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Abstract: Precise prediction of the texture component and simulation of the microstructure evolution facilitate
the control and design of the final mechanical and physical properties. Through coupling the finite element
simulation and crystal plasticity modelling, the current study introduced a robust technique for predicting the
texture component after warm rolling. The simulation was then performed at two temperatures of 300 and 500°C

Keywords: for warm rolling. To calculate the appropriate hardening parameters for the crystal plasticity simulation, the
Texture, experimental flow curves were obtained from torsion tests at the same temperatures of warm rolling. The
Simulation, presented framework predicted the texture components and associated intensities accurately. This was confirmed
Warm Rolling, followed by comparing the results with the experimental ones. The proposed approach also predicted the flow

Finite Element Method,
Crystal Plasticity Modelling

curves correctly and precisely, as further proved by comparing the simulated flow curve based on the
experimental flow curves. Revealing the effect of deformation gradient on the texture evolution, the simulation

also showed that the shear components imposed by friction rotated the texture components along the ND

direction of the specimen.

https://doi.org/010.30501/JAMT.2024.409176.1285

URL.: https://www.jamt.ir/article_192243.html

1. INTRODUCTION

The orientation and morphological distribution of
the grains and strengthening phases are known as texture
in materials science and technology context (Kocks
2000). The importance of the texture of the materials lies
in the fact that a majority of their properties are texture
dependent. After plastic deformation, recrystallization,
and phase transformation, the materials usually take a
new texture which in turn justifies the significance of
simulation and modelling of the texture evolution.

Warm rolling reduces the production costs by
eliminating the cost and times spent on cold rolling,
decreasing the temperature of the preheat furnace,
lowering rollers wear and material loss associated with
cold rolling (Esling et al., 1982). Many material features
such as grain size, strength, toughness and especially,
Lankford’s value (R-value) (Engler & Randle, 2009;
Thakur et al., 2022) are more modified by warm rolling,
compared to the cold rolling. It is only in the recent
decades that texture evolution and physical metallurgy
of warm rolling has gained attention in the scientific
communities. Some studies on the texture and
microstructure evolution such as (Hawkins &
Shuttleworth, 1979; Senuma et al., 1990; Thakur et al.,
2022) can be recognized as a precious investigation on
this topic. However, these studies do not conclude
enough comprehensive aspects of warm rolling of IF
and low carbon steels. Halder et al. (Hu et al., 2020) and
Kolahi et al. (Kolahi et al., 2009) are among a few
research groups who experimentally studied the texture
and microstructure evolution in a wide range of
temperatures and deformation. Numerical study and
simulation based on crystal plasticity fundamentals
(Barnett & Jonas, 1997b; Kocks, 2000; Zebarjadi Sar et
al., 2018) can reveal more aspects of texture and

anisotropic mechanical behavior of the materials during
warm rolling and can broaden the scientific horizons on
the fundamentals of the texture evolution in warm
rolling. To better understand the microstructural
evolution during warm rolling of IF steels, this study
employed Visco-Plastic Self-Consistent (VPSC) crystal
plasticity (Kestens & Jonas, 1997) modelling in
conjunction with finite element method to simulate the
textural evolution during warm rolling. Of note, in
addition to the texture evolution, grain refinement
during severe plastic deformation and deformation
gradient during warm rolling are also considered in
simulations. In this regard, attempts were made to verify
the results using the experimental observations.

2. MATERIALS AND METHODS

2.1. Materials and Experimental Procedure

The material used in this investigation is Ti-added IF
steel with chemical analysis briefed in Table 1. This
material was provided by Geelong Technology Precinct
(GTP) research center of Deakin University.

Table 1. Chemical composition of IF steel under
investigation

Chemic C N Mn P Cu Ni Ti

al
Wt.% 000 000 015 000 0.00 0.00 0.0
6 2 3 7 5 7 8

The specimens with the dimensions of 10*35*100
mm were cut for the next warm rolling. For warm rolling
operations, the operation temperatures of 300°C and 500
°C were chosen, and the equivalent strain of 4 mm/mm
was imposed on the specimens. The diameter of the rolls
and rolling rate were set as 350 mm and 15 rpm,
respectively. To experimentally study the texture

Please cite this article as: Kolahi, A. (2024) Simulation of developed texture during warm rolling of IF steel, Journal of Advanced Materials and
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2783-0829/© 2024 The Author(s). Published by MERC.
This is an open access article under the CC BY license(https://creativecommons.org/licenses/by/4.0/legalcode).



https://doi.org/O10.30501/JAMT.2024.409176.1285
https://en.merc.ac.ir/
https://doi.org/10.30501/jamt.2021.??????.????
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
http://journals.merc.ac.ir/
http://www.jamt.ir/
mailto:arkolahi@merc.ac.ir
mailto:arkolahi@yahoo.com%20(A.
https://www.jamt.ir/article_192243.html
https://orcid.org/0000-0002-0087-2138

A. Kolahi et al / Journal of Advanced Materials and Technologies (JAMT): Vol. 13, No. 1, (Spring 2024), 1-11 2

development, Electron Back-Scattered Technique
(EBSD) was then employed along with LEO1530 FE-
SEM. To analyze the evolved texture after warm rolling,
HKL technology software was utilized. The
experimental orientation distribution and obtained pole
figures extracted from this software were used to verify
the crystal plasticity simulation.

To calculate the appropriate hardening parameters
for the crystal plasticity simulation, the experimental
flow curves were obtained from torsion tests at the two
temperatures of 300 °C and 500 °C. In fact, these curves
were employed to verify the used parameter for Voce
hardening model designed in the current simulation.

2.2. Numerical investigations and Simulation
procedure

Two aspects must be carefully taken into account
while investigating each crystal plasticity: 1-
macroscopic scale, i.e., convenient macroscopic
deformation history, and 2- provided crystallographic
properties and robust crystal plasticity model. To ensure
higher accuracy in both aspects in this study, a
combination of Finite Element method and VPSC
crystal plasticity method was employed.

2.3. Finite element simulation

To calculate the macroscopic deformation history,
finite element simulation was performed using
ABAQUS, i.e., commercial FEM software. To model
warm rolling, two dimensional elements were utilized.
Using this type of library for elements leads to more
economical calculations, and the same results in
comparison of three-dimensional simulations would
justify it. In addition, the geometrical symmetry along
the ND direction was assumed to construct the model for
warm rolling.

The wheel and specimen dimensions of the rolls
were chosen based on their experimental counterparts.
The simulation was performed at the two temperatures
of 300 and 500 °C. The Young’s Modulus and Poisson’s
Ratio of the IF steel were obtained as 210 GPa and 0.33,
respectively. For the initial contact of the specimen with
the roller, the initial velocity of 0.3 m/s was imposed on
the specimen. This amount was calculated based on the
linear velocity of the roller. The friction coefficient
between the specimen and roller was assumed to be 0.25
which is the indicator of slipping friction condition. The
size of the used elements for finite element simulation
was calculated based on mesh sensitivity analysis. The
global size of 2mm was determined to be appropriate for
this analysis. After the simulation, the deformation
history was calculated by the plastic strain tensor
components. The velocity gradient tensor could be
calculated by the following equation for any desired
element:

Eyj = % @
where Ef] and E}] are the components of strain tensor

at two consecutive times, and At is the time increment.

2.4. Crystal Plasticity Simulation

The deformation history obtained by Equation (1)
can be directly used as an input for VPSC code. This
code considers a viscoplastic constitutive equation to
relate stress and strain to each other both in macroscopic
and microscopic states.

3.RESULTS AND DISCUSSION

Figures 1 illustrates the simulated pole figures at 300
°C at the surface of the specimen. The observed fibers
from this simulation are RD||<110> and ND|| {111} that
are compatible with the results obtained by Kolahi et al.
(Kolahi et al., 2009). However, the notable difference in
these pole figures is the rotation of texture components
along the ND direction of the specimen. This rotation is
proportional to the amount of shear component, and the
shear component of the strain tensor increases upon
increasing the amount of this anti-clock wise rotation.
The analysis of the texture of the deformed specimen at
500 °C led to the same results. Figure 2 shows the same
simulated pole figures. Here, the texture components
rotate anti-clock-wise upon increasing the amount of
shear component of the strain tensor.

These texture components were also reproduced
qualitatively through further experimental
investigations. Fig. 3 presents the results of the EBSD
analysis at 500 °C at the same strain level in the
simulation. The similarity of the texture components and
intensity obtained from the experiments with the
simulated one, again verifies the conducted crystal
plasticity —simulations. A  comparison of the
experimental and simulated results suggests that the
simulation can successfully predict the texture
components and intensities, showing the robustness and
efficiency of the current presented methodology in
predicting the texture development after plastic
deformation.

Figure 4 presents the activation of each slip system
during warm rolling at two temperatures of 300 and
500°C. It also indicates that the role of secondary
{112}<111> slip system in the deformation and texture
evolution is more pronounced at 5000C.

'

\Ii‘n.
0.47

Figure 1. Simulated pole figure for the surface at 300 °C
Rolling.
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Figure 2. Simulated pole figure for the surface at 500 °C
Rolling.

{112}




A. Kolahi et al / Journal of Advanced Materials and Technologies (JAMT): Vol. 13, No. 1, (Spring 2024), 1-11

Fraction of activated defromation
mode
&

0 1

w

{110}<111>
{112}<111> @300
—{110}<111> @500
—{112}<111> @500

@300

Effective Strain (mm/mm)

Figure 4. The fraction of activated slip systems during warm rolling.

4. CONCLUSION

The proposed approach used for the simulation

confirmed that:

The shear component of strain tensor affected the
texture evolution.

The friction stress rotated the texture component
along the ND direction.

This simulation indicated that the role of secondary
{112} <111> slip system in the deformation and
texture evolution was more pronounced at 500 °C.
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Abstract: Skin, as the largest body organ, performs several functions namely creating a protective barrier against
microorganisms and regulating body temperature. For this reason, maintenance of skin integrity and health is of
high importance. This tissue can repair itself in limited damages; however, under some conditions such as severe
burns, extensive and deep damage, and chronic wounds, skin loses its ability to completely repair itself. For this
reason, the products that help repair the wound are needed. Such skin products are prepared through skin tissue
engineering. In this respect, extensive research has been done, and natural and synthetic materials with different
potentials were used to prepare wound dressings. One of these materials is the eggshell membrane which is a
fibrous structure between the inner layer of the mineral shell and the egg white. This membrane has attracted a
number of researchers’ attention due to its porous structure, biocompatibility, availability, non-contamination,
containing natural proteins and compounds similar to the extracellular matrix, and low cost. It has many
applications in medicine, among which is preparation of wound dressings and wound healing products with
promising results. In this study, eggshell membrane is introduced as a natural biomaterial. Further, its application
in wound healing and preparation of wound dressings are reviewed.
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1. INTRODUCTION

Skin is a three-layered structure with essential
functions, and maintaining its integrity and health is
essential (Mescher et al. 2009). Sometimes, in the case
of severe wounds and injuries, skin cannot repair itself
entirely, necessitating use of products such as wound
dressings to help wound healing. Nowadays, natural
materials play an important role in the preparation
process of wound dressings due to their
biocompatibility, appropriate degradability, and ability
to integrate with various types of cells and tissues
(Faghihi et al. 2019).

One of the natural materials used to prepare wound
dressings is Eggshell Membrane (ESM). Owing to
ESM's unique properties, it is used in various fields such
as cell culture, heavy metal absorption for water
pollution control, fabrication of biosensors, nickel oxide
capacitors, and solar cells.

The present study aims to introduce ESM as a natural
biomaterial with high potential in wound healing.
Research studies in this area indicated that combining
eggshell membrane with other materials to enhance its
properties yielded positive results in wound healing,
thus making it suitable for wound dressings (Park et al.

2016).

2. EGGSHELL MEMBRANE
ESM is a fibrous protein-based structure between the
eggshell and egg white. Its porous structure,

biocompatibility, availability, lack of contamination,
presence of natural proteins and active functional groups
on its surface, modification capability, and low cost
have drawn researchers' attention to using eggshell
membrane in various fields. Of note, the eggshell
membrane contains components similar to Extracellular
Matrix (ECM). Therefore, the porous structure of ESM,
resembling the ECM, promotes cellular adhesion and
triggers intracellular signaling pathways, hence
successful tissue regeneration (Sah et al. 2016).

ESM is a natural bilayer and semi-permeable

scaffold composed of an interwoven network of thin
fibers in the inner layer and thick fibers in the outer
layer. ESM contains 85-80% organic and 20-15%
mineral material. In the organic part, 10% contains
collagen (Types I, X, and V) while 75-70% includes
other elements such as keratin, proteoglycans, and
glycoproteins (Sah et al. 2016). Each strand of ESM
fibers has a collagen-rich core surrounded by a
glycoprotein layer (Sah et al. 2016).
The low toxicity and biocompatibility make ESM a
suitable material. Due to its high protein and
glycoprotein content, ESM promotes cell behaviors such
as adhesion, spreading, and proliferation. Followed by
Tavassoli's attempt in 1983 to use ESM in cell culture,
many researchers suggested eggshell membrane as a
suitable substrate for cell culture (Park et al. 2016).

An analysis of the mechanical properties of the
eggshell membrane indicates that its behavior is similar
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to that of other natural polymers in some places. The
entropy mechanism of collagen degradation in ESM is
the main driving force at low strains. However, at higher
strains, the mechanical behavior of the ESM resembles
that of fibrous networks and cellular solids (Sah et al.
2016).

The insolubility of the eggshell membrane limits its
application. This insolubility results from disulfide
bonds within the ESM structure. A soluble form called
Soluble Eggshell Membrane Protein (SEP) is prepared
in common, non-toxic solvents to overcome this
limitation. Therefore, SEP can enhance the application
of the ESM as a natural material owing to its significant
potential in clinical studies, e.g., wound dressings and
tissue engineering scaffolds. Of note, one of the
drawbacks of the SEP is its lower antibacterial activity

than that of ESM (Park et al. 2016).

3. EGGSHELL MEMBRANE IN WOUND
HEALING

One application of ESM in biomedical engineering
is skin tissue engineering as a biological covering for
burns and skin grafts since ESM has lipid and hydrated
protein phases (resembling skin's stratum corneum) and
exhibits pH-independent permeability. Moreover, due to
its capacity to stimulate epithelial tissue regeneration, it
enhances skin tissue repair. Generally, the fibrous and
porous structure of ESM, resembling the ECM, and its
protein content improve adhesion and proliferation of
skin cells, thus accelerating the wound healing process
(Aggrawal et al. 2022).

Recent studies have focused on enhancing the ESM
properties through combination with other materials and
intensifying its impact on wound healing. For instance,
Lee et al. (Li et al. 2016) prepared a nanocomposite of
the eggshell membrane with copper and bioactive glass
to decrease the survival rate of E. coli bacteria from 20%
to 10%. Additionally, they improved the adhesion and
proliferation of human umbilical vein endothelial cells
on nanocomposite samples. Silver nanoparticles
(AgNPs) are another type of additives used to enhance
the antibacterial properties of ESM, facilitating the
transfer of antibiotics deep into the tissue (Li et al.
2019). In this study, silver nanoparticles improved the
antibacterial properties of wound dressings by
disrupting bacterial membranes and DNA. Furthermore,
electrospun fibers of chitosan and polycaprolactone
(PCL) on ESM increased the resistance of composite
samples against E. coli and S. aureus bacteria compared
to ESM (Guharay et al. 2018).

In addition to the antibacterial properties, the
mechanical characteristics of ESM were also improved
by combining it with other materials. Park et al. (Park et
al. 2019) coated the surface of ESM with a layer of
grapheme, which in turn improved its tensile strength.
The uniform dispersion of graphene on the surface
facilitated stress transmission and increased mechanical
strength. Modifying ESM using acetic acid and citric
acid (Choi et al. 2021) also improved membrane
hydrophilicity and mechanical strength more than twice
that of natural ESM. In another study, the electrospun
nanofibers of ESM and polycaprolactone improved the
antibacterial property of the membrane against E. coli
bacteria and its mechanical strength (Bello et al. 2022).

SEP is widely used in electrospinning and surface
modification of polymer scaffolds to improve their
properties and accelerate wound healing (Sah et al.
2016). Electrospun SEP fibers exhibit high potential to
be used as skin scaffolds; however, due to its brittle
fibers, other biocompatible polymers are combined with
SEP for electrospinning (Yi et al. 2004). Moreover, due
to the ideal characteristics and protein-based structure of
SEP, it has been widely used for modifying the surface
of wound dressings to enhance cellular adhesion, cell
response, and wound healing (Yi et al. 2004).

4. CONCLUSION

The eggshell membrane is a two-layered fibrous
structure between the shell and egg white, possessing
favorable characteristics such as a porous structure,
biocompatibility, availability, and low cost. These
features have made ESM a suitable material in various
fields including, skin tissue engineering. ESM has been
used in combination with other materials in wound
dressing fabrication, yielding promising results and
demonstrating considerable potential in wound healing
enhancement. Application of this membrane also
presents limitations. One of these limitations is the size
of the membrane. The eggshell membrane size ranges
from 40 to 50 cm?, restricting its application in extensive
injuries. Moreover, caution must be exercised in the
clinical use of ESM-based dressings as some individuals
are allergic to egg proteins, potentially triggering their
immune system. Finally, according to the results of the
studies, ESM as a natural biomaterial proves to have a
high potential in wound healing and tissue engineering
applications, and it is hoped that its utilization will be
extended to other biological applications.
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Abstract: Oxidized alginate or alginate dialdehyde (ADA) has recently attracted a great deal of attention in the
3D bioprinting process due to the elimination or reduction of chemical cross-linking agents. In this research,
alginate was oxidized with Oxidation Degrees (ODs) of 5, 7.5, and 10%, and its properties before and after the
oxidation process were investigated using Fourier Transform Infrared (FTIR), Nuclear Magnetic Resonance
(NMR), Gel Permeation Chromatography (GPC) tests and rheological study. Then, the bioinks containing 4%
(w/v) oxidized alginate and 6% (w/v) gelatin were prepared and cross-linked according to a two-step crosslinking
strategy. Then, the bioink was characterized by the printability and wettability properties. The results
demonstrated that alginate oxidation reduced the molecular weight and rheological characteristics of alginate.
However, the properties of the bioink (oxidized alginate-gelatin) confirmed that the properties of printability,
crosslinking degree and wettability of the samples containing oxidized alginate with the OD of 5% were in the

appropriate range for use as an ideal bioink.
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1. INTRODUCTION

Nowadays, hydrogels are increasingly used as
bioinspired 3D scaffolds for regenerative medicine and
tissue engineering owing to their similarity to some
characteristics of Extracellular Matrix (ECM) (Ming et
al., 2015; Pishavar et al., 2021). In this regard, various
types of hydrogels have been meticulously studied for
fabrication of the 3D scaffolds such as alginate,
hyaluronic acid, chitosan, gelatin, and collagen. Among
them, alginate (Alg) is of particular importance due to
its low cytotoxicity, good cell viability, and cell
differentiation, hence commonly used as bio-inks in
many cases (Axpe & Oyen, 2016). However, it cannot
provide cell attachment, and its biodegradability rate in
the mammalian body is relatively low. On the contrary,
compared to conventional Alg, oxidized alginate (OA)
not only increases the degradability of Alg inside the
body but also reacts with proteins easily due to the
reaction between the aldehyde groups formed during the
oxidation process and the free amine groups of proteins
(Distler et al., 2020). One of the major proteins which is
widely used as a biomaterial associated with OA is

gelatin (G). It is a biodegradable hydrogel with low
immunogenicity that can provide cell adhesion (Sanz-
horta et al., 2022).

In this research, OA with different Degrees of
Oxidation (ODs) of 5, 7.5, and 10% was synthesized.
Then, OA-G bio-inks were prepared and 3D scaffolds
were fabricated through a 3D extrusion-based
bioprinting method.

2. MATERIALS AND METHODS

To synthesize OA with different Dos of 5, 7.5, and
10%, an aqueous solution of Alg (5% (w/v)) was mixed
with an aqueous solution of sodium periodate at room
temperature in the dark for 24 h. Then, ethylene glycol
was added to the solution. Next, sodium chloride and
ethanol were applied to precipitate OA. The precipitated
OA was then collected by centrifuge and dried by freeze
drying and stored at 4 °C (Baniasadi et al., 2016).

The OA-G hydrogels were prepared based on the
previously mentioned method (Distler et al., 2020).
Briefly, OA and G solutions were prepared separately
and mixed at 37 °C. Four compositions of OA-G
hydrogels were prepared with 4% (w/v) OA and 6%
(w/v) G, as observed in Table 1.
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Table 1. Compositions of OA-G hydrogels

Samples OD (% wiv) OA (% wiv) G (% wiv)
ODO0-OA4-G6 0 4 6
OD5-0A4-G6 5 4 6
OD7.5-0OA4-G6 7.5 4 6
OD10-0OA4-G6 10 4 6

The 3D bioprinting process was carried out using a
3D bioprinter machine (Bioprinter N2, 3DPL Co.,
IRAN). The OA-G scaffolds were printed through a G18
nozzle (ID: 0.838 mm) at RT. The printing speed and
pressure were kept constant at 5 mm/s and 0.9 bars,
respectively. Once the printing process was complete,
the samples were crosslinked by CaCl, (5% wi/v) for 30
min.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the FTIR spectrums of pure Alg
and OA with different oxidation degrees of 5, 7.5, and
10%. In the spectrum of Alg, some peaks were observed
at 615 cmand 3448 cm1, which were attributed to the

hydroxyl groups (OH) (Rastegar Ramsheh et al., 2020).
Additionally, two peaks at 1604 cm™ and 1407 cm™
were related to carboxyl groups (COO) (Rastegar
Ramsheh et al., 2020). As observed in the OA spectrum,
the carboxyl peaks are still present, and the peak at about
2927 cm? is attributed to the C-H bond in the aldehyde
groups (Khalighi & Saadatmand, 2021). However, an
aldehyde peak cannot be detected in the range of 1725-
1751 cm (Reakasame & Boccaccini, 2018). Due to the
high reactivity of the aldehyde groups, they react with
the adjacent hydroxyl groups and consequently form
hemiacetals (Emami et al., 2018). The peak at 883 cm™
confirms the formation of hemiacetal groups, which
becomes sharper as the percentage of OD increases
(Sanz-horta et al., 2022).
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Figure 1. FTIR spectroscopy specra of Alg (ODO0) and OA (OD5, OD7.5 and OD10)

Figure 2 presents the images of the printed
constructs from OD5-OA-G, OD7.5-OA-G, and OD10-
OA-G bio-inks. The printing accuracy (%) of the
bioinks which contained OA with low OD (5, 7.5 and
10%) were measured. As observed in this figure, the

OD5-0OA-G bioink exhibited higher printability (91% +
2) than the other two ones. According to the
observations, as the OD of OA increased, the printability
of OA-G bioink decreased.

4.
CONCLUSION

In this study, the OA hydrogels with different
oxidation degrees of 5, 7.5, and 10% were successfully
synthesized, and OA-based scaffolds were fabricated

Figure 2. Printed scaffolds: a) OD5-OA-G, b) OD7.5-0OA-G, c) OD10-OA-G

through a 3D bioprinting process. The results revealed
that through the oxidation modification of Alg, the
viscosity of OA hydrogel sharply decreased. The OD5-
OA-G bioink, compared to other bioinks, proved to have
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good printability with a higher OD of OA. Therefore, it
can be concluded that the 50D-OA-G bioinks have great
potential in the field of 3D bioprinting technology.
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Abstract: The as-cast and homogenized microstructures of AI10Co25Cr8Fe15Ni36Ti6 high entropy alloy were
investigated in this study. To this end, the high entropy alloy was produced using vacuum induction melting and
electro slag remelting processes, and the ESRed block was homogenized at the temperature of 1220 °C for 17 hr.
The as-cast, as ESRed and homogenized microstructures were then investigated using optical microscopy,
scanning electron microscopy, and X-ray diffraction. On the basis of theoretical measurements, the mixing entropy,
atomic size differences, and Valence electron concentration were obtained as 13.05 kJ/mol, 8.8, and 7.97,
respectively. These values can predict the formation of a solid solution matrix as the type of BCC + FCC and
intermetallic phases. The as-cast microstructure included y+ y' in the dendritic zones and y'+ NiAl in the
interdendritic areas. After homogenization, the dendritic structures were almost eliminated, and they became

discontinuous which is an indication of elements distribution homogenization. NiAl phase was also omitted after

the homogenization process.

d

https://doi.org/10.30501/jamt.2024.419852.1290

URL.: https://www.jamt.ir/article 193276.html

1. INTRODUCTION

The high entropy alloys are known as solid solution
alloys that contain 5-13 elements with the same or
almost the same atomic percentage (5-35%). Owing to
their high entropy, solid solutions with several elements
tend to be stable at high temperatures. These alloys are
characterized by low diffusion rate, thus causing the
formation of nanometer precipitates and severe lattice
distortion due to the difference in atomic radii (Takeuchi
etal., 2014) (Ma et al., 2023).

AICoCrFeNi high entropy alloys have a variety of
eutectic microstructures including FCC and BCC
phases. Due to the presence of five elements, this alloy
is extremely non-uniform with dendritic structure.
Therefore, it requires high-temperature homogenization,
which in turn reduces the amount of segregation to a
desirable extent and eliminates the dendritic structure
(Zeng et al., 2023) (Munitz et al., 2016).

Heat treatment process is an integral part of the
industrial production components. New studies (Yuan et
al., 2023) (Shen et al., 2023) (Shi et al., 2018) on high
entropy alloys also confirmed the need for further
research in this field. Muntiz et al. (Munitz et al., 2016)
assessed the effects of homogenizing temperatures on
the microstructure of AICoCrFeNi high entropy alloy.
They found that at 1200 °C for 3 hours, nano phases
were precipitated which in trun increased the elongation
of the alloy. Ghaderi et al. (Ghaderi et al., 2019) revealed
that AIlQ.5CoCrFeNi alloy had an FCC dendritic
structure with droplet BCC phase. The BCC phases

increased at 1100 °C in 24 hours of homogenization. In
addition, two other types of nodular phase were also
nucleated.

Homogenization provides the desired microstructure
for the annealing process, and the subsequent aging
leads to the development of the service operation. The
present study investigated the microstructure of
Al10C025Cr8Fel5Ni36Ti6 alloy.

2. METHOD

Al0.7CoCrFeNi alloy was melted in a Vacuum
Induction Melting (VIM) furnace under a vacuum of
5x10* Pa. The chemical composition of the alloy was
measured using EDS (MIRA3 type) analysis, the results
of which are summarized in Table 1. The alloy was
subjected to homogenization at 1220 °C for 17 hr, cooled
down in the furnace to 950 °C, and then quenched in the
air. In order to study the microstructure, the samples
were polished and etched in 10ml HCL+ 10ml HNO; +
10ml HO solution. The microstructure was then
examined through Olympus optical microscope and
MIRA3 scanning electron microscopy equipped with
EDS analysis.

3. FINDINGS AND ARGUMENT
3-1. Empirical approaches

To apply Hume-Rothery rules concepts to predict SS
phase formation in complex alloys, the HEA community
has developed composition-weighted terms for

https://doi.org/10.30501/jamt.2024.419852.1290
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differences in atom radii (dr) and electronegativity (dc)
and for an average Valence Electron Concentration
(VEC). Thermodynamic considerations are reflected
through ASmix. Through the following equations, the
values for these parameters of the alloy can be obtained:

ASpix = —RY™, CInC; 1)

ASmix = -8.314 (0.109 Ln 0.109 + 0.245 Ln0.245 +
0.076 Ln 0.076 + 0.147 Ln0.147 + 0.36 Ln0.36 + 0.06

Ln0.06) = 13.05 -2

VEC =Y, C;(VEC)i )

VEC =0.109x3 + 0.245x9 + 0.076%6 + 0.147x8 + 0.36x10 +
0.06x4 = 7.97

8§ = 1003, C;(1 - "i/})? ©)

r= Y= (i1 =15 ()
8= 100 |51, C,(1 = "/)?=100[0.109(1 102 +
0.245(1 — =2) +0.076(1 — =) +0.147(1 — =) +
0.36(1 — “9)2 +0.06(1 — ”6) ] =88

Based on the above calculations, the obtained alloy
proved to be a high entropy alloy with FCC+BCC solid
solutions. Since § = 8.8, the formation of intermetallic
phases like NiAl is probabl.

3-2. As Cast microstructure

Figure 1 shows the dendritic microstructure of the
Al1oCo2CrsFeisNisg Tig cast alloy. The alloy has rough
continuous dendrite after VIM and fine one after VAR

process.

B
Figure 1. OM microsture of Al1oCo25CrsFe1sNizsTis cast
alloy after a) VIM and b) VAR

One of the characteristics of the cast alloy is the local
segregation as a result of none equilibrium
solidification. Figure 2 shows the elemental distribution
of the alloys. This figure shows the Al, Ni, and Ti
segregation in the interdedritic and Fe, Cr, and Co
segregation in the dendritic regions.
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Figure 2. SEM micrograph and line scan elemental analysis
of Al10Co25CrsFe1sNissTis cast alloy

Declining or deleting segregation that provides
diffusion condition during homogenization process is
required.

3-3. As homogenized microstructure

After homogenizing heat treatment, the amount of
interdendritic phases decreased as a result of Al
diffusion from dark to bright region and Fe, Co and Cr
diffusin from bright to dark one. The elemental
homogenization distribution is shown in Figure 4.
Microstructural ~ investigation ~ shows  that vy
precipitations is also formed during homogenization
with the size of 273 nm and 39% volume fraction
(Figure 4). According to the phase diagram, when the
alloy cools down in the furnace, the y' phase is
precipitated below 1000 °C. The XRD analysis of the
alloy under both as-cast and homogenized condition
proves the formation of y' and NiAl. NiAl is almost
deleted after homogenizing (Figure 5).
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Figure 3. SEM micrograph and line scan elemental analysis
of Al10Co25CrsFe1sNizs Tis homogenized alloy at 1220 °C for
17 hr
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4. CONCLUSION AND SUGGESTIONS

Al10C025Cr8Fel15Ni36Ti6 alloy with the entropy of
13.05 kJ/mol is the high entropy alloy with FCC+BCC
solid solutions. Since & =8.8, the formation of
intermetallic phases like NiAl is probabl.

The cast alloy is composed of Fe, Co, Cr rich
dendritic and Ni, Ti, Al rich interdendritic region. The
NiAl and y' phases were formed in the matrix.

Homogenizing occurred at 1220 °C, dissolved NiAl,
and diminished the dendritic structure as a result of Ti,
Ni, Al diffusion into the dendritic region and Fe, Co, Cr
into interdendritic region.
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Figure 4. FE-SEM micrograph of y’ phases after
homogenizing at 1220 °C for 17 hr
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Abstract: In this article, Low-Pressure Injection Molding (LPIM) method was investigated as a method for
forming zirconia (zirconium oxide) parts. It is one of the methods used for manufacturing engineering ceramics
with complex shapes and high dimensional accuracy. In this method, a binder composition (paraffin waxe) is
used as the plasticizing agent to shape zirconia particles. Optimizing the volume percentage of solid load helps

Keywords: to make parts without defects. For this purpose, in this research, two ways of investigating the behavior of flow
Low Pressure Injection Molding, behavior and debonding of zirconia feedstocks were used to select the optimal percentage of solid load. This
Zirconia, optimization was done between feedstocks containing 52, 53, and 54 Vol% of solid load and at temperatures of
Paraffin Wax, 70, 80, and 90 °C. The feedstock containing 54% solid load has better flow behavior and less sensitivity to shear,
Debinding, as well as better debonding behavior than the other two feedstocks, and it was possible to make the part without
Feedstock, defects through this feedstock.
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1. INTRODUCTION

The ceramic injection molding (CIM) method is
used to produce complex ceramic parts with high
dimensional accuracy. This method is economically
viable because it does not require processes such as
machining in most cases and enables mass production.
The research on injection molding of ceramics in the
past decades has focused on the selection of powder with
the desired morphology (Mannschatz et. al, 2011, Merz
et. al, 2003, Nogueira et. al, 1992) and the selection of
suitable organic materials as binders (Hanemann et. al,
2010, Yang et. al, 2013, Paul Lin et. al, 1994).

Powder injection molding (PIM) is a combination of
powder technology and injection molding that involves
several stages, including mixing, debinding, and
sintering (Witzleben, et. al, 2021). During mixing,
ceramic powder is blended with binders to form a
homogeneous compound. Binders provide viscosity to
the powder, thereby simplifying the process of filling
feedstock into molds during injection molding.
Optimum powder loading ratio is also important in the
where 7 is the viscosity at shear rate of y- , K is a constant
and n is a flow behavior index. It is known as the power-
law equation and has been used extensively to explain
the correlation of the viscosity and shear rate.

Debonding process is one of the most important
steps in the injection molding method. At this stage, the
binder combined with ceramic powder is separated from
the raw ceramic piece at a suitable decomposition
temperature (less than 600 °C) and prepares the piece
for the sintering process. Choosing the right temperature

success of PIM. The powder and binder ratio ranges
from 50% to 70% by volume (Wang et. al, 2016).

A high powder loading ratio will cause
inconsistencies in the injected parts, which can
subsequently damage the injec- tion machine. By
contrast, a low powder loading ratio can cause
separation of binders from powder during injection, thus
prolonging debinding and leading to considerable
shrinkage during sintering (Witzleben, et. al, 2021,
Wang et. al, 2016, Li et. al, 2007). An optimum
percentage of powder loading can minimize shrinkage,
prevent cracking, and increase the mechanical
properties of materials (Roh et. al, 2011).

Therefore, in this research, the rheological properties
of ceramic feedstock were evaluated to obtain the
optimal ratio of binder and ceramic powder. Flow
behavior feedstock in a function of shear rate
dependence of the viscosity can be described by
(Geraman and Bose, 1997):

=Ky ™ @

and time will have a great impact on the properties of
the final ceramic piece (Thomas-Vielma et. al, 2008,
Cheng et. al, 2010).

In general, there are two types of injection molding
methods: 1) High-Pressure Injection Molding (HP1M)
and 2) Low-Pressure Injection Molding (LPIM). LPIM
functions based on the application of thermoplastic
organic compounds, which become fluid at rather lower
temperatures, e.g., 60—70 °C. The major component of
this binder system is paraffin wax, which melts at this
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low temperature. Since the ceramic polymer
compositions based on paraffin have rather low
viscosity and good fluidity, very high softness and
plastic properties at rather low temperatures, these
compositions require only low pressures (0.2-0.7 MPa)
to force them to fill the mold cavities (Leverkoehne et.
al, 2001, Quevedo Nogueira et. al, 2001). In this case, a
ceramic powder is mixed and plasticized with this
paraffin-based binder system at 60-70 °C, and the
prepared composition is injected (cast) into the metallic
molds. When the mold is cooled down, a solidified green
body is ejected from it. Followed by the binder removal
(debinding or dewaxing), the ceramic body is fired for
the required density. This method and its major
principles were developed in the 1950s-1960s by P.O.
Gribovsky in the former Soviet Union. When first
proposed, the mentioned method was named ‘hot
casting’ or ‘hot casting of thermoplastic slurries’.
Optimization of this technology allowed for the
production of different ceramic components for
different applications on the high-volume industrial
basis for years [Bauer et. al, 2002, Knitter et. al, 2001,
Krindges, et. al, 2008].

The purpose of this research is to optimize the
amount of solid load by investigating its flow behavior
and also to find the suitable thermal profile for
debonding in order to obtain a defect-free zirconia piece.

2. MATERIALS AND METHODS

To make zirconia crucible, monoclinic zirconia
powder (Zirconia ZCO-E3, IMERYS fused minerals
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yingkou) with the average particle size of 3 micron and
purity of more than 98.5%, fused magnesia powder with
the purity of 97.5% (IRP FM 97.5T, IRREP Co., Iran)
and particle size of less than 10 pm, alumina with the
average particle size of 4 um, and silica with an average
particle size of 5 pm were used. Moreover, paraffin wax,
industrial wax, and acetic acid were used in the binder
composition.

3.RESULTS AND DISCUSSION
3.1 Flowing behavior and feedstock rheology

The scatter plots in Figure 1 demonstrates the
relationship between viscosity and shear rate at 70, 80
and 90°C. Viscosities were significantly influenced by
the shear rates and depended minimally on powder
loading and temperature. The viscosities decreased
toward a minimum value as the shear rate increased
regardless of powder loading, demonstrating the shear
thinning effect (Ahn et al., 2009).

No powder binder separation occurred in the mixture
since no dilatant flow behavior was observed. Thus, the
melted feedstock of 52 vol.% demonstrated lowest
viscosity at all shear rates and temperatures which
exhibited better flowability during the micro filling of
complex parts in the injection molding process. In
comparison, the 53 and 54 vol.% feedstock also
exhibited low values of viscosity, which is less than
1000 Pa.s and within the desirable range for injection
molding.
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Figure 1. Relationship of viscosity and shear rate at different temperatures
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Abstract: Skin tissue serves as the body’s first defense barrier. Since this tissue is the most superficial one in
the body, it is susceptible to damages from many incidents. Skin staples are one of the tools used in medicine to
connect skin grafts. The purpose of this research is to make a degradable polymer skin stapler that uses
electrospinning as an alternative to extruding and injecting into a mold. Physicochemical tests were done to
determine the properties of the manufactured PLGA fibers. Silica nanoparticles SBA-15 made by hydrothermal
method were added to improve the mechanical properties of polymer fibers. Then, FTIR test was carried out to
detect the presence of nanoparticles in the polymer. The BET test was also performed to measure the size of the
pores of SBA-15 silica nanoparticles as 6.77 nm, which is a confirmation of the mesoporous nature of the
nanoparticles. To investigate the morphology of the electrospun fibers and silica nanoparticles, SEM image was
used according to which, the average diameter of fibers and average diameter of nanoparticles were obtained as
400-500 nm and 185 nm, respectively. The results obtained from addition of SBA_15 silica nanoparticles to
polymer fibers and those from comparing its mechanical properties with pure PLGA polymer fibers indicated
that incorporating 1% SBA_15 silica nanoparticles into polymer improved its mechanical properties over pure
polymer fibers, while fibers with 3% Silica nanoparticles showed SBA_15 comparable results. According to

cytotoxicity investigation, no toxicity was observed in any group, and all groups supported the cell growth.
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1. INTRODUCTION

The skin acts as a crucial barrier between the body
and the external environment, protecting against
dehydration and microorganisms (Salcido, 2022). A
variety of incidents such as burns and injuries threaten
the skin integrity (Kalra et al., 2016). Burns are
classified into different levels based on their depth
(Beyranvand et al., 2019). Wound closure methods aim
for rapid and minimally deformed healing (Clark et al.
2020).

Several tools are used to close wounds, including
sutures, tissue adhesives, and metal or polymer staples
(Al-Mubarak & Al-Haddab, 2013; Oswal et al., 2017).
Although metal staples offer rapid and effective wound
closure with good aesthetics, they have some drawbacks
such as inflammation and discomfort during removal
(Regula & Yag-Howard, 2015). Absorbable staples
made of polylactic/glycolic acid copolymer provide an
alternative without the need for removal after healing

(Law et al., 2017).

The current research aims to design suitable
materials for biodegradable skin staples using
polylactic/glycolic acid copolymer with silica
nanoparticles containing vitamin C (Ghosh et al., 2022).
Electrospinning is used to reduce material usage and
costs compared to traditional extruder and injection
methods.

The study also explores the potential of these
biodegradable staples in connecting sutures for burns
and skin wounds. Addition of silica nanoparticles and
vitamin C is an innovative approach to strengthening the
copolymer and expediting wound healing. The
development of such biodegradable skin staples holds
promise for improved wound healing and reduced
complications in clinical settings.

2. MATERIALS AND METHODS

The materials used in this study were purchased from
reputable suppliers. Polylactic glycolic acid (PLGA)
with a lactic acid to glycolic acid ratio of 75:25, Span 80

with a molecular weight of 428.68 == dioctyl
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sulfoxinate sodium salt with a molecular weight of
445567 =— Pluronic (P 123), L-ascorbic acid, and

gr

mol
dimethylformamide were obtained from Sigma-Aldrich.
Additionally, Tetraethyl orthosilicate (TEOS) with a
purity of 99.9%, hydrochloric acid, and chloroform were
purchased from Merck. These high-quality materials
form the basis for the investigation into the development
of biodegradable skin staples using innovative
compositions.

In this research, SBA-15 silica nanoparticles were
synthesized using a hydrothermal method. A solution
containing 2 M hydrochloric acid and 4 gr of pluronic
copolymer in distilled water was prepared. Then, 8.5 gr
of Tetraethylorthosilicate (TEOS) was added drop by
drop, and the mixture was stirred at 35°C for 20 hours.
The resulting solution was placed in an oven at 100
degrees Celsius for 24 hours and then cooled at room
temperature. After centrifugation, the sediment was
dried to obtain white powdery SBA-15 silica
nanoparticles. Ascorbic acid loading into the
nanoparticles was achieved by stirring 0.3 gr of SBA-15
with a 0.3 M ascorbic acid solution for 24 hours under
aluminum foil cover.

Next, polymer fibers were electrospun using
polylactic acid/glycolic acid copolymer in a 15%
solution of chloroform and dimethylformamide
solvents. The optimal electrospinning parameters were
determined including a voltage of 10 kV, a 12 cm
distance between the needle and the collector, a collector
rotation speed of 1700 rpm, a flow rate of 1 ml/hour, and
a 4-hour electrospinning time. For fibers containing
ascorbic acid, Span 80 surfactant and a 300 micromolar
ascorbic acid solution in distilled water were added to
the polymer solution before electrospinning.

To prepare fibers containing both SBA-15 silica
particles and ascorbic acid, a stable suspension was
created by mixing the copolymer with 2% or 3% by
weight of particles and Dioctyl sulfoccinate sodium salt
as a surfactant. This polymer-particle solution was then
electrospun for 4 hours.

3. RESULTS AND DISCUSSION

In this research, SBA-15 silica nanoparticles were
successfully synthesized using a hydrothermal method,
and their size and morphology were examined through
scanning electron microscope images. The nanoparticles
had an average size of 185.957+42.9 nm showing no
toxicity to skin cells, making them suitable for potential
biomedical applications. Electrospinning was used to
fabricate polymer fibers containing ascorbic acid, and
the optimal parameters were determined to obtain
parallel and aligned fibers. PLGA fibers containing 1%
silica nanoparticles, compared to pure PLGA fibers,
exhibited improved mechanical properties, thus making
them suitable for skin staples.

The release of ascorbic acid from PLGA fibers and
nanoparticles was studied according to which, it was
found that the fibers containing 1% silica nanoparticles
had the highest release rate in 48 hours that could be
beneficial for wound healing. The degradation rate of
the samples was investigated, and the presence of
ascorbic acid in the surrounding environment
accelerated the degradation process of polymer fibers to

some extent. Cytotoxicity tests on fibroblast cells
showed that all samples, including PLGA, PLGA+AA,
PLGA+1% silica, and PLGA+3% silica, supported cell
growth and  proliferation, indicating  good
biocompatibility of the materials used.

Overall, the results suggest that the combination of
PLGA fibers with SBA-15 silica nanoparticles and
ascorbic acid loading can offer promising potential for
the development of biodegradable skin staples with
enhanced mechanical properties and wound healing
capabilities. However, further studies, including animal
tests, are needed to confirm the effectiveness and safety
of these materials for clinical applications.

4.CONCLUSION

The nanofiber mechanical strength test confirmed its
suitable strength for skin tissue in the resulting
biological staples. Compared to pure PLGA fibers,
incorporation of 1% SBA_15 silica nanoparticles to the
polymer improved mechanical properties, while 3%
addition showed inferior results. Ascorbic acid addition
aimed to accelerate wound healing and degrade the
polymer faster, reducing infection risk. Degradation
tests indicated faster degradation in samples with
ascorbic acid. Ascorbic acid release rate was high due to
its hydrophilicity and non-functionalized SBA-15 silica
nanoparticles, with maximum release in 48 hours.
Viability tests showed no toxicity in any group with all
supporting cell growth and proliferation after 7 days,
affirming non-toxic materials in the samples.
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