3D printing are currently being produced
with a wider range of properties (Chapiro 2016). Today, AM is being used to produce
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materials for different applications, namely automotive (Lee et al. 2017), electronics
(MacDonald et al. 2014), robots (Lee et al. 2017), construction (Paolini et al. 2019),
apparel (Hashemi Sanatgar et al. 2017), medicine (Souza et al. 2020), dentistry
(Bhargav et al. 2018) aerospace (Blakey-Milner et al. 2021), military (Bird and
Ravindra 2021) and others. However, in these practical applications, the parts manu-
factured by 3D-printing processes must withstand different quantities of mechanical
stress imposed by the environment. Therefore, it is crucial to know the imposed
strengths in each application, considering various loading conditions. Furthermore,
the mechanical properties of the 3D-printed parts must be equal to those manufac-
tured by traditional methods, such as injection moulding (Goh et al. 2017; Gao et al.
2015).

Additive manufacturing processes are classified in seven categories: powder bed
fusion, binder jetting, material jetting, directed energy deposition, vat photo polymer-
ization, sheet lamination and material extrusion (Gao et al. 2015). Among these, one
of the most popular is the defused deposition modelling (FDM) technique (Crump
1991) and it is based on extrusion additive manufacturing systems. FDM is a material-
melting method which utilizes a coil of thermoplastic filament such as PC, ABS and
PLA with different diameters, that are melted and extruded through a heated nozzle
(Vaezi et al. 2013). Even though, the referred materials are the most used in recent
years, thermoplastic materials, like PEEK, with higher melting points have appeared
(Hoskins et al. 2018). Because of this singular mechanism of FDM, the use of ther-
moplastics and its process of material-melting are its major limitations. So, it is
essential to determine the mechanical properties (Algarni and Ghazali 2021) of the
materials used in FDM process, mainly the ABS and PLA because they are the most
employed. In addition, the resolution and the accuracy of the FDM process are also
considered limitations, which must be evaluated and optimized (Charalampous et al.
2021).

The aim of this work is to define reference values for each pair of material printed,
to enable the designer to make a pre-selection when starting the production of the
parts. To achieve this, tests will be performed to obtain the mechanical and physical
properties, such as tensile strength, bending strength and water absorption of speci-
mens manufactured by FDM printers using ABS and PLA. The experimental values
obtained will be compared with values from literature.

6.2 Experimental Procedure

The polymeric materials chosen to work on this project were ABS and PLA. Before
the tensile test, the specimens were conditioned according to ASTM D618-13, in
order to standardize the humidity and temperature conditions in which the models
were subjected before the tensile test. Tensile tests were performed in accordance with
ASTM D638-14 named “Standard Test Method for Tensile Properties of Plastic™. The
standard used for Flexion Test met the ASTM D790-17, “Standard Test Methods for
Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating
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Materials”. To determine the water absorption, the procedure described in ASTM
D570-98 (2010) was followed.

The printers used were the Big Builder Dual Feed printer, the Cube printer, and
the Robox® Dual printer.

From the results of the tensile, bending and water absorption tests, values were
obtained for the strength of the materials used. The percentage of water absorbed
by them was also obtained. Furthermore, from the results, a brief characterization of
these materials was obtained, in which they could be used to assist a designer in the
adequate choice of materials for different applications.

Based on the results, it was concluded that the parts made by the FDM process
using ABS and PLA are highly anisotropic, a consequence from the variation of
the layers’ orientation, of the extrusion temperature and the percentage of infilling,
which affects mechanical strength, dimensions and geometry.

6.2.1 Tensile Test

Following the recommendations defined by ASTM D883 (ASTM 2020) standard,
was chosen to manufacture the V type specimens (ASTM International 2014; Amer-
ican Society for Testing and Materials 2017) making rigid or semi-rigid plastic with
thicknesses up to 4 mm. Five models were produced, with geometry dimensions in
accordance with the standard for ABS and another five for PLA+.

In order to manufacture ABS models, the stl file was sent to the Robox® Dual
printer AutoMaker® software. Parameters used to 3D print ABS (CEL-Robox 2022)
and PLA+ (Ultimaker 2022) specimens are shown in Table 6.1.

The Robox® Dual contains heated printing base, which ensures better material
adhesion, and has a controlled printing environment. These two features help to avoid
printing defects, as they keep the entire object warm until the end of the printing,
causing it to cool down. Figure 6.1a, b shows the ABS and PLA+ specimens for the
Tensile Test.

Table 6.1 Mean masses, standard deviation and variation coefficient

Parameters ABS PLA+

Infill 100% 100%
Colour Orange Black

Layer thickness 0.3 mm 0.2 mm
Extruder temperature 235°C 215°C
Room temperature 55°C ~20°C
Build base temperature 115 °C ~20°C
Raster angle + 45°/— 45° + 45°/— 45°
Number of layers 11 15
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Fig. 6.1 Specimens of ABS a and PLA+ b for tensile test

The specimens were tested in a universal test machine, Shimadzu Autograph
AGS-X 10 kN, with a constant de-formation velocity of 1 mm/min. The tensile test
was performed until the specimen rupture.

6.2.2 Flexural Test

The specimens were manufactured with dimensions of 71.2 mm x 12.7 mm X
3.2 mm, taken from ASTM D790-17 standard (American Society for Testing and
Materials 2017). Table 6.2 displays the data provided by the printer’s software, except
for fill percentage and filament colour parameters.

Figure 6.2b shows an ABS specimen in the machine at the beginning of the test,
and Fig. 6.2a shows the ABS and PLA+ specimens after the test.

For the flexural tests, the specimens were positioned on the supports of the
Shimadzu Universal Testing machine, Autograph AGS—X series (500 N to 10 kN)
with its longest axis perpendicular to the load applicator. The test ended when a
maximum strain of 0.05 mm/mm was reached, before breaking.

Table 6.2 Manufacturing parameters of ABS and PLA+ models

Parameters ABS PLA+

Infill 100% 100%
Colour Orange Black

Layer thickness 0.3 mm 0.2 mm
Extruder temperature 235°C 215 °C
Room temperature 60 °C ~20°C
Build base temperature 125 °C ~20°C
Raster angle + 45°/— 45° + 45°/— 45°
Number of layers 11 15
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Fig. 6.2 Flexural specimens and three points flexural test

6.2.3 Water Absorption Test

According to D570-98 (ASTM D570-98 2010), the profile of the specimens follows
the ISO standard, and their dimensions are 60 x 60 x 1 mm with tolerances of £ 2
and 0.05 mm, respectively.

Table 6.3 shows the printing parameters for PLA and ABS models manufactured
by the Robox® Dual printer, together with parameters for PLA+ manufactured by
the Big Builder® Dual Feed.

Figure 6.3a, b shows the specimens used in the water absorption test: ABS, PLA+

(black) and PLA, respectively.

Table 6.3 Printing parameters of PLA and PLA+ specimens for Water Absorption test

Parameters PLA PLA+ ABS

Infill 100% 100% 100%
Colour Blue Black Orange
Layer thickness 0.3 mm 0.2 mm 0.3 mm
Extruder temperature 195 °C 210°C 235 °C
Room temperature 70 °C ~20°C 125 °C

Build base temperature 35°C ~20°C 60 °C

Raster angle + 45°/— 45° + 45°/— 45° + 45°/— 45°
Number of layers 3 5 3

' ABS a PLA b

Fig. 6.3 Specimens in ABS (a), PLA+ and PLA for water absorption test (b)
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It was chosen a 24-h immersion, with all specimens fully immersed in a container
with distilled water in a vertical position, in order to have the largest possible surface
in contact with water. After 24 h, the specimens were removed from water, one
at a time, and then, their surface was dried with absorbent paper and immediately
measured with a calliper and weighed on a scale.

6.3 Results and Discussion

6.3.1 Tensile Test

The stress—strain curves obtained from the tensile tests for the ABS material and
PLA+ are represented in Figs. 6.4 and 6.5, respectively. It is possible to observe that
the five specimens of each material present a very similar behaviour until the yield
stress. The maximum plastic strain, in the case of ABS samples, varies a lot until
failure, with failure observed for a minimum around 4.0% and a maximum of more
than 6.6%. In the case of PLA+ samples, there was also a large variation, between
5.7% and 7.6%, although the stress has dropped more progressively than ABS.

Figure 6.6 presents average values of stress obtained from the experimental tests
together with values obtained from literature, for comparison. ABS values were taken
from (Kanu et al. 2016; Banjanin et al. 2018; Novakova-Marcincinova and Novak-
Marcincin 2014; Letcher et al. 2015; Lovo and Fortulan 2016; Tymrak et al. 2014;
Wau et al. 2015; Hibbert et al. 2019) and PLA+ from Banjanin et al. 2018; Lovo and
Fortulan 2016; Tymrak et al. 2014; Santana et al. 2018).
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Fig. 6.4 Stress x Strain curves of the tensile test of ABS samples
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Fig. 6.5 Stress x Strain curves of the tensile test of PLA+ samples
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Fig. 6.6 Tensile strength values of samples in ABS and PLA+

The values obtained for ABS and PLA+ were a little higher than averages taken
from literature, and this is due to several parameters that influence the results, such as
different print settings, controlled environment inside the printer, layer and pigment
orientations.
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6.3.2 Flexural Test

The tests were carried out and the stress x strain curves of the samples were obtained,

shown in Figs. 6.7 and 6.8. These figures present the graph with the stress values of

the test specimens. The tests were interrupted until a strain value of, approximately,
5%. It can be observed that the samples had a very similar behaviour. For ABS, a
maximum of 55 MPa was observed and for PLA+ a maximum of 85 MPa. Figure 6.8
shows a discontinuity in the graph which can be explained due to existing defects in
the plastic filament.

Figure 6.9 shows the mean values of the bending stresses obtained from exper-
imental tests in comparison to the literature, for ABS specimens (Wu et al. 2015;
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Fig. 6.7 Stress x Strain curves of the bending test of the ABS samples
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Fig. 6.8 Stress x Strain curves of the bending test of the PLA+ samples



6 Mechanical and Physical Characterization of Parts ... 85

S0
80
e 70
[«
2 60
=
En 50
& 40
™
5 30
b
w 20
10
0
ABS
B This Work 56.19 83.93
@Found in Literature 46.16 58.88

Fig. 6.9 Flexural strength values of samples in ABS and PLA+

Es-Said et al. 2000; Durgun and Ertan 2014; Dawoud et al. 2016) and PLA+ speci-
mens (Rajpurohit and Dave 2018; Jaya Christiyan et al. 2018; Nugroho et al. 2018;
Chacén et al. 2017).

The higher values obtained may be caused by the good adhesion between layers.
They have small thicknesses (Jaya Christiyan et al. 2018) and raster angles (45°/—
45°) (Ultimaker. 2022) that facilitate an increase in strength.

6.3.3 Water Absorption Test

The absorption of water in objects built using FDM printing is essentially due to gaps
between layers and printing flaws. In addition, the more porous they are, the more
water absorption is expected. ABS was the material with higher amount of water
absorbed.

In this work, it was found that the smallest thickness presented the smallest water
absorption (PLA+ thickness 0.2 mm), followed by PLA (0.3 mm thickness) and ABS
(0.3 mm thickness).

Analysing Fig. 6.10, it can be concluded that ABS has the highest porosity values
and was also the material that presented the highest weight percentage increase.
A higher number of voids between the layers (porosities) end up influencing the
mechanical strength of the material, decreasing it.
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Fig. 6.10 Average percentage increase in sample weight

6.4 Conclusions

In this work, three different types of experimental tests were performed in order to
determine the mechanical and physical properties of the most common thermoplastic
filament used in FDM, namely ABS and PLA. Furthermore, it was analysed a special
kind of PLA designated by PLA+, and the tensile strength of PLA+ (49 MPa) is
higher than ABS (39 MPa). The values obtained with experimental tensile tests were
higher than the observed from specialized literature. From the flexural tests, it was
determined the flexural strength, results showed higher value for PLA+ (85 MPa)
and lower for ABS (57 MPa) and these values are higher when compared with the
ones showed in literature. In the water absorption test, it was observed that ABS
(0.984%) had more water than the PLA (0.838%) and PLA+ (0.679%).
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Chapter 7
Potential Use of Sugarcane Bagasse Ash ek
in Cementitious Mortars for 3D Printing

M. Jesus, J. Teixeira, J. L. Alves, S. Pessoa, A. S. Guimaraes, and B. Rangel

Abstract Mortars, in particular 3D printing (3DP) ones, rely heavily on Portland
cement (PC), a material that entails high carbon emissions and energy consumption
related to its manufacture. As its use must become more moderate to comply with
the growing environmental regulations and concerns, alternatives to PC or additives
to reduce its percentage are being sought. Due to providing adequate pozzolanic
activity and filler effect, many supplementary cementitious materials (SCM) have
been used, such as agricultural waste. Sugarcane bagasse ash (SCBA) emerges as a
strong contender, since sugarcane is available in rich quantities in Brazil and India,
with almost no land left to dispose the raw bagasse. The aim of this research is to
present a mixture for 3DP with a suitable SCBA content that conforms with the
properties in the fresh (flow table and slump) and hardened states (compressive and
flexural strength). SCBA with a particle size up to 250 wm was used to replace PC
with different dosages (5, 10, 15, 20, 25%), by volume of binder. The fine aggregates
used (two types of sand) were kept constant, according to the reference mixture, and
no plasticizers or superplasticizers were incorporated. Experimental results showed
that an increase in SCBA caused an increase in the water content and the mixture
with 5% of SCBA showed similar results of mechanical strength at 28 days when
compared to the reference mixture.
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7.1 Introduction

The building and construction sector is known for its outdated methods and low
productivity, making use of poorly innovative techniques that not only consume
large quantities of resources and generate significant amounts of waste, but also bring
considerable risks to the manpower. The current implementation of new technologies
in this industry (e.g. building information modelling (BIM) and 3DP) proved to bring
production and automation benefits while aiming to improve its sustainability, due to:
architectural freedom; reduction of material consumption, waste and CO, emissions;
continuous printing capacity; mitigation of normal constraints during construction
(smoke, dust and excessive noise); capacity of constructing in harsh environments,
where manpower is unsuitable (Yossef and Chen 2015; Lopes 2016; Wolfs and Salet
2016).

Regarding the materials for 3DP, as the already conceived mixtures contain high
amounts of cement (Bos et al. 2016), SCMs are being tested (mainly fly ash (FA) and
silica fume (SF)), to reduce high carbon emissions and energy consumption related
to the manufacture of cement. Besides contributing to more sustainable mixtures, the
integration of these additives is also performed to improve the rheology of mortars
and to achieve a proper buildability, for example (Muthukrishnan et al. 2020; Khalil
et al. 2020). Muthukrishnan et al. (2020) used rice husk ash as a cement replacement
in 3DP mortars, obtaining compressive strength values 180-500% higher than the
conventional mortar and reaching the desired workability faster. Khalil et al. (2020)
proposed a 3DP mixture of magnesium oxide concrete that showed excellent extrud-
ability, flowability and buildability. The printed specimens also presented a greater
compressive strength than cast ones.

This article seeks to study and summarize the different compositions, dosages and
materials used in the currently conceived mixtures for 3DP, as well as the inherent
requirements for a successful printable material. To contribute to a more sustainable
mixture, SCBA, a residue obtained from the incineration of sugarcane bagasse, was
added to the composition as a SCM, with substitution rates of 5-25%. Several mortars
were then prepared, varying the amount of water according to their percentages of
SCBA. It is important to mention that no plasticizer or superplasticizer was used in
order to clearly evaluate the influence of the residue.

All mortars were subjected to flow table and slump tests to assess each ones’ flowa-
bility and buildability/shape retention, respectively. After that, some specimens of
the produced mortars were moulded to evaluate their mechanical resistance, namely
compressive and flexural strength at 7 and 28 days. It was also possible to print one
of the studied compositions.
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7.2 Literature Review

One of the most used materials for both in situ structures as well as prefabricated
ones (off-site) is concrete. In fact, it provides most of the necessary features for
construction purposes: good compressive strength, fire resistance, a good moldability
and durability, all under a relatively low production cost (Bos et al. 2016). Thus,
3DP mortar compositions are based on the one of concrete, without the use of coarse
aggregates, so as not to affect 3D printer elements, as will be explained.

A primary literature review was essential to record several compositions and
respective dosages of different 3D printable cementitious mortars developed world-
wide. Once collected, an average was calculated, as shown in Fig. 7.1.

Additions include SF, FA and limestone filler (LF), often used within the study
of 3D printable cementitious mortars to reduce the amount of cement. Superplas-
ticizers, retarders and accelerators are also present in some mixtures (Khoshnevis
2005; Nerella et al. 2016; Kruger et al. 2019; Kazemian et al. 2017; Schrofl et al.
2018; Paul et al. 2018) but since they comprise a very small percentage (normally
1-2%), they were not considered in this experimental programme.

In the case of SCBA, many researchers have been studying its potential to replace
cement in mortars and concrete. Ganesan et al. (2007) explored the effects of SCBA
as a partial replacement of cement, concluding that with an optimum replacement
of 20% of cement, there was a development of high early strength, a reduction in

Cement
22%

Aggregates
(Sand)
54%

Fig. 7.1 Average dosages of 3D printing cementitious mortars (values from Khoshnevis (2005),
Tay et al. (2016), Nerella et al. (2016), Teixeira et al. (2021), Kruger et al. (2019), Kazemian et al.
(2017), Schrofl et al. (2018), Lathaj et al. (2019), Ting et al. (2019) and Paul et al. (2018))
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Table 7.1 Influence of the SCBA in the amount of water in cast cementitious mixtures

SCBA (%) | W/C* or W/(C + BA**)

0 0.53 0.57 0.55 0.60 0.50

5 0.61 - - 0.52

10 0.62 0.50 0.60 0.54

15 0.64 - - 0.57

20 0.67 0.44 0.60 0.60

Mixture Hardened Sustainable Mortar Mortar Mortar
concrete concrete

References | Ganesanetal. |Quedouetal. |Chi(2012) |Arenas-Piedrahita | Arif et al.
(2007) (2021) et al. (2016) (2016)

*W/C—Water/cement ratio
**BA—Bagasse ash

water permeability and a significant resistance to chloride permeation and diffusion.
Quedou et al. (2021) and Chi (2012) concluded that a 10% replacement of cement
with SCBA was the optimal limit, since it had a superior performance on compressive
strength, drying shrinkage, water absorption, initial surface absorption and chloride
ion penetration (56 days), while contributing to the preservation of the environment.

To understand how the SCBA is used, several cementitious mixtures with SCBA
in different ratios were grouped in Table 7.1.

Although Table 7.1 refers to cast/moulded specimens, the respective data allowed
to identify important insights for the composition of the first mortars with SCBA:

e The W/C ratio varies between 0.50 and 0.60, being higher as the percentage of ash
increases, suggesting that it has a high-water absorption. This may be justified by
its lightness (Otoko 2014) or by its hygroscopic properties (Ganesan et al. 2007);

e The percentage of SCBA used is relatively constant between the different mixtures
presented (5-20%), assuming that, for these values, the printed material kept or
improved most of its relevant properties.

When designing a 3DP mortar, there should be an evolution in workability: at first,
a very workable material is required, to be smoothly transported from the mixer to the
extrusion nozzle, but after the extrusion process, it should stiff quickly, to guarantee
a continuous spread of filaments of material capable of sustaining subsequent layers
without deformations, which implies a loss of workability (Teixeira et al. 2021; Ma
etal. 2017, 2018). The following properties strongly influence workability (Ma et al.
2017, 2018; Lim et al. 2012):

e Flowability/Pumpability—Capacity of the mortar to be smoothly transported from
the mixer to the extrusion nozzle, being affected by temperature and relative
humidity. It is directly related to workability;

e Extrudability—Ability of the mixture to continuously pass through the extrusion
nozzle, without blocking the system, while producing uniform filaments;

e Buildability—Extrusion of filaments into stacked layers;
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e Shape retention—Capacity of the material to retain its extruded shape and
resistance at early ages, under self-weight and the pressure of subsequent layers;

e Open time—Time interval where the fresh mortar is capable of being continuously
extruded, in stacked layers and without blocking the system. It is related to the
change of flowability over time;

e Printability—Ability of the mixture to be printed in the desired geometry, main-
taining dimensional stability and good surface finish, being influenced by the
above-mentioned properties.

In addition, attention should be paid to other factors related to the compatibility
of the mortar and the printing equipment: printing system size, mixing procedure,
flow rate, pump pressure, type of extruder and shape and size of the nozzle (Bos et al.
2016; Ma et al. 2018; Malaeb et al. 2019; Rushing et al. 2019).

An optimal mixture for extrusion is hard to reach, as will be understood later,
since it requires several steps and always depends on the differences between the
type of 3D printers, the nature of the constituents, the surrounding conditions and
the research purpose (Ma et al. 2018).

7.3 Laboratory Tests for SCBA Characterization

7.3.1 Bulk Density

The bulk density, p, represents the mass of a material divided by its total volume
and depends on the percentage of existing voids. Before setting up any mixture, it is
necessary to collect the bulk densities of all the components to estimate their quan-
tities. The bulk density of each material had already been calculated for a previous
study (Teixeira et al. 2021), except for the SCBA. It was determined through the
pycnometer method (Fig. 7.2), as described in NP EN 1097-7:2012 (2012). The
results are given in Table 7.2.

As expected, SCBA presents a low bulk density when compared to the other
constituents.

7.3.2 Particle Size Distribution

Since the activity of SCBA highly depends on its particle size and fineness, the particle
size distribution of the material was determined through the sieving method, as
suggested by NP EN 933-1:2014 (2014). This test enables a significant understanding
of the effectiveness of a certain material, since some of its properties (bulk density,
permeability, etc.) are controlled by the size of the material’s particles. With the
results obtained, it was possible to plot the granulometric curve shown in Fig. 7.3.
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Fig. 7.2 Determination of SCBA’s bulk density with pycnometers

Table 7.2 Bulk density of each constituent
Constituent PC SCBA LF Sand 04 mm Sand 0-2 mm
Bulk density (kg/m?) 3100 2330 2700 2637 2636
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o T AT H i |
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Fig. 7.3 Granulometric curve of SCBA
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After analysing the curve presented above, it is possible to conclude that almost all
the material passed the 0.500 mm sieve. However, only 30% of the sample passed in
the 0.063 mm sieve, which means that a very small percentage of it has a cement-like
fineness (the size of cement’s particles is usually < 0.1 mm). In order to avoid great
losses of material (in the order of 70%), the material that was used was the one that
passed in the 0.250 mm sieve, allowing the removal of coarse material.

7.4 Cementitious Mortar Design

7.4.1 Materials Used

SCBA was collected from different waste disposals in Brazil. It results from the
incineration of sugarcane bagasse, a fibrous matter obtained from the extraction of
sugarcane juice. It is composed by fine burnt and coarse unburnt particles, being
deposited in the cogeneration plant (Bahurudeen et al. 2015) and then it can be used
as a soil fertilizer or filling material, but most of the times, it is dumped in ash ponds
or landfills (Quedou et al. 2021; Jagadesh et al. 2019). Since it is a waste material
with unknown properties, it was crucial to conduct the tests described in Sect. 7.3.

PC (CEM 1 42.5 R) was used for the trials, according to EN 197-1:2011 (2011).

As natural fine aggregates, two sands with different granulometries were used:
0-2 mm and 0—4 mm. According to Teixeira et al. (2021), the nozzle diameter may
be up to five times larger than the maximum aggregate size. Since the circular nozzle
used has a diameter close to 20 mm, it was possible to use sand with a particle size
up to 4 mm.

Since LF enables a better particle size distribution, by filling the voids in the
mixture, and improves its mechanical strength, a small portion was also considered
in the composition of the mortars.

Also, tap water was used.

7.4.2 Dosage Calculation

Since the purpose of this work is to study the effect of SCBA on the composition of
3D printable mortars, small increments of this residue were tested (5, 10, 15, 20 and
25%), allowing a reduction in the amount of cement used.

The mixture proportions followed, in part, the experimental work proposed by
Teixeira et al. (2021), calculated for an approximate volume of 1 L, and they are
given in Table 7.3.

The percentage of replacement of cement per SCBA is related to its volume, not
to its mass. For instance, if the volume of cement is 9% for 0% of SCBA, the used
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Table 7.4 Comparison between the average values of the mixtures from literature and experimental
work

Source Cement (%) | Additions (%) | Water (%) | Sand (%)
Average values from literature (Fig. 7.1) | 22 11 13 54
Average values from experimental work | 13 13 11 64
(Table 7.3)

*Additions include SF and FA (literature dosages), SCBA and LF (Table 7.3)

volume of SCBA for a 10% replacement will be 0.9%, so the correspondent volume
of cement for this new mixture will be 8.1%.

The mixture dosages were controlled by W/P, since it has significant influence
on the fresh properties of the mortars (Teixeira et al. 2022), while W/C affects their
mechanical resistance (Panda et al. 2020). The proportions of the other constituents
were not modified throughout the mixtures, apart from water, which was adjusted
upwards whenever the percentage of SCBA increased.

The average values of the designed mixtures were compared with the average
literature values presented in Fig. 7.1. The results can be seen in Table 7.4.

The mixtures prepared during the experimental work slightly differ from the ones
proposed by the other authors. The greatest variation found in the dosages was related
to the percentage of cement used. Its reduction is mainly linked to the high quantity
of aggregate (sand) applied, which leads to a lower need to fill the voids between the
particles with paste (composed by water and powders) (Teixeira et al. 2021), despite
reducing the mechanical resistance.

7.5 Laboratory Tests for Mortar Characterization

7.5.1 Consistency of Fresh Mortar

After estimating the dosages, the mixtures were then prepared, being possible to
observe if it was necessary to add more water or other materials to the mixture,
through its viscosity (Fig. 7.4b) and according to the intended purpose of the mortars
(in this case, for 3DP).

The determination of the mortars’ consistency in fresh state, by the flow table
method, was based on EN 1015-3:1999 (1999). Firstly, a mould is filled with two
layers of mortar, that are compacted through ten short strokes with a tamper. After
that, the mould is removed and the slump, defined as the displacement suffered
by the mortar when the mould is removed, is measured, in mm (Fig. 7.5a). Then,
the material is jolted 15 times on the flow table and the spread mortar diameter is
measured in perpendicular directions (Fig. 7.5b). The average diameter (of those 2
values) represents the flow value, in mm. The flow values obtained for each mixture
are displayed in Table 7.5.
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(a) (b)

Fig. 7.5 a Evaluation of mortar’s slump and b mortar’s flow

Table 7.5 Flow table test results
Mixture reference | SCBA-0 | SCBA-5 |SCBA-10 |SCBA-15 |SCBA-20 | SCBA-25
W/P 0.42 0.42 0.44 0.46 0.48 0.50
Flow (mm) 168.50 174.00 170.00 172.50 176.00 181.50

To obtain proper flow values (between 175 and 210 mm, to reach a suitable flowa-
bility of the mixture for 3DP (Ma et al. 2018)), W/P ratio should be close to 0.40,
when no plasticizers/superplasticizers are added (Teixeira et al. 2022). However,
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since the flow value of the reference mixture (0% SCBA) was 168.5 mm, the subse-
quent values of the other compositions should range between = 10 mm from that
reference value, according to NP EN 450-1:2012 (2012). As seen in Table 7.5, to
obtain values within that interval, W/P was increased (more water added) whenever
the percentage of SCBA was increased.

Regarding the slump test, all mixtures showed displacements close to zero, as
intended, since after the extrusion, the material must guarantee good shape stability
due to the lack of support formwork to sustain the weight of the upper layers (Long
et al. 2019).

7.5.2 Mechanical Resistance

The mechanical resistance of cast specimens was assessed through compressive and
flexural strength tests, performed in accordance with EN 196-1:2016 (2016). After the
determination of the consistency, the fresh mortar was poured into a specific mould
with 3 slots, so that 3 test specimens can be tested per mixture. The specimens were
stored in the mould in a moist atmosphere for 24 h, then demoulded and stored under
water until mechanical strength tests took place. At the required ages (normally 7
and 28 days), the specimens were subjected to flexure (Fig. 7.6a) and then each half
was submitted to the compressive test (Fig. 7.6b). The results can be observed in
Table 7.6.

A decrease in the mechanical resistance of mortars was expected, since SCBA
does not provide a similar strength to cement. When analysing mechanical strength
values, from mixture SCBA-0 to SCBA-25, an accentuated decrease is observed, due

(a)

Fig. 7.6 a Flexural and b compressive strength tests
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Table 7.6 Mechanical resistance of cast specimens

Mixture reference Average flexural strength (MPa) | Average compressive strength
(MPa)
7 days 28 days 7 days 28 days

SCBA-0 5.30 5.90 30.40 35.00
SCBA-5 4.60 5.80 27.50 33.20
SCBA-10 4.50 5.20 24.10 28.60
SCBA-15 3.90 4.80 18.90 23.70
SCBA-20 3.70 - 16.60 -
SCBA-25 3.00 - 14.20 -

to the combined action of cement reduction in favour of SCBA and the increase of
water content (as reported in Table 7.3). It is also important to mention that when the
specimens were being cast, mixtures SCBA-20 and SCBA-25 presented exudation,
which can cause segregation when hardened.

7.6 Printing Trial

A first trial was carried out with mixture SCBA-15, in order to assess its printability.
The printed specimen presents an average layer width of 35 mm and a layer thickness
of approximately 15 mm.

As seen in Fig. 7.7, the prototype shows an adequate buildability and shape reten-
tion. The extrusion process occurred continuously, without any sort of clogging in the
printing system, which means that the mixture had enough flowability to be extruded.

Fig. 7.7 Printing trial of the composition with 15% of SCBA
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However, it is visible that the material is too dry, resulting in some voids and
roughness in the sample surface. This problem may be related to the significant
reduction in the amount of cement at the expense of SCBA, which can result in
segregation. Thus, it can be concluded that the following mixtures to be tested will
be those of 5 and 10% of SCBA.

7.7 Conclusions

As previously mentioned, the study of SCM is not new within the design of new
3DP cementitious mortars, mainly with SF and FA. However, despite using those
constituents to improve important properties of the mixtures, the compositions found
in the literature maintain their rations of PC. Instead, this study sought to evaluate
the effects of a further reduction in the amount of cement employed in new 3DP
cementitious mixtures, which is already low due to the significant quantity of sand
and LF used.

Regarding the experimental tests, an increase in the amount of SCBA led to a
higher W/P ratio, since it requires a greater amount of water to maintain the desired
levels of fluidity and slump, decreasing the mortars’ mechanical resistance. This
fact is probably related to the fine structure and lightness of the residue employed.
According to the literature, to reverse this pattern, chemical admixtures (such as
superplasticizers) should be used to lower the W/P ratio. The slump test showed
that values near to zero were ideal to produce a 3DP mortar with acceptable build-
ability and shape retention. Furthermore, the mechanical resistance of the specimens
decreased with higher amounts of SCBA and water (a lower W/C ratio).

The printing trial demonstrated that a 15% substitution of cement by SCBA is
not advisable, since the printed specimen entailed a considerable number of voids
and roughness on the external surfaces. This problem can result later in segregation,
affecting the material durability. Also, flow values close to 170 mm were ideal to
achieve an adequate flowability.

Further work should contemplate the printing of mixtures SCBA-5 and SCBA-
10, accounting the results from the printed specimen with 15% of SCBA. Also, the
fresh and hardened state properties of the mortars would benefit from a combination
of other SCM with SCBA, such as SF or FA, capable of improving its mechanical
properties and reducing the absorption of large quantities of water associated with
SCBA (the latter could be also fixed with a plasticizer/superplasticizer). In the end,
it might be interesting to determine the mechanical resistance of the printed samples
and compare it with the values obtained for the moulded ones (Table 7.6).
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Chapter 8 M)
Experimental Bench for the Analysis skl
of Belt Deformation in Belt—Pulley

Systems by Digital Image Correlation

Francesco Bucchi, Francesco Frendo, and Paolo Neri

Abstract Belt—pulley transmissions are a classical topic in mechanical engineering,
usually studied following two approaches: the creep theory (Euler or Grashof model)
and the shear theory. Recently, the authors introduced a new theory to study the belt—
pulley contact mechanics, which is inspired to the brush model used for pneumatic
tires. Basing on this theory, the belt is considered as an almost axially rigid tension
member connected to a series of bristles, which are, at the other end, in contact with
the pulley. In this paper, a test bench is presented and designed to experimentally
validate the brush model. The bench is made up of two pulleys connected to two
shafts driven by independently controlled motors; a belt is installed between the
pulleys, and the shafts are equipped with sensors measuring the angular velocity
and the transmitted torque. The belt preload, which is measured by a load cell,
can be varied by changing the distance between the two shafts. The belt was painted
creating a suitable texture (random speckle pattern) to be interpreted using the Digital
Image Correlation (DIC) technique. The first results obtained by carrying out tests
at low speed with different transmitted torque values are discussed, appreciating
the variation in the tension of the belt along the winding arc and the dependence
of the radial compression of the belt from the transmitted torque. The tangential
deformation of the belt under the action of different torque values and direction of
rotation of the pulleys is also presented, which is consistent with that foreseen by the
brush model.
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8.1 Introduction

Pulley-belt is a transmission system used in many industrial applications, due to
its low cost, ease of implementation and maintenance requirements. Several models
have been proposed to study the contact mechanics, transmission capability and the
overall transmission efficiency. Euler proposed the first analyses on this topic in the
XVIII century, with reference to the friction of a rope wound along a pulley. In the XIX
century, Reynolds and Grashof added to the Euler analyzes the effect of speed losses
due to belt deformation and the centrifugal effect. More recently, the Grashof model,
mentioned in the literature as creep model, was extended. According to the creep
model, the winding arc is subdivided into an adhesion arc, located at the beginning
of the contact arc, and a sliding arc, located nearby the exit from the pulley. Basing
on this model, along the former arc, no tangential stress occurs between the belt and
the pulley and, consequently, the belt tension does not vary. Along the sliding arc,
the model assumes that micro-slip (creep) occurs which originates tangential friction
between the belt and the pulley and, in turn, the tension variation in the belt.

In 1970, Firbank proposed an alternative model, called shear model, which
assumes that friction occurs along the whole winding arc, which is divided into
a region where static friction occurs, and the belt is subject to angular deformation
(shear), followed by a creep region where sliding occurs. The tangential friction
along both regions contributes to the torque transmission and the belt tension varies
along the whole winding arc. The Firbank model has also been extended to include
extensible belts (Kong and Parker 2005).

Recently, the authors proposed an innovative model (Frendo and Bucchi 2020a),
which is inspired to the brush model which is usually employed for pneumatic tires of
vehicles (Bernard et al. 1977; Pacejka and Sharp 1991). This model can describe the
tangential stress distribution between the pulley and the belt in steady-state condi-
tions and to predict the angular velocity of the driven pulley when a known torque
value is applied to it. This allows also to estimate the power losses of the transmis-
sion system and the elastic deformation of the belt (Bertini et al. 2014; Frendo and
Bucchi 2020b). Even in this model, the winding arc is divided into different regions,
depending on the friction condition, and several studies have been proposed varying
the transmission parameters (Bucchi and Frendo 1038). The model was also vali-
dated by finite element analyses (Bucchi and Frendo 2022) which demonstrated the
capability of this approach to reproduce, through analytical expressions, the pressure
and tangential force along the winding arc, except for the pulley entrance and exit
zone, were kinematic issues arise (Wasfy et al. 2016); the FE analyses also showed
that the hypothesis of no tension variation along the adhesion zone, postulated by
Grashof, is not strictly correct.

To the best of the authors knowledge, few studies (Della and Timpone 2013) have
been devoted to the experimental study of the contact mechanics between the pulley
and the belt and none of them used full-field measurements.

To fill this gap, in this paper, a test bench is presented, designed to experimentally
validate the brush model developed by the authors. The bench is made up of two
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pulleys connected to two shafts driven by independently controlled motors; a flat belt
is installed between the pulleys, and the shafts are equipped with sensors. The belt
was painted creating a suitable texture (random speckle pattern) to be interpreted
using the Digital Image Correlation (DIC) technique (Barone et al. 2017; Neri et al.
2022) to measure the belt deformation and, consequently, assess the pressure and
tangential actions between the belt and the pulley.

Section 8.2 recaps the key features of the brush model applied to pulley—belt trans-
missions. Section 8.3 details the test bench layout, describing its functioning principle
and its measure capabilities. Section 8.4 recaps the DIC technique fundamentals and
describes the analyses performed on the acquired images. Section 8.5 shows and
discusses the results in terms of belt—pulley pressure, tangential actions, belt tension
and their affinity with literature models. Conclusions are drawn in Sect. 8.6.

8.2 Brush Model Outline

The first basic hypothesis of the “brush model” is considering the belt as made of
two parts: the rubber matrix being in contact with the pulley along the winding arc,
and the reinforcement fibers, having the stiffness several orders of magnitude greater
than the rubber matrix stiffness. The belt is assumed as a planar component, and
no stress component arise along the belt width (transverse direction). In the first
version of the brush model (Frendo and Bucchi 2020a), which is used in this work,
the reinforcement fibers are inextensible. The same model can also be applied to
belts having elastic reinforcement fibers.

The model assumes that a bed of elastically deformable bristles composes the
rubber matrix. Such bristles are connected to the tension member on one end and are
in contact with the pulley on the other end.

The bristles height is negligible with respect to the pulley radius, and they are
ideally elastic, deformable along the tangential direction due to the speed difference
between the belt inextensible tension member, which has constant speed V}, in steady-
state condition, and the pulley.

If the bristle tangential deformation s is known, the contact tangential stress T
given by Eq. 8.1:

T = ks (8.1)

where the parameter kg is the bristle tangential stiffness. In order to determine the
bristle tangential deformation s, two different cases are discussed, depending on the
fact that the analyzed pulley is driving or driven.

Considering the belt entering in the driving the pulley, having radius Ry, and
angular speed wqg, the bristle deformation along the driving pulley sq, is expressed
as a function of the angular coordinate « as follows



110 F. Bucchi et al.

oV, 1%
sag(er) = [ —~%dag = >%q (8.2)
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where Vi ¢ = wggRag — Vp is the relative slip velocity of the belt. Equation 8.2
is valid if the static friction between the belt and the pulley is enough to bear the
tangential stress, that is

Vs, dg

rdg((x) = ks a < fspdg (8.3)

dg

where f; is the static friction coefficient and pg, is the normal pressure between
the belt and the pulley. The normal pressure is computed considering the radial
equilibrium of the belt and is expressed by

Tag() — g V2
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being Ty () the belt tension along the driving pulley and g the lineic mass. The
belt tension is obtainable integrating the tangential stress along the winding arc
of the driving pulley. The static friction limit is then reached for a precise value
of o (Frendo and Bucchi 2020a). Then, the friction regime moves from static to
kinematic, usually reducing the friction coefficient. This effect produces stick-slip
phenomenon along the slip zone, described in detail in Frendo and Bucchi 2020a.
The tangential stress along the winding arc reduces along the sliding arc, as well as
the normal pressure and the belt tension. Figure 8.1a shows an exemplificative trend
of the tangential stress along the winding arc. The friction static [kinematic] limit
is also shown, which is computed multiplying the normal pressure and the static
[kinematic] friction coefficient. Hence, Fig. 8.1a provides also information related
to the normal pressure trend. Figure 8.1b shows the belt tension along the winding
arc of the driving pulley.

usp(a) kss(a) | T~

/

T(N)

L / -/" Fr -
LSS —
// Tl d /7 /77 e

i 47 riirss T |
.r/ i T |
7 e \‘"‘x\___ {
/ [Driving Pulley | | Driving Pulley | ‘
00 05 10 15 20 25 30 00 05 10 15 20 25 30

« (rad) « (rad)

(a) (b)

Fig. 8.1 Tangential stress (a) and belt tension (b) along the winding arc of the driving pulley
(Frendo and Bucchi 2020a)
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It is worth noting that the tangential stress linearly rises with « up to its maximum
value, which occurs where the static friction limit is reached and then decreases. The
normal pressure and the belt tension, which are directly proportional if the centrifugal
effect is neglected (e.g. at low speed, see Eq. 8.4), decreases along the whole winding
arc.

Concerning the driven pulley, a similar approach can be used, precisely described
in Frendo and Bucchi 2020a. In such a case, the tangential stress, as well as the pres-
sure and the belt tension, increases (if the local stick-slip phenomenon is neglected)
along the winding arc.

8.3 Test Bench Description

In order to experimentally validate the brush model, a dedicated test bench was
conceived. The aim of the bench was to control the angular velocity of the driving
pulley and the resistant moment at the driven pulley of a dummy transmission system
composed of a flat belt and two pulleys. A belt with reinforcement fibers was chosen
to be used as flat belt. Due to difficulties in finding commercial flat reinforced belts,
a commercial trapezoidal belt was selected, but it was used as flat belt, using the
internal surface of the belt in contact with the external cylindrical surface of the
pulley.

Figure 8.2 shows a picture of the test bench installed in the University of Pisa
laboratory, and Fig. 8.3 shows a schematic of the data acquisition system and control
logic of the test bench.

A brushless motor (BM), driven by the brushless driver (BD, not represented
in Fig. 8.2), controllable either through an integrated speed control (SC) or torque
control (TC), is connected to the left shaft, which is supported by two bearings. The
shaft is equipped with a torque (torsiometer) and angular position/velocity (encoder)
sensor, measuring the left shaft torque 71 and angular velocity w, respectively. At
the end of the shaft, the pulley is fixed. The whole left shaft system (motor, shaft,
pulley and sensor) is installed on a sleeve whose position can be regulated by a screw.
This allows to set the desired belt pre-tension.

On the other side, an asynchronous motor (AM), driven by the asynchronous
drive (AD, not represented in Fig. 8.2), is connected to the right shaft, which is
also equipped with a torque and angular position/speed sensor, measuring the left
shaft torque 7 and angular velocity wg, respectively. The bearings which support
the right shaft are installed on two tri-axial load cells which allow to measure the
bearing forces (F; and F,) and considering the shaft equilibrium, which allow to
compute the belt total tension (sum of tight and loose sides of the belt, neglecting
the centrifugal effect). The asynchronous motor has no integrated speed or torque
control, but its speed or torque can be controlled by a PID which uses the signals
measured by torque and speed sensor (Fig. 8.3 shows only the speed control case).
All the measurement signals are acquired by a USB-6351 National Instrument board
(DAQ), which also controls the input signal of the controllers of the motors. A
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Fig. 8.2 Belt—pulley contact mechanics test bench
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Fig. 8.3 Schematic of the logic and control of the test bench
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LabVIEW virtual instrument (VI) was developed to record the data and control the
motor speed.

The belt tension and pressure cannot be directly measured and, to assess them, an
indirect measurement system was conceived. The image acquisition system, shown
in the zoomed detail in Fig. 8.2, is made up of a camera (C) (Image sourcing DMK
23UP031), a trigger element fixed on the belt and a laser sensor (L) which detects
the passage of the trigger element. Indeed, since slip occurs between the pulley and
the belt, it is not possible to use the encoder installed on the pulley shaft to assess
the belt position. Nevertheless, the belt has to be shot in the same position in order to
correctly elaborate images using the DIC technique. For this reason, a laser sensor and
a camera, which allows the trigger input, were directly connected to acquire a picture
every time the trigger sensor is detected by the laser. Both the lateral surface of the
belt and the frontal surface of the left pulley were painted creating a suitable texture
(random speckle pattern, see Fig. 8.5), which is processed through DIC technique.

The measurement system allows to compute the belt deformation by a Digital
Image Correlation (DIC) system, whose working principle is described in Sect. 8.4.

8.4 DIC Analyses Implementation

Digital Image Correlation is a well-established technique which allows for the
measurement of displacements through image processing. Provided that a random
pattern is available on the target object, it is possible to track the surface displacement
in each frame. This can be achieved by exploiting the natural texture of the surface
or, more frequently, by spraying or gluing a black and white speckle pattern on the
object. Once the grid of measurement points is defined on the images, a pixel subset
is associated with each point and tracked along the frame set to estimate horizontal
(Ax) and vertical (Ay) displacements. This procedure is illustrated in Fig. 8.4, for
two consecutive frames.

Measurement point

Pixel subset—

et eyt

Fig. 8.4 Working principle for DIC analysis
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Fig. 8.5 Speckle pattern, reference system and measuring arcs on the driving pulley

In this paper, an open source 2D DIC algorithm was used to perform the task (Eberl
2010). Since the belt shows a black surface, white spray paint was used to obtain the
speckle pattern, as shown in Fig. 8.5. The aforementioned algorithm provides the
raw data calculation, i.e. extracting the full-field displacement information from the
image set. It is worth noting that due to slip, the belt revolution period is not an integer
multiple of the pulley rotation period. For this reason, the region of interest in this
research is limited to the belt surface, thus, even if the speckle pattern was painted on
both the pulley and the belt, only the belt measure is worth of interest. For this reason,
the measurement grid was defined only on the belt area, where correlation is expected
to be successful. The DIC measurement requires the definition of a reference image,
which set the zero for the displacement. In this paper, the zero was set by taking a
frame of the rotating belt with no torque applied to the pulley. Then, the frames were
shot by subsequently increasing the torque value, thus imposing higher load to the
belt, always waiting for steady-state condition. Thanks to the trigger implementation,
described in Sect. 8.3, it was possible to shoot the belt at the same position, allowing
to compare the images acquired for different torque values.
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Three frames were taken at each torque value, to assess the measurement repeata-
bility. The raw displacement maps are defined in the camera reference frame along
the vertical and horizontal directions. Due to the typical belt deformed shape, a
cylindrical reference frame centered on the pulley (Fig. 8.5) is more convenient for
result interpretation. Thus, the center of the pulley was detected in the first image, by
manually selecting ten points on the pulley circumference and then computing the
best fitting ellipse (to account for any small misalignment between the camera and
the pulley). The Cartesian raw displacement could then be converted into radial and
tangential displacements. The tangential displacements were additionally normalized
with respect to the distance between each measurement point and the pulley center
(i.e. radius), to obtain angular displacement in radians and to allow to compare the
results with the brush model, which assumes negligible belt thickness. Even if the
full-field maps provide a clear and complete overview of the displacement distri-
bution all over the belt, additional processing was performed to obtain an in-depth
analysis of the results. In particular, the results corresponding to the maximum and
minimum radius of the belt were selected (i.e. yellow and white line in Fig. 8.5,
respectively), and the difference between radial and tangential displacements at the
two radii were plotted. These results are directly related, by the knowledge of the
belt radial and tangential stiffness, to the radial (pressure) and tangential stress acting
between the pulley and the belt.

8.5 Test Results and Discussion

Preliminary tests were performed to assess the test bench equipment functionality.
A very low speed (about 10 rpm) was imposed at the brushless motor and different
constant values of resistant torque were applied using the PID implemented to control
the asynchronous motor. In particular, three torque levels were imposed: (i) no resis-
tant torque, (ii) 1.5 Nm resistant torque and (iii) 3.5 Nm resistant torque. In all the
tests, in addition to the resistant torque applied by the asynchronous motor, a bias
torque of 0.5 Nm had to be overcome due to bench losses (bearings).

The displacement of each point of the belt wound on the driven (brushless motor
side) pulley was analyzed using DIC technique. In particular, the displacement d, and
dy of each point of the grid were measured along the radial and tangential direction,
respectively. Zero displacement refers to the torque level (i) (no resistant torque
applied by the motor, only friction torque has to be overcome). Concerning the
tangential displacement, to compare the displacement of different grid points having
different radial coordinate, the tangential angular displacement was measured as
follows:

_ dt(aa r)
- r

dy(a, 1) (8.5)
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In addition, in order to analyze the tangential deformation of the belt, which is
related to the tangential stress between the belt and the pulley, two arcs shown in
Fig. 8.5 were selected on the grid, with the white arc corresponding to the minimum
measurable radius (R;) and the yellow arc corresponding to the maximum measurable
radius (R.) along the belt. Hence, the belt tangential deformation was defined as

Ag(a) = du(a, Ri) —du(a, Re) (8.6)

Figure 8.6 shows the radial displacement of the belt wound on the driven pulley
obtained when the resistant torque is 3.5 Nm. Since the torque applied by the brushless
motor is clockwise, the tight side of the belt is on the lower part and the slack side
on the upper part of the figure.

This is also confirmed analyzing the radial displacement which is negative on the
bottom part of the figure and gradually changes to positive clockwise moving. The
radial displacement of the belt is related to the pressure acting between the belt and
the pulley and consequently, as stated in Eq. 8.4, to the belt tension (in this case,
the centrifugal effect is negligible due to the very low velocity). Hence, the DIC

(mm)

0.4

Fig. 8.6 Radial displacement of the grid elements belonging to the belt
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analysis allows to measure how the belt is compressed in the lower part (entrance)
and is enlarged in the lower part (exit) of Fig. 8.6, proving that the pressure and
consequently the tension of the belt is higher at the pulley entrance (tight side of the
belt) and lower at the pulley exit (loose side of the belt). The trend is not monotonic
due to local effects at the entrance and the exit of the pulley, which will be considered
in the future analysis.

Figure 8.7 shows the tangential displacement d,, for each point of the grid, for
the same load condition. Neglecting the local effects nearby the entrance and exit
from the pulley, all the points are subject to tangential displacement with reference
to the zero-torque reference configuration; this can be attributed to small errors in the
trigger setup and to the belt reinforcement fibers elasticity. It can be observed that
in the central part of the winding arc, a gradient is appreciable between the angular
tangential displacement at the inner and the outer radius, proving how the belt is
subject to tangential stress.

To highlight the tangential deformation of the belt A, () is plot in Fig. 8.8 along
the whole winding arc for two different values of transmitted torque. As anticipated,
Ay (a) is related (almost proportionally) to the tangential stress t(«) between the
pulley and the belt. It is worth noting that the belt tangential deformation is higher as

Fig. 8.7 Tangential displacement of the grid elements belonging to the belt
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Fig. 8.8 Belt tangential deformation along the driving pulley obtained for two torque values

the transmitted torque rises, since also that the tangential stress between the pulley
and the belt rises.

More worth of interest is the trend of the tangential deformation along the winding
arc: neglecting the local effects at the entrance and the exit from the pulley, for both
torque values A, (o), rises almost linearly up to a maximum value. The rising slope is
higher as the transmitted torque rises. Then, once the maximum value is reached, the
tangential deformation decreases. This behavior is qualitatively compatible with the
tangential stress plot obtained using the brush model and shown in Fig. 8.1a. Indeed,
basing on the brush model, (i) T () linearly rises along the adhesion arc; (ii) the slope
of T(w) is larger as the transmitted torque increases; (iii) T (¢) reaches its maximum
value when the static friction limit is reached and then decreases; (iv) the maximum
value of 7 () is reached for lower values of « as the transmitted torque increases. On
the contrary, if the Grashof model is considered, no tangential stress should appear
along the adhesion zone and a sudden increase in the stress should verify once the slip
zone is reached. This assumption seems to conflict with preliminary experimental
evidence, thus confirming that the brush model is more reliable than the Grashof
model.

8.6 Conclusions

In the present work, a test bench was developed to measure the contact actions
between the belt and the pulley in flat belt transmissions. Two motors were used
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to control the pulleys torque and speed, and a belt was painted creating a suitable
texture (random speckle pattern) to be analyzed by DIC technique. Several sensors
were installed on the bench, to measure the torque and angular velocity of the shaft,
and a triggered camera was used to acquire belt pictures for different transmitted
torque values.

A grid was created, corresponding to the belt, and the radial and tangential
displacement of each point of the grid were measured for three different values
of transmitted torque. The results seem promising, being the radial displacement of
the belt related to the pulley—belt contact pressure and to the belt tension, and the
tangential deformation related to the tangential stress between the pulley and the
belt.

The preliminary results were compared with the tangential stress results obtained
by the brush model, showing a fair good qualitative agreement.

In the future research, the test bench, which to the best of the authors’ knowledge is
novel and unique for performing such measures, will be used to collect data of a wide
test campaign to characterize the belt deformation for different working conditions
and compare it to theoretical and FE models results.
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The Effect of Rubber Hardness ek
on the Channel Depth of the Metallic

Bipolar Plates Fabricated by Rubber Pad
Forming
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Abstract In this study, rubber pad forming is employed for the cost-effective produc-
tion of metallic bipolar plates. To this end, a punch with parallel serpentine flow field
patterns and a rubber layer is used to form SS316 bipolar plates with a thickness of
0.1 mm. The influence of forming force and rubber hardness on the channel depth
of the bipolar plates is investigated. Results show a direct relationship between the
channel depth and the applied force. The maximum channel depth is decreased by
increasing the hardness of the rubber. However, a remarkable reduction in the rubber
hardness reduces the system’s performance in supplying the pressure required for
forming microchannels and results in an unformed bipolar plate. Thus, to achieve a
greater channel depth, the applied force and the rubber hardness should be increased
accordingly.
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9.1 Introduction

Due to the non-renewability of fossil fuels and the rate of pollutants from burning
fossil fuels, the use of clean and renewable energy sources has grown in recent
years. This way, Proton-exchange membrane fuel cells (PEMFCs) have attracted
a lot of attention due to their efficiency, high current density, and low operating
temperature. PEMFCs are made of various parts. Bipolar plates are one of the main
components in PEMFCs. These plates are typically made of graphite, composite, and
metallic materials (Blunk et al. 2003; Miiller et al. 2006; Talebi-Ghadikolaee et al.
2022; Modanloo et al. 2021). Graphite plates have enhanced corrosion resistance and
improved conductivity. However, they have poor mechanical strength and impose
high manufacturing costs due to the need for machining operations. The drawbacks
of graphite plates have led researchers to explore other alternatives to these plates. In
the literature, sheet metals have been studied as an alternative to graphite plates due
to their superior mechanical, thermal, and electrical properties (Bar-On et al. 2002).
In addition to the advantages mentioned for metallic bipolar plates, and since bipolar
plates build a significant part of the weight and manufacturing cost of PEMFCs,
bipolar plates fabricated with sheet metal can noticeably reduce the fuel cell weight
(Sopian and Daud 2006).

The flow field pattern is another variable in metallic and non-metallic bipolar
plates that plays a critical role in fuel cell performance. Hence, various patterns are
used as flow fields in bipolar plates. According to the study by Li and Sabir (2005), the
flow field designs are categorized into four groups including pin-type, series-parallel,
interdigitated, and serpentine.

Bipolar plates are made through three main methods, including molding,
machining, and forming. The molding method is used to manufacture composite
plates while forming and machining methods are used to build metallic bipolar
plates. In addition, hydroforming (Piccininni et al. 2022), stamping (Zhang et al.
2022), roll forming (Zeinali et al. 2022), and rubber pad forming (Teng et al. 2022)
are an example of forming techniques that could be used for manufacturing metallic
bipolar plates. Among all the above methods, the rubber pad forming process is of
great importance due to its simpler process, lower die cost, high manufacturing speed,
and appropriate surface quality. These advantages have enabled the widespread use
of this technique for forming metallic bipolar plates. During the forming process,
the rubber layer is used to provide the pressure required for the deformation of the
sheet metal. Therefore, the rubber layer characteristics can substantially influence
the process.

Concerning the process variables and to enhance the quality of the manufac-
tured products, numerous studies have investigated the feasibility of forming metallic
bipolar plates by the rubber pad forming process.

Liu and Hua (2010) studied the forming of bipolar plates by rubber pad forming
using the 2D simulation method. They evaluated the influence of die radius, draft
angle, and rubber layer hardness. The results showed that an increase in the die radius
leads to the better filling of channels and reduces the risk of rapture. Additionally,
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the rubber layer hardness had no noticeable effect on stress distribution in the manu-
factured plates, and an increase in the draft angle mitigated the force required for
forming.

Lim et al. (2013) studied a titanium plate with a thickness of 0.1 mm through
the rubber layer forming process. For this purpose, a 200-ton press was used to
shape the plates. In this study, the effects of punch speed, pressure applied to the
assembly, rubber pad thickness, rubber pad hardness, and draft angle on the depth
of the channel have been investigated. According to the results, the channel depth in
the manufactured products was improved by increasing the rubber pad thickness and
reducing the hardness of the rubber layer. They eventually obtained optimal values
of the forming variables by considering the effect of the variables on the channel
depth in the bipolar plates.

Jeong et al. (2014) investigated the effect of punch speed, the pressure applied
on the assembly, rubber thickness, and rubber hardness on forming SS304 bipolar
plates. The results showed that the depth of the channels is directly related to the
punch speed, pressure, and rubber thickness. In addition, a reduction in the rubber
hardness improved the process of forming plates. Furthermore, increasing the draft
angle, especially from 10 to 20°, improved the forming condition. The depth of the
channels was not significantly altered from 20 to 30°. Hence, the angle of 20° was
more desirable.

Kolahdooz et al. (2017) investigate the effect of various factors in rubber pad
forming of metallic bipolar plates using the integration of finite element method and
design of experiment. They showed that outer corner radius, draft angle, and the
friction coefficient are the most critical parameters in the forming process.

Talebi-Ghadikolaee et al. (2020) studied the rubber pad forming of metallic bipolar
plater, and they proposed a reliable method for predicting the fracture onset during the
plastic deformation of the sheet metal. According to their results, the finite element
model together with the normalized Cockroft-Latham criterion presented the most
accurate prediction of the process (plastic and fracture behavior). Rubber pad forming
of Cu/Ni clad foil microchannel was investigated by Wang et al. (2022). They used a
rigid convex die (RVD) and a rigid concave die (RCD) to fabricate the bipolar plates.
According to their results, higher forming loads were needed in the RCD method
and the stress—strain increased when the microchannel was created using the RCD
method.

As mentioned above, previous studies have investigated the effect of the rubber
layer on the channel depth of bipolar plates. However, given that a greater channel
depth can noticeably enhance the performance and efficiency of the fuel cell
assembly, it is crucial to conduct other studies to achieve greater channel depths,
which is of great importance due to the low thickness (0.1 mm) of the desired plate.

Furthermore, research has reported the advantage of reducing the rubber layer
hardness in increasing the depth of the channel. However, a reduction in the rubber
layer’s hardness will behave contrarily and reduces the channel’s depth when greater
channel depths are required. This problem has not been investigated in the literature.
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Additionally, since the rubber layer is a process component and remarkably affects
the processing costs, it is crucial to evaluate its behavior under various conditions to
determine the best item for the forming process. Accordingly, this study investigates
the parameters mentioned above quantitatively.

9.2 Methods and Procedures

9.2.1 Material Characterization

In this study, SS316 stainless steel sheets with a thickness of 0.1 mm were used to
manufacture bipolar plates with a serpentine flow field pattern and an approximate
width and length of 55 mm. In order to determine the mechanical properties of
the sheet, samples have been prepared by a wire cut machine according to ASTM
E8M-04. Then, the samples were tested until fracture using the SANTAM Universal
Tensile Test Machine (model: STM 250) with a loading capacity of up to 25 tons.
The samples and the tensile test results including the engineering and true strain—
stress curves are shown in Fig. 9.1. The plastic behavior was modeled using the Swift
hardening law as follows:

o = 1215( + 0.04)%33 9.1)

where o is the true flow stress and ¢ is the true strain.
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9.2.2 Rubber Pad Forming Experiments

First, the required tools were fabricated to perform the rubber pad forming experi-
ments (refer to Fig. 9.2). The punch consists of the main body and a rectangular insert
made of SPK steel with a length of 100 mm and a width of 140 mm. In order to form
bipolar plates, both convex and concave patterns can be utilized. In this work, the
channels of the desired bipolar plate were machined in the form of convex patterns
on the insert by a CNC milling machine. As shown in Fig. 9.2, the patterns created on
the die have a channel width of 1.1 mm and a draft width of 1.2 mm. Furthermore, to
avoid any potential rapture in the plate, the draft angle was set at 10°, and the radius
of the upper and lower corners was considered to be 0.2 mm. Figure 9.2 shows the
press system, the punch, and the machined patterns on the punch.

In the experiments, the rubber layer was employed as the matrix and placed in
a chamber with a cavity proportional to its dimensions. The rubber layer was made
from polyurethane with 60, 85, and 90 Shore A hardness while the layer thickness
was constant and equal to 20 mm. A distance of 2 mm was considered between the
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lateral sides of the punch and the rubber chamber (clearance) to avoid wearing the
punch edge and the rubber holding chamber.

The rubber pad forming process was started by placing the sheet on the matrix.
Then, the upper press jaw was driven after adjusting the desired force on the press.
As a result, the rubber underwent elastic deformation and exerted pressure on the
sheet to plastically deform and fill the patterns of the punch. Due to the importance
of forming force and its possible relationship with the hardness of the rubber layer,
specimens were formed by applying 400, 500, 800, 1000, and 1200 kN forces.

9.2.3 Measurement of the Channel Depth

In order to evaluate and analyze the specimens and obtain data about the channel
depth of the bipolar plates fabricated under various conditions, the specimens were
cut in longitudinal, transverse, and diagonal directions, as shown in Fig. 9.3. The
specimens then underwent further operations to prepare the cut cross-section and
enhance measurement accuracy. In addition, due to the poor quality of the specimens’
cross-section after cutting by wire cut machine, the cut surfaces were molded with
epoxy resin to enhance the measurement accuracy. Then, specimens were sanded
and polished to enhance the quality of the cross-sections.

Afterward, an optical microscope (4 x and 10 x magnification) equipped with
surface measurement, and analysis software was used to measure the intended param-
eters. Firstly, to measure the depth of the channels, microscope images of their cross-
section were taken. Then, the depth of the channels was measured by analyzing
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Fig. 9.3 Fabricated specimens, cutting directions together with a magnified cross-section view
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images and data obtained from measuring tools embedded in the relevant software.
The channel depth of the formed plates was considered as the distance between the
flat zone of the specimen and the end of the dome shape area.

9.3 Results and Discussion

9.3.1 The Effect of Applied Force on the Channel Depth

The effect of applying 400-1200 kN forces on the channel depth located in different
directions of 316 stainless steel bipolar plates was investigated. For this purpose,
a 20 mm-thick rubber layer with 90 Shore A was used. According to Fig. 9.4, the
channel depth increases by raising the applied force. The highest channel depth in the
transverse, longitudinal, and diagonal directions were 0.592, 0.568, and 0.61 mm,
respectively. This occurs due to the increased deformation of the rubber layer upon
increasing the force and, consequently, applying more force to the metallic plate
and its higher deformation. This increase continues until the rubber layer can supply
the pressure required in the chamber. The channel depth under various forces in the
diagonal direction was higher than that in other directions. This is due to the larger
space of the channels in this direction, which results in the easier flow of the rubber
layer and thereby applying more force on the sheet. Ultimately, this leads to more
deformation of the sheet and increases the channel depth. However, with the increase
of the applied force, the difference between the channel depths in three directions
decreases.
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9.3.2 The Effect of Rubber Layer Hardness on the Channel
Depth

Figures 9.5 and 9.6 show the results of investigating the effect of rubber hardness
on the channel depth in the longitudinal and transverse directions, respectively. The
results show an increase in the channel depth by decreasing rubber layer hardness
at a low force of 400 kN. On the other hand, according to the observations, rubbers
with low hardness slide from the space between the rubber layer chamber and the
punch. This results in a considerable deformation of this region and the collapse of
the rubber layer. In fact, this phenomenon avoids supplying the pressure required for
forming by the rubber layer. Hence, the rubber layer with 60 Shore A cannot supply
the pressure required in the chamber under the applied force of 800 kN. As a result,
the highly-deformed rubber easily slides from the space between the punch and the
rubber layer chamber and cannot form desired plates. The same process occurs when
using a rubber layer with 85 Shore A and the applied force of 1000 kN force, which
leads to inefficiency of the rubber layer and its collapse at higher forces. For this
reason, the channel depth at forces above 1000 kN in the rubber layer with 85 Shore
A was set at zero.

According to Figs. 9.5 and 9.6, the maximum channel depth (0.592 mm) was
obtained in the rubber layer at 90 Shore A when applying a force of 1200 kN.
The same results were also obtained in the longitudinal direction (Fig. 9.6). In this
direction, the maximum channel depth (0.568 mm) was observed in the rubber layer
at 90 Shore A when applying a force of 1200 kN.
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Fig. 9.5 Effect of rubber hardness on the channel depth in the transverse direction
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9.3.3 Rupture Criterion

One of the most important parameters involved in the forming of metallic bipolar
plates is predicting a rupture in the plate, which varies depending on the mate-
rials and their properties. Choosing a proper rupture criterion that agrees well with
the experimental results can help to select an appropriate sheet metal to avoid any
possible rupture. In this study, the “maximum thinning” parameter was employed to
investigate rupture. The maximum thinning is determined using Eq. 9.2.

th — 1
Thininng = Ot ! 9.2)
0

where 1y is the plate’s initial thickness. The final thickness (#) is obtained from
Eq. 9.3.

tr = toexp(&,) 9.3)
On the other hand, the major engineering strain (eg) under the plane strain condi-

tions is estimated by the empirical equation proposed by the North American Deep
Drawing Research Group (NADDRG) according to Eq. 9.4:

[(233+ %%)to)(ﬁ)] 04

€y =
where # is the strain hardening and ¢ is the initial thickness of the sheet. On the other
hand, under the plane strain condition, the major true strain and the thickness strain

&; can be obtained from Eqs. 9.5 and 9.6.

gg = In(1 + ep) 9.5)



132 H. Talebi-Ghadikolaee et al.
& = —& (9.6)

The value # is obtained according to Eqgs. 9.4-9.6 and calculating &; and then
substituting it in Eq. 9.3. Then, the maximum thinning is obtained from Eq. 9.2.
Concerning the above steps and calculations, the maximum thinning for SS316 sheet
metal was estimated at 37%. To assess the accuracy of the results of the criterion
utilized to determine rupture, specimens that were exposed to rupture in the exper-
iments were employed. For this purpose, the thickness of the formed bipolar plate
was measured in the regions adjacent to the rupture area. The minimum measurable
thicknesses in the mentioned area were obtained, and their mean value (0.66 mm)
was calculated as the minimum measurable thickness. In this study, the experi-
mental thinning limit value was determined equal to 34% indicating a 3% error
compared to the value determined by the proposed criteria (37%). The results indi-
cate the compatibility of the experimental results with the criterion used for predicting
rupture.

Accordingly, based on the results of the utilized rapture criterion, the strain hard-
ening of the plates should exceed 0.53 to achieve thicknesses less than 0.66 mm
(higher channel depth) without any rupture in fabricated microchannels.

9.4 Conclusions

In this study, the feasibility of forming SS316 bipolar plates with a thickness of
0.1 mm by the rubber pad forming process for use in PEMFCs was investigated.
For this purpose, the effect of process variables, including force and rubber layer
hardness, on the channel depth of the bipolar plates, which is among the factors
affecting fuel cell performance and efficiency, was investigated.

The results showed the filling of the microchannels in the diagonal direction was
higher than that in the other two directions. This was due to the larger channel space
in this direction and the easier flow of the rubber layer. It was also found that at
the applied force of 400 kN, harder rubbers are less efficient than softer rubbers
in terms of channel depth. Nonetheless, at forces above 400 kN, softer rubbers are
poorly efficient, while harder rubbers can supply the pressure required for forming
the sheet, and therefore, the channel depth is increased by applying higher forces. For
these reasons, the maximum channel depth (0.61 mm) was obtained in the diagonal
direction in the rubber hardness of 90 Shore A and the applied force of 1200 kN.
The utilized rapture criterion based on the initial thickness and the strain hardening
exponent was capable of predicting the maximum allowable thinning during the
rubber pad forming of metallic bipolar plates. Thus, this criterion can be used for
designing this process.
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Chapter 10 M)
Numerical Investigation of the Influence ek
of a Movable Die Base on Joint

Formation in Semi-tubular Self-piercing
Riveting

Fabian Kappe, Simon Wituschek, Vincenzo de Pascalis, Mathias Bobbert,
Michael Lechner, and Gerson Meschut

Abstract Due to economic and ecological requirements and the associated trend
towards lightweight construction, mechanical joining technologies like self-piercing
riveting are gaining in importance. In addition, the increase in lightweight multi-
material joints has led to the development of many different mechanical joining
technologies which can only be applied to join a small number of material combina-
tions. This leads to low process efficiency, and in the case of self-piercing riveting,
to a large number of required tool changes. Another approach focuses on reacting to
changing boundary conditions as well as the creation of customised joints by using
adaptive tools, versatile auxiliary joining parts or modified process kinematics. There-
fore, this study investigates the influence of increased die-sided kinematics on joint
formation in self-piercing riveting process. The aim is to achieve an improvement
of the joint properties by superimposing the punch feed. Furthermore, it is intended
to reduce required tool changes due to the improved joint design. The investigations
were carried out by means of a 2D-axisymmetric numerical simulation model using
the LS-Dyna simulation software. After the validation of the process model, the die
was extended to include driven die elements. Using the model, different kinematics as
well as their effects on the joint formation and the internal stress concentration could
be analysed. In principle, the increased actuator technology enabled an increase of
the interlock formation for both pure aluminium and multi-material joints consisting
of steel and aluminium. However, the resulting process forces were higher during
the process phases of punching and spreading.
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10.1 Introduction

The climate change is leading to the introduction of strict climate targets in various
countries. For example, a reduction in greenhouse gases in the European Union
of 55% of the 1990 level by 2030 is intended (European Commission 2022). The
automotive sector is one major contributor to the generation of greenhouse gases. In
the EU, for example, the automotive sector accounted for about 24% of all greenhouse
gas emissions (OECD 2022). In order to reduce this proportion, various strategies
are being pursued, such as the development of new drive concepts. Another approach
pursues the increased use of multi-material constructions with the aim of reducing
weight in vehicle structures and thus saving CO, emissions (Martinsen et al. 2015).
Using a multi-material construction method, different materials like (high-strength)
steel, magnesium and aluminium are combined with each other. These materials differ
in their mechanical, thermal and geometric properties. The overarching objective is
to adapt the structure to the application of load and thus reduce the weight required.
However, the different properties of the materials used are causing the currently
increasingly used thermal joining processes to reach their limits of application. For
this reason, mechanical joining technologies are increasingly being used for such
joints. Self-piercing riveting (SPR), mentioned in DIN 8593-5, is one of the mostly
used mechanical joining processes. Some of the advantages of this process are the
high load capacity behaviour that can be achieved as well as the joining of two or
more sheets with similar or dissimilar materials in only one process step. To create
a joint, an auxiliary joining element is used. After cutting through the punch-sided
sheet, the rivet forms an interlock by expanding in the die-sided joining partner (see
Fig. 10.1). Hereby, a force-fit and form-fit joint is created. The quality of a SPR joint
can be determined by predefined geometric characteristics such as the interlock (f),
the minimum die-side material thickness (#;) and the rivet head position (p,) which
can be measured in a macrosection. In addition, the load-bearing capacity can be
determined (DVS/EFB-Merkblatt 3410 2018).

Blank
holder

Punch-sided
sheet

Die-sided
sheet

Die Fixation Cutting Spreading and Backstroke
Upsetting

Fig. 10.1 Process sequence of the SPR process (Kappe et al. 2022a)
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Initially, the SPR process was developed to join aluminium-aluminium joints.
The development of modified rivet and die geometries also enables joining of (high-
strength) steel-aluminium joints. However, if materials with brittle material such as
aluminium castings or ultra-high-strength materials such as press hardened steels are
to be joined, the conventional SPR process reaches its application limits (Meschut
et al. 2022). One possibility for the expansion of the application limits is given by
the development of new process routes. Local conditioning of the joining zone and
the resulting change in the material structure enabled the use of conventional semi-
tubular pierce riveting technology for press-hard materials, which are arranged as
punch-sided material (Meschut et al. 2014). Brittle material imposes particular chal-
lenges on the mechanical joining technique due to its tendency to crack. Through
the use of a rotating rivet and the resulting plasticisation of the material, brittle mate-
rial can be arranged as a punch-sided material and joined in a process-safe manner
(Li et al. 2013). Kappe et al. (2022b) have presented a new riveting technology that
combines multi-range capable rivets with an extended punch-sided tool actuator tech-
nology. The V-SPR process presented here enables a flexible reaction to changes of
the sheet thickness. At the same time, a load-bearing behaviour comparable to that of
conventional semi-tubular self-pierce riveting was demonstrated in the investigation
using pure aluminium joints.

The development of new joining processes can, as shown above, extend the
process limits of the conventional semi-tubular riveting process and increase flex-
ibility. However, this is also accompanied by increased complexity, and in some
cases, a reduction in process efficiency. In particular, the necessary rivet and die
changes increase the required process time. One way to prevent tool changes is the
use of cluster analysis. Hereby, the required number of rivet-die combinations can
be significantly reduced. In addition, investigations by Kappe et al. (2022a) showed
that changing the rivet-die combination has only a slight influence on the joint load-
bearing capacity. Another approach to reduce the number of rivets required is to
influence the joint formation by means of driven die elements. Technical approaches
to implement this technology in a mandrel die could already be demonstrated by
Donhauser et al. (1998). Drossel and Jéackel (2014) were able to show that the joining
of brittle aluminium material can be achieved by using motion in the bottom of the
die. In addition, it could be demonstrated for the self-pierce riveting process with
solid rivet that the use of a divided die could achieve some advantages with regard
to the resulting process force, the deformation of the sheets as well as the process
limits (Neugebauer et al. 2010).

In this study, the influence of moving die elements on the joint formation of an
aluminium joint and a multi-material joint of aluminium and steel is analysed. The
aim is to influence and extend the operating limits of a single rivet by changing its
expansion behaviour.
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10.2 Experimental Procedure

Materials

In this investigation, two different typical automotive material thickness combina-
tions and materials are used. The first combination consists of a pure aluminium joint
made of the aluminium alloy EN AW-6014 in temper T4 with sheet thickness 2.0 mm
(Combination A). In addition, a multi-material joint made of EN AW-6014 with sheet
thickness 2.0 mm as punch-sided material and the dual-phase steel HCT590X + Z
with sheet thickness 1.5 mm as die-sided material is investigated (Combination B).
The multi-material joint was selected against the preferred joining direction hard in
soft to prevent the increasing spreading effect of a resulting steel slug. The chemical
composition as well as the stress—strain curves of the two materials are given in Table
10.1

Numerical Set-up and Validation

The investigation of the influence of movable die base in SPR process is conducted
using numerical methods. For this purpose, two 2D-axisymmetric simulation models
using the finite element method are set up. Figure 10.2 shows exemplary the numerical
design based on the multi-material joint. The models are set up in the LS-Dyna
simulation software and calculated implicitly using the solver smp_d_R910.

The punch as well as the die are modelled as elastic components in order to
measure the occurring process forces. The process is controlled by displacement of
the punch. The movement is adapted to the material flow of the parts to be joined, the
design of the joint in terms of minimum die-side material thickness, interlock and the
rivet head position. The blank holder, which applies a constant load, is modelled as
rigid body. After setting of the rivet, the joint is relieved by the simulated backstroke
of the punch in order to evaluate the joining properties without load.

The material properties are implemented in the simulation using the experimen-
tally determined flow curves, which were shown above. Static coefficients of friction
were used to describe the contact behaviour between the different parts.

As large deformation takes place within the sheets and the rivet, a re-meshing
algorithm is used for these elements to avoid local penetrations or distortions of the
elements. The complete re-meshing of the parts to be joined takes place in previously
defined time steps with a predefined element length of 0.05 mm.

In order to validate the simulation model, SPR-joints of both combinations are
produced on a TOX TE-X joining system. This system enables maximum forces
of up to 80 kN. The punch feed is realised using a servo-electric drive, which is
controlled by force for all joints. To create the pure aluminium joint, a force of 40 kN
is used. The multi-material joint was set with a force of 55 kN. To create the joints,
a constant joining speed of 20 mm/s was selected. Both joints are created using a
standard C-rivet of hardness H4, arivet diameter 5.3 mm and arivet length of 5.5 mm.
In addition, for both joints, a flat die with a depth 1.8 mm and a diameter of 9.0 mm
was used. The validation is carried out on the basis of the geometric design of the
joint as well as the quality-relevant characteristics and the determined process curve.
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2D rotati t
FE-simulation — rotation symmetry

Relevant parameters Punch
elastic
Simulation software LS-Dyna
Solver smp_d_R910 .
Rivet Blank holder
Analysis Implicit plastic rigid
Punch-sided sheet
Section Shell plastic

Element formulation 12 - AXiSsymmertric

solid
Material seperation Geometrical
Process control Displacement Die-sided sheet

plastic

Constant static
friction coefficient

Measurement of
Die process force
elastic cross section

Contact setting

Fig. 10.2 Numerical design and simulation boundary conditions of the set-up self-piercing riveting
process model based on the multi-material joint

Figure 10.3 shows the results of the validation for the pure aluminium joint as well
as the multi-material joint. The validation is carried out by comparing the numerically
calculated geometry with an exemplary macro section and the alignment of the
determined force-displacement curves. In order to be able to map the experimental
scattering, a sample number of 5 was chosen. The formation of the geometry shows a
high degree of agreement. The filling of the die and the flow behaviour of the die-side
material around the rivet foot are reproduced well. Slight deviations can be detected
in the rising behaviour of the slug in the rivet shank. The spreading of the rivet in the
simulation is marginally overestimated. The comparison of the force-displacement
curves also shows a high degree of agreement. Overall, the resulting differences are
within a reasonable range. For this reason, the simulation is considered to be valid
and used for the further course of the investigation.

The validation of the multi-material combination is also carried out to the scheme
mentioned above. The comparison of the simulation likewise reveals a high degree of
agreement when comparing the calculated shape and the force-displacement curve.
The simulation slightly overestimated the quality-relevant characteristics. The profile
of the force-displacement curve as well as the maximum force is reproduced very
well. The material flow within the die and into the rivet shank is accurately repro-
duced. Again, the simulation is considered to be valid and used for the further
investigation.
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Fig. 10.3 Validation of the simulation model of the pure aluminium joint (green) as well as
the multi-material joint (blue) by means of joint formation (a) and the comparison of the
force-displacement curve (b)

10.3 Results and Discussion

In order to investigate the influence of die kinematics on joint formation in semi-
tubular self-piercing riveting, the simulation model shown in Fig. 10.2 is adapted.
The die, which is normally manufactured as one component, is divided into a rigid
die sleeve and a movable die base in this numerical study. However, the diameter
and depth of the die are maintained. This modified model is used to investigate two
different kinematics, which are shown schematically in Figs. 10.4 and 10.5.

A continuously lowering die base is used in kinematic 1. At the beginning of the
process, the movable base is at the same height as the rigid die diameter. An anvil
die is created. After penetration of the rivet into the punch-sided joining part, the
die base receives a feed and thus releases the die volume. During the entire joining
process, the joining zone is superimposed with compressive stresses.

Die sleeve

Fixation Cutting Spreading Upsetting

Fig. 10.4 Investigated die kinematic 1 with continuously lowering die base during the joining
process
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Fo
Fixation Cutting Spreading Upsetting

Die sleeve Die base

Fig. 10.5 Investigated die kinematic 2 with embossing process after the joint formation

Besides the continuously lowering die base, a post-embossing die base was addi-
tionally investigated (Kinematic 2). During the joining process, the die movement is
not superimposed on the punch movement. After the joint has been formed, however,
the die is driven towards the punch and thus carries out an embossing process. The
aim is to increase the interlock formation and the force-fit components of the joint.

Figure 10.6 shows the changes in the quality-relevant parameters as a result of the
die kinematics used. It can be seen that an increase in the interlock can be achieved by
both kinematics for the pure aluminium joint as well as the multi-material joint. At the
same time, the increase of the interlock is accompanied by a negative influence on the
minimum die-side material thickness when using a multi-material joint. If kinematic
1 is used, the minimum die-side material thickness can be increased slightly in case
of the pure aluminium joint. Especially regarding the multi-material joint, the use
of the continuously lowering die leads to a strong decrease of the minimum die-side
material thickness. This decreases from approx. 0.6 mm to 0.25 mm. However, the
greatest increase in the interlock is also achieved with this joint using kinematic
1, from approx. 0.28 mm to 0.62 mm. This is more than twice as large as in the
joint created without die kinematic. It can be assumed that this increase is related
to a change in the expansion behaviour of the rivet. The rivet head position is only
slightly influenced by both movements. Tendentially, kinematics 2 achieves larger
values. This can be explained by the displacement of the material in the direction of
the punch as well as the bending of the sheets.

In order to identify the cause-effect relationships between the quality-relevant
parameters and the spreading behaviour of the rivet, the study is extended to the
investigation of the material flow (Fig. 10.7). For this purpose, the process phases
cutting, spreading and upsetting of the semi-tubular riveting process are considered.
Since greater effects can be seen within the multi-material joint, this combination
is further examined. Shown is the conventional process as well as both kinematics.
Kinematic 2 is only visible in the process phase of upsetting, as the contour in the
previous phases corresponds to that of the conventional process.

The comparison of the contours shows that the continuous lowering of the die
results in a significantly changed material distribution. During the cutting phase, a
greater volume of punch-side material is displaced into the rivet shank. At this point,
the lowering die base has not released any die volume. Therefore, the punch-sided
material can only flow into the shank and in the direction of the free ends of the
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Fig. 10.6 Influence of the die kinematics 1 and 2 on the quality-relevant characteristics of the pure
aluminium joint (green) and the multi-material joint (blue)

(a) Cutting (b) Spreading (c) Upsetting

M Rigid die B Kinematic 1 B Kinematic 2

Fig. 10.7 Evaluation of the changed material flow by kinematics 1 and 2 within the three phases
of cutting, spreading and upsetting of the multi-material joint (Combination B)

sheets. The lateral material flow also supports the expansion of the rivet at this early
stage of the process, as Fig. 10.7a illustrates. When the die volume is released, the
material flow into the rivet shank is still increased, as the die-sided joining part is in
continuous contact with the die base. The joining zone seems to be superimposed
with compressive stresses and the material flow into the shank and in the lateral
direction is reinforced. In particular, the lateral material flow supports the spreading
of the rivet. In the process phase of upsetting, the significantly increased interlock as
well as the relocation of the minimum die-side material thickness to the edge area of
the joint, which was already shown in the analysis of the stress and strain distribution,
becomes apparent. The filling of the die remains unchanged.
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Fig. 10.8 Evaluation of the changes in the force-displacement curve induced by kinematics 1 and
2 within the joining process of Combination B

The changed material flow can also be detected in the plotted force-displacement
curves (Fig. 10.8). Due to the induced compressive stresses before lowering the
bottom of the die, a higher force is required in the front area of the curve when
looking at the curve of kinematics 1. The force for punching through the punch-sided
sheet is approx. 5 kN higher than the curve recorded for joining using a rigid die.
A higher process force also occurs in the further process phases due to the changed
expansion behaviour of the rivet and the increased interlock formation. However, the
maximum joining force is at a comparable level at the end of the joining process. The
changed kinematics therefore do not seem to have a significant effect on the load on
the tools used.

Kinematics 2 shows a comparable curve characteristic compared to the conven-
tional process with a rigid die. In the beginning of the upsetting phase, an increase of
the process force is detected. At this point, the kinematics of the die starts to move.
Especially at the end of the movement, a significantly increased force is recorded.
These consist of the joining force of 55 kN as well as an additional holding force
due to the embossing of the die base. The die movement thus causes a significantly
higher tool load. Increasing wear as well as the damage of the punch could result.

The changed contour of the kinematics 2 in the upsetting phase (Fig. 10.7c)
indicates that the increase of the interlock is mainly caused by a deformation of the
auxiliary joining part. This could cause higher stresses within the rivet and lead to
cracking and premature failure of the joint. In addition, the process curve suggests
that the increased joining forces could lead to a change in stress distribution. For
this reason, the simulation model is examined with regard to the occurring stresses,
strains and triaxialities.

The investigation of the occurring stress and triaxiality values (Fig. 10.9a and b)
shows that by using a continuously lowering die base, large areas of compressive
stress are achieved in the base of the die-sided joining part as well as the slug. These
are located centrally and decrease towards the sides. This correlation illustrates the
supporting spreading effect of the material on the rivet as a result of the kinematics
used. The supporting spreading effect is also evident when looking at the effective
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Fig. 10.9 Occurring triaxialities as well as stress and strain distribution when using a continuously
lowering die base applied to the used multi-material joint
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plastic strain (Fig. 10.9¢c). These are correspondingly high, especially in the area near
the rivet foot. This shows that a considerable amount of material has laterally been
displaced and thus supported the rivet during spreading. The deformation in the rivet
foot is continuous, so that a compression of the rivet can be excluded. Particularly
in the head area of the rivet, increased tensile stress values can be detected. These
can be traced back to the rising of the slug as a result of the compressive stresses
and the resulting internal pressure. However, the tensile stress values are within an
acceptable range.

In the case of kinematic 2, enlarged compression areas can also be identified,
which are indicated by the embossing after the joining process (Fig. 10.10). However,
these areas are increasingly located in the edge area of the slug. In particular, the
consideration of the occurring plastic strains shows that the use of kinematic 2 has
led to an increase in the material displacement below the rivet foot. This leads to the
reduced minimum die-side material thickness which has been detected above. As
already suspected in the section of the material flow, the increase of the interlock can
be attributed in particular to the deformation of the rivet foot. The deformation can
be explained by both, the higher strain values in the rivet foot area as well as in an
increased tensile stress in the outer area of the rivet shank. The use of this kinematics
thus leads to an increased rivet load, which might have a negative effect under cyclic
load.

10.4 Conclusion

In this investigation, the influence of a movable die base on the joint formation in
semi-tubular self-piercing riveting process was examined. For this purpose, a numer-
ical simulation model for a pure aluminium and a multi-material joint of aluminium
and steel was set up and validated. The model was modified according to two different
die kinematics. On the one hand, the influence of a continuously lowering die base
during the joining process was investigated. On the other hand, a post-embossing
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Kinematic 2
a) Triaxiality b) Maximum principal stress c) Effective plastic strain
[MPa] [%]
400 10
340 0.9
280 0.8
220 07
160
100 05
. 40
: 20 03
-0 -80 0.2
. -200

0

Fig. 10.10 Occurring triaxialities as well as stress and strain distribution when using a post-
embossing die base applied to the used multi-material joint

through the die base after the joining process was examined. The models were anal-
ysed according to the joint formation as well as the resulting stress distribution.
Using both kinematics, a significant increase in interlock formation was observed.
At the same time, the minimum die-side material thickness decreased, which should
be taken into account when implementing and designing the process parameters.
In addition to the influence on the quality-relevant characteristics, a change in the
occurring triaxiality values as well as the stress and strain distribution during the
joint formation could be proven. In particular, increased compressive stresses could
be shown within the slug, which support the spreading of the rivet if the kinematic
with a constantly lowering die base is used. The improvement of the quality-relevant
characteristics with post-embossing die element is mainly achieved by the defor-
mation of the auxiliary joining part. This might have a negative effect on the joint
load-bearing capacities. The in-depth investigation of both kinematics with regard
to the material flow was able to show the effects occurring in the various process
stages. Already at the early stage of cutting, a changed material flow occurred if
kinematic 1 is used. The modification of the joint formation could also be shown
in the force-displacement curve during the joining process. A higher load on the
tools used is not to be expected when the joining process is superimposed by using a
continuously lowering die base. The subsequent embossing process results in higher
process forces and thus tool loads. This should be taken into account when designing
the systems and tools.
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Chapter 11 M)
Finite Element Analysis to Determine ek
Pull-Out Strength of Fixation Around

Large Defect Site in Femur

Reconstruction Surgery

Varatharajan Prasannavenkadesan and Ponnusamy Pandithevan

Abstract During the process of bone fracture fixation and reconstruction surgery,
bone screws and or fixation plates are used by surgeons. Preliminary experiment
showed that the micro-motion of the bone screw leads to loosening and causes the
implant to dislocate from its location. Several experimental procedures such as push-
in, pull-out, screwing torque and bending tests are used to evaluate the strength of
the screw fixation. Although pull-out tests are widely used by researchers, the inter-
action between the screw fixation and bone surface is largely unexplored until now.
This paper aimed at assessing the screw pull-out using homogenized finite element
analysis. Owing to the need for longer computational time, screw threads were not
considered in most of the finite element analyses done until now. So, it is unclear
how different screw types affect the screw—bone interaction. In this paper, finite
element analyses were used to compare different types of the screw—bone interfaces.
Analyses were performed using buttress and reverse buttress screws, and then the
resulting stress distributions around the bone—screw interfaces were analysed. To
resemble the actual scenario, screws were pulled out from the bone considering the
physiological loading conditions. The obtained results showed that the influence
of screw type on stress distribution in the bone-implant interface is significant. As
a conclusion, the use of longer screw rods could provide an increased anchoring
effect to the fixation device. However, increasing the number of screws potentially
cause the stress concentration on the rod which should be take into account. The
developed model was also extended to a three-dimensional case study by consid-
ering the bone plate, bone screws and the cortical bone. The result obtained from
the three-dimensional finite element analysis showed only about 7% error from the
experimental counterpart under same conditions.

Keywords Femur - Bone screw - Compression plate + Pull-out strength -
Orthopaedic implants
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11.1 Introduction

In orthopaedics, bone fracture treatment and reconstruction surgery are the two main
procedures widely performed. During orthopaedic procedure, surgeons use the bone
screws and dynamic compression plate to connect the broken/fractured bone and
thus to immobilize it (Bolliger Neto et al. 1999).

As the biomechanical stability of the screws and plates play vital role in the bone
healing process, insertion of screws with suitable torque is very much essential (Cleek
et al. 2007). It was observed that the regular activities of a person sometimes lead to
micro-motion and screw dislocation (Fulkerson et al. 2006). In connection to that,
research group conducted experimental tests on human bones and bone surrogates
to investigate the dislocation of screws (Zdero et al. 2008; Tankard et al. 2013).

Shelton and Loukota (1996) investigated the pull-out strength on the bovine tibial
bone and showed three main reasons for the bone failure, namely cortical thickness
and shear strength of the bone and drill bit geometry. It was also revealed that the
pull-out failure observed in the maxillo-facial region could be avoided by fixing
screws in region where the cortical bone thickness is more.

In the study done by Hou et al. (2004), the holding power of tibial screws on bone
was investigated through the experiments and simulation. Low-density polyurethane
foams were considered for the experiment, and numerical analysis was performed to
determine the reaction force. It was found from their study that the contribution of
outer diameter showed significant effect on screw holding power.

Similarly, in the year 2005, Steeves et al. (2005) investigated the influence of pilot
hole on pull-out strength of the cancellous screws in the human cadaveric bones. In
their study, the authors utilized the femoral and tibial bones and tested using 6.50 mm
cancellous screws with pilot holes in the size of 3.20 and 2.50 mm. The mean value
based on all the femurs and tibias was reported as 360.60 N when using 2.50 mm
diameter pilot holes and 313.50 N when using 3.20 mm diameter pilot holes. It was
observed from their study that the use of 2.50 mm pilot hole showed stronger pull-out
strength.

In Cleek et al. (2007) study, the authors investigated the effect of screw tightening
factor and torque on the screw pull-out strength using ovine tibias. As a procedure,
a custom-made test rig was used to calculate the maximum stripping torque. The
authors conducted pull-out tests at the levels of 90, 70 and 50% of maximum torque
and identified 7-13% decrease in the pull-out strength when using 90% of maximum
torque.

In the year 2010, Ricci et al. (2010) investigated the cancellous bone and deter-
mined the effect of screw pitch on maximum screw insertion torque and pull-out
strength. In that work, stainless steel screws with constant diameter for different
pitches were analysed. The study revealed that the effect of screw pitch on maximum
screw insertion torque was significant. However, the pull-out strength was not
significantly affected by screw thread.
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Similarly, Feerick and McGarry (2012) conducted a pull-out study on cortical
bone. Two different sets of pull-out experiments, namely one along the direction
of osteon alignment and another one perpendicular to the osteon alignment were
conducted. Their study concluded that the external force required to pull out the
screw in the transverse direction was greater than that of the longitudinal direction.

Study about the reduction in pull-out strength by reinsertion of 3.50 mm cortical
screws was conducted by Matityahu et al. (2013). In that study, experimental tests
were performed on synthetic bone, human cadaveric diaphyseal tibias, distal tibias
and calcanei. From the study, it was concluded that the repeated reinsertion of cortical
bone screws could significantly reduce the pull-out strength in both synthetic as well
and natural bones.

Liuetal. (2014) investigated the stress distribution and the region of effect during
the pull-out tests. Foam material analogous to the cancellous bone was considered
for the investigation. The stress distribution and the von Mises stress during the pull-
out of pedicle screw were simulated by a numerical method. The pedicle screw of
6.50 mm diameter showed influence of stress over 4.73, 5.06 and 5.40 mm for the
bones of ages > 75, 75 > ages > 50 and ages < 50 years old, respectively, which was
performed using numerical simulation.

Some researchers investigated the pedicle screw fixations in the lumbar spine
(Gupta et al. 2017). But, only very few researchers worked on pull-out strength of
fixations used in fracture treatment of femur.

For instance, Varghese et al. (2016) proposed a predictive model for pull-out
strength of pedicle screw using polyurethane foam as bone surrogate. However, this
model is applicable only for spine surgery. Because of the variation in apparent
density of bone, a different model needs to be developed for human femur.

In Gupta et al. (2017) work, the comparison between rotary ultrasonic drilling
and conventional drilling was carried out on porcine bones. Their study aimed at the
performance of rotary ultrasonic drilling using pull-out tests. Result revealed that the
selection of high speed with low feed rate attained lesser bone damage than the other
combinations. It was observed that the use of rotary ultrasonic drilling on porcine
bones increased the pull-out strength from 55 to 385% compared with conventional
drilling.

InJoffre et al. (2017) work, the authors emphasized the complexity in the insertion
of screws in bones, especially in the trabecular because of the high porous nature. In
that work, 4.0 mm commercial screws were inserted in to the lapine femoral bone.
Through wCT, the visualization of the screw pull-out was performed. Stress and
strain developed in the bone and the interaction between the screw threads and the
bone was investigated. It was reported that the shear strain developed is not only
because of the friction, but also dependent on the screw inclination. Similarly, Moser
et al. (2017) used synthetic bone to compare the pull-out strength of cortical and
cancellous bone screws.

In Shen et al. (2018) work, comparison between the use of bio-absorbable cortical
screws and interference screws (BCIS and BIS) on the goat knee was conducted.
Their study showed that the cortical interference screws are better than the general



154 V. Prasannavenkadesan and P. Pandithevan

interference screws in the case of femur reconstruction. However, as the density of
the goat bone is higher than that of the human bone, the result obtained from their
study cannot be directly applied to the human bone without further experiment.

Hu et al. (2021) determined the surface quality and pull-out strength of the holes
generated using the ultrasonic drilling process. In their study, the pig cortical femoral
bone was used. The authors concluded that the holes drilled using ultrasonic drilling
possessed better pull-out strength than the one obtained from conventional drilling
process.

In Mejia et al. (2018) study, pull-out strength after multiple reinsertions of self-
tapping screws was experimentally evaluated. Their study concluded that, the rein-
sertions of self-tapping screws showed considerable difference in pull-out strength
between first and second reinsertion. But, no significance difference was observed
from third insertion to fifth insertions.

Feng et al. (2021) evaluated the pull-out strength and lateral migration resistance
of buttress, square and triangular thread screws in polyurethane foam block. But in
their study, the apparent density of the bone was not accounted, and thus, the result
cannot be directly used for bone.

In Weidling et al. (2022) study, the effect of thread design on anchorage was evalu-
ated. Two factors, namely bone compacting and thread flank area were considered to
assess the anchorage of the pedicle screws in cancellous bone. Their study reported
that the quality of bone and screw which had high bone compacting possessed a
better anchorage.

In this study, a non-invasive method to determine the suitable pull-out strength
around the defect site using finite element analysis is proposed. To resemble the actual
scenario, a pull-out strength using a compression plate assembled with cortical bone
screws was computationally evaluated and then validated with the experiment.

11.2 Materials and Methods

In this study, a method to evaluate the pull-out strength of the fixation was developed
using the Ansys® workbench structural module. As a procedure, first a 2D finite
element analysis was performed, and then the study was extended to a 3D finite
element analysis. Finally, the results obtained from the computational study were
compared with the experiments.

11.2.1 Two-Dimensional Finite Element Analysis

For the present study, a two-dimensional axisymmetric model of the bone—screw
assembly was developed in Ansys® workbench. Due to high computational time,
first, the investigation is limited to a 2D analysis using a 10 mm x 40 mm rectangular
bone block. Two different types of screws, namely buttress and reverse buttress were
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Table 11.1 Material properties used for the analysis

Sl. No. | Material Density (kg/m®) | Young’s modulus (GPa) | Poisson’s ratio
1 Cortical bone 2000 20 0.28
2 316L steel plate and | 8000 200 0.30

screw

used, and they were considered as arigid body as followed in Feng et al. (2021) study.
The geometric behaviour was set as axisymmetric, and then the contact between the
bone and screw was established. In Table 11.1, the material properties used for the
analysis is given.

The discretization of bone and screw were carried out using the program-
controlled options at first. Later, meshing with different element sizes was manually
performed as an iterative procedure, and then the entire model of the bone—screw
assembly was meshed with the linear tetrahedral elements. A region at a distance of
around 1.50 mm from the bone—screw interface was meshed again with fine elements
using a mesh refinement technique. Based on the mesh-convergence study, a 30 um
sized elements were used to mesh around the screw and bone interface, and coarse
mesh was used for the remaining region.

The degrees of freedom at the bottom and side edges of the bone block were
arrested in all directions. In reference to the actual scenario, the displacement of the
screw was allowed only along the vertical direction. As shown in Fig. 11.1, a point
load was applied on the screw head in the vertical direction (Feng et al. 2021). The
interaction between the screw and the bone was established with Coulomb’s friction
law and then the friction coefficient of 0.20 was considered as recommended (Lin
et al. 2009).

11.2.2 Three-Dimensional Finite Element Analysis

The finite element analysis of the bone plate pull-out was simulated using Ansys®
V18.2. The geometry of the required bone plate, bone and the screws were modelled
in the Design Modeler. The material properties provided in the simulation is given in
Table 11.1. Throughout the simulation, the isotropic and homogeneous assumption
was followed.

The boundary conditions provided to the geometry is shown in Fig. 11.2a. The
degrees of freedom on the side faces of the bone block were arrested in all directions.
The displacement rate of 5 mm/min to replicate the experimental pull-out test was
provided in the simulations. Initially, mesh-convergence study was performed to
identify the optimal mesh size. Thus, the minimum element length of 180 pm was
used. Totally, 23,374 nodes and 114,492 linear tetrahedral elements were used to
mesh the geometry (Fig. 11.2b).
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Point load application
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Screw entrance

Screw rod

Fine mesh

Fig. 11.1 Meshed model of the screw inserted into the bone

The bone block was considered as two pieces and bonded using the frictional
contact to mimic the broken bone considered during experiments. The contact
between the screw and the bone was simulated using bonded condition to repre-
sent proper adhesion between the implant and the bone. A frictional contact was
assumed with between the bottom side of bone plate and the top face of the bone.

11.2.3 Validation Experiments

The experimental setup used to validate the simulation results is shown in Fig. 11.3a.
The fractured femur was aligned in position using the compression plate and screws
(Fig. 11.3b). This was kept inside a customized fixture (Fig. 11.3c) fabricated for
this purpose and clamped in the universal testing machine (UTM).

11.3 Results and Discussions

The stress distribution observed for the different screw types is considered for
comparison. In Fig. 11.4, the distribution of the von Mises stress obtained from
the finite element analysis is shown. It is evident from the results that the higher
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Displacement Displacement

Implanted Screws

Fig. 11.2 Fracture fixation with plate and screws for pull-out strength a loading and boundary
conditions and b bone block, compression plate and screws meshed for the finite element analysis

stress occurred at the entrance region of the screw. It was observed that the stress
distribution is concentrated more on the screw rod. This might be due to the appli-
cation of point load. From the study, it was clear that the maximum stress values of
34.77 MPa and 34.79 MPa were developed from the buttress and reverse buttress
threads, respectively.

Thus, no significant variation in the maximum stress was observed between the
different screw types. However, from Fig. 11.4, it is evident that the stress concen-
tration on the screw rod is lesser for the reverse buttress screw. Moreover, the stress
concentration is lower in the region away from the applied load. From the simulation
results, it is clear that longer screw rod could provide better pull-out strength than
the shorter screw rod.

The pull-out simulations were performed at the displacement rate of 5 mm/min
applied on the screw head. Figure 11.5 shows the equivalent von Mises stress and
overall deformation observed at the end of the simulation. The maximum pull-out
force obtained for the considered broken bone was around 885 N. Thus, the simulation
showed around a 7% error when compared with the experiment.

It is evident from the results that the stress region is more at the screw shaft
and the bone—screw interface. The maximum observed von Mises stress was around
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Fig. 11.3 Experimental setup used to conduct the pull-out strength in the Instron® universal testing
machine: a fractured femur with compression plate and bone screws and b bone fixture fabricated
to perform pull-out test in the UTM

282 MPa (Fig. 11.5a). It is observed that the pull-out load was transferred from the
screw through the bone plate and caused the deformation and dislocation to bone
(Fig. 11.5b).

The limitations of the present work are the assumption of homogeneous properties
in the finite element model, and linear elastic model used to describe the material
behaviour and a simplified 2D approach. So, in future, the authors intend to perform
experiments and to develop a finite element model with anisotropic properties to
investigate the pull-out process.

11.4 Conclusions

In this study, finite element analysis to evaluate the pull-out strength of the compres-
sion plate fixed through bone using cortical bone-screws was performed. The 2D
finite element analysis performed in this study showed a lesser stress distribution for
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Fig. 11.4 von Mises stress obtained from the finite element analysis conducted for pull-out strength:
a buttress screw and b reverse buttress screw

the reverse buttress screw type than the buttress screw type, under similar conditions.
It was drawn from the study that the 3D finite element analysis conducted using the
bone-compression plate and screw assembly could potentially predict the pull-out
strength as the deviation found in the experimental counterpart was very minimal.
In most of the fracture fixation, the purpose of implant fixation is to support the
fractured bone and to facilitate the healing process; the computational method used
in this study could play a vital role to decide suitable location around the defect site
for better pull-out strength. The outcome of the work can be used to investigate the
screw geometry, pull-out strength and location of fixation in the in-silico environment
before performing in-vivo fracture fixation and immobilization procedure.
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Time: 1
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Fig. 11.5 Results obtained from the pull-out simulation: a distribution of von Mises stress and b
deformation obtained from the analysis
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