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Abstract  The present project primarily aims to investigate the effect of synthesis method of the bioactive
glass powder on the flowability and structural stability of the pastes from it. In this study, 45S5 bioactive glass
was synthesized by melting and sol-gel methods. The rheological properties, injectability, washout resistance,
and behavior of calcium phosphate deposition formation in the simulated body solution after 21 days were
investigated using UV-visible spectroscopy, inductively coupled plasma atomic emission spectroscopy, and
scanning electron microscopy. Finally, the cytotoxicity test was carried out, and its dependence on the
concentration of the ions released from different pastes was evaluated. The bioactive glass powder prepared
through the melting method was non-porous with a specific surface area of about 3 m2g™* while the powder
prepared by the sol-gel method was porous with a specific surface area of about 12 m?gt. The values of the yield
stress, viscosity, and thixotropy in the paste prepared by the sol-gel glass were higher than those of the sample
prepared by melting method, and the injection force increased by about five times. Use of sol-gel glass led to the
formation of pastes with lower washing resistance and for this reason, the dissolution and release rate of the ions
from the paste containing sol-gel glass was higher than those of the same sample with molten glass. Increasing
the specific surface area of the powder led to faster formation of the apatite layer on the surface of the samples;

however, the rate of cell proliferation decreased due to the high concentration of ions in the environment.

https://doi.org/10.30501/jamt.2023.376241.1259

URL: https://www.jamt.ir/article_166008.html

1. INTRODUCTION

With the development of non-invasive surgeries, the
need for injectable materials has been increasingly felt
in recent years. Injectable pastes are used in the cases
where accessibility to the defect is limited or made
possible through a narrow path. In case the damaged
area is irregular in shape, the injectable pastes are
required for accurately replacement [1].

In the previous research [2], the composite paste
consists of bioactive glass and polycaprolactone
microspheres as the drug carriers that was introduced as
a successful injectable system. Considering that
different glass synthesis methods affect the physical
characteristics, this research aims to investigate and
compare the flow properties, structural stability, and
bioactivity of the pastes prepared from bioactive glasses
based on the melting and sol-gel methods. So far, the
effect of different parameters such as type and
concentration of the liquid phase, particle size of solid
phase, solid-to-liquid ratio, chemical composition, and
additives on the properties of injectable pastes has been
investigated. In this research, the effect of the synthesis
method of bioactive glass powder on the stability and
injectability of the resulting paste will be studied.

2. MATERIALS AND METHODS

Bioactive glass 45S5 with the chemical composition
of 45 wt % SiO,, 24.5 wt % CaO, 24.5 wt % Na,O and
6 wt % P,Os was prepared through melting (M-BG) and
sol-gel (S-BG) methods. The morphology of the glass
particles was studied using a scanning electron
microscope. The specific surface area of the powder was
measured through the absorption and desorption curves
of nitrogen gas through the BET method at the
temperature of 77 K. Then, 60 wt % of bioactive glass
powder (M-BG or S-BG) and 40 wt % of PCL
microspheres were mixed with 4 % w/v sodium alginate
aqueous solution at the fixed solid-to-liquid ratio of 2.5
g/m to prepare an injectable paste.

The rheological properties of the pastes were
investigated in the static state using MC-R300 Anton
Paar rheometer with parallel flat plates at room
temperature. The required force for injection was
generated by a mechanical test device (SANTAM STM-
20). In vitro assessments were done to check the stability
of the paste in Simulated Body Fluids (SBF), and the
ability of the apatite formation was investigated based
on the XRD, FTIR, and SEM analyses. The amount of
sodium alginate released from the composites was
measured using a  UV-visible  spectrometer
(PerkinElmer Lamda25 Us). Variations in the
concentration of Ca and Si elements in the SBF solution
were measured during 21 days using inductively
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coupled plasma atomic emission spectroscopy (ICP-
AES ARL 3410).

3. RESULTS AND DISCUSSION

Melt-derived bioactive glass powder was non-porous
with a specific surface area of 3.8 m?g while the porous
sol-gel bioactive glass powder was reported to be porous
with a specific surface area of 11.908 m?g™.

Both pastes exhibit thixotropy behavior and the
amount of thixotropy can be estimated considering the
hysteresis loop area. The paste prepared from the sol-gel
glass (S-BG) has larger area than that prepared through
the melting method (M-BG). Here, the viscosity
decreases with an increase in the shear rate; for this
reason, the pastes exhibit shear thinning behavior. The
viscosity and yield stress values of S-BG are higher than
those of M-BG mainly because the porosity affects the
permeability of the powder, which is a measure of the
plasticity of the paste. The required force to inject the
S-BG paste is quite high (about 206 N), which is
unreasonable for surgeries, while only 93 % of the paste
can be injected. Upon using the melt-derived glass, the
injection force will be reduced by 45 N that facilitates
the injection of all the paste.

Structural disintegration occurs in the S-BG paste over
time, and the particles of the paste have been separated,
however, it did not happen in M-BG paste. The amount
of the released sodium alginate from the S-BG paste is
more than that in M-BG paste. Since the washout
resistance of these pastes depends on the presence of the
sodium alginate phase, which acts as a carrier in the
composite composition, the lower stability of the S-BG
paste can be attributed to the faster removal of sodium
alginate phase.

The results of the ICP test indicated that the release
amount of calcium ion into the environment is higher in
S-BG paste than that in others. The difference in the
release rate depends on the physical properties of the
powders, higher specific surface area, and higher
dissolution rate. As a result, calcium phosphate

precipitation and apatite crystallization happen faster on
the surface of the paste containing sol-gel bioactive
glass. Consequently, a layer with a spherical
morphology consisting of nano-sized crystallites can be
detected in the SEM images that can be attributed to
hydroxyapatite.

The rate of cell proliferation in the vicinity of the
S-BG is lower than the cell growth in the vicinity of the
M-BG sample, given the essential role of the Ca and Si
ions in the proliferation of bone cells and their limited
concentration in the culture medium.

4. CONCLUSION

In the present research, the sol-gel glass powder
proved to be more porous with a higher specific surface
area than the melt-derived glass; hence, their resulting
paste was characterized by higher yield stress, viscosity,
and injection force than its counterpart. The paste
prepared through the sol-gel glass had a higher
degradation rate and less structural stability due to the
fast release of sodium alginate and ions; however, its
apatite formation ability is better than that of the paste
containing melt-derived glass.
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Abstract Among different active materials, nickel hydroxide is one of the most promising pseudocapacitive
materials; however, its electrochemical performance is notably restricted because of its low conductivity and
weak stability. To overcome these drawbacks, several solutions were suggested including making it composite
with electrically conductive materials such as metal particles, various carbon materials, and conductive
polymers. In addition, removing the insulating polymer binder used in the electrode prepration can reduce the
internal resistance of the electrode, thus leading to improvement in its energy storage performance. In this
research, a novel, facile, and efficient approach was developed to prepare a binder-free nickel hydroxide
electrode, which includes the layer-by-layer chemical deposition of nickel hydroxide nanoparticles with B-phase
structure on the nickel foam. The structural characterization and surface morphology of the as-prepared electrode
was investigated using X-Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and Field
Emission Scanning Electron Microscopy (FESEM). Further, the energy storage performance of the prepared
supercapacitor electrode was evaluated using cyclic voltammetry and galvanostatic charge-discharge techniques.
The prepared electrode showed a specific capacitance of 767 F g at the discharge current density of 1 A g and

cyclic stability of 91.4 % after 1000 cycles.
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1. INTRODUCTION

In recent years, energy storage is one of the most
popular reaserach topics in the scientific community.
With the increasing progress in the human societies, the
consumption of energy, especially clean energy, has
significantly accelerated, which rose concerns about
environmental pollution [1]. As one of the most
advanced energy storage devices, supercapacitors
exhibit significant capability and efficiency in the world
of electronics due to their high energy storage capacity
and very high cycle stability [2]. Pseudocapacitors, in
which the electric charge is stored through an
oxidation/reduction process, use metal oxides and
nitrides such as RuOx, MnOy, and VN as well as
conducting polymers such as polyaniline as electrode
material [3]. Nickel hydroxide (Ni(OH),) is one of the
best electroactive materials for pseudocapacitors due to
its convenient synthesis, environmental friendliness,
low cost, and acceptable theoretical specific capacitance
[4]. However, this electrode material has relatively low
electrical conductivity, which in turn reduces its
practical specific capacitance. Due to the very low
electrical conductivity of the binder used in preparing
practical energy storage electrodes such as
Polyvinylidene Fluoride (PVDF), a simple and efficient
approach was employed in the present study to prepare

binder-free nickel hydroxide supercapacitor electrode
based on the layer-by-layer deposition of active material
according to the chemical precipitation method on the
nickel foam current collector without using any
expensive equipment.

2. MATERIALS AND METHODS

Before chemical deposition of the active material on
the substrate, the nickel foam must be devoid of any
pollution and oxide layer. For this purpose, the nickel
foam was immersed in a 1 M HCI solution for about 10
minutes to remove the surface oxide layer and then, it
was rinsed with distilled water. In order to deposit nickel
hydroxide nanoparticles on the nickel foam, three
solutions were prepared, and the nickel foam substrate
was immersed in these solutions, respectively:

1. The first solution was a 1 % aqueous solution of
ammonia at room temperature.

2. The second solution was 0.2 M nickel nitrate aqueous
solution containing 1.5 wt % Triton X-100 surfactant at
room temperature.

3. The third bottle contains pure double distilled water
at 80 °C.

The chemical deposition of nickel hydroxide on the
nickel foam was conducted by successive immersion in

Please cite this article as: Kazazi, M., Rahimi Junaqgani, J., Delshad Chermahini, M., "Pseudocapacitive performance of binder-free nickel hydroxide
electrode prepared by layer-by-layer chemical deposition on nickel foam", Journal of Advanced Materials and Technologies (JAMT), Vol. 12, No.
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solutions (1) to (3). Briefly, the cleaned nickel foam
substrate was immersed in the first solution, i.e., 1 %
ammonia solution, for five seconds and then, it was
immediately transferred to the second solution
containing nickel ions and immersed in it for 15 seconds
until the nickel ions could react with the hydroxide ions
absorbed on the nickel foam and nickel hydroxide was
precipitated. Finally, the electrode was transferred to
pure water with the temperature of 80 °C and placed in
it for another 15 seconds. The structural and chemical
characterization of the prepared eclectrode was
conducted using XRD and FTIR, respectively. The
surface morphology of the as-prepared electrode was
evaluated using the FE-SEM method. Further, the
performance of the electrochemical charge storage of
the prepared electrode was evaluated in a three-electrode
cell containing 6 M KOH aqueous electrolyte using

cyclic voltammetry and galvanostatic charge-discharge
techniques.

3. RESULTS AND DISCUSSION
3.1. Characterization of nickel hydroxide electrode

Figure 1 demonstrates the XRD pattern of the nickel
foam with and without chemical deposited active
material. As observed in this figure, regardless of the
peaks related to pure nickel, the other peaks are
attributed to crystal planes (001), (100), (101), (102),
(110), and (111), respectively. The peaks correspond to
the card number 117-14, which is related to the beta
phase of nickel hydroxide (B-Ni(OH),) with a hexagonal
crystal structure [5].
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Figure 1. XRD patterns of the bare nickel foam and nickel hydroxide electrode

Figure 2 depicts the FESEM images of the bare nickel
foam and nickel foam coated with nickel hydroxide in
various magnifications. It can be seen that the
precipitated nickel hydroxide active material has a three-
dimensional porous morphology with a well-arranged
flower-like structure, and it consists of nano-sheets that
are intersected with each other. This unique structure
can prevent their agglomeration and ensure the

SEM BIAG: 2.00 kx
WX 5.17 mm

SEM MAG: 100 x SEM HVE 15.0 KV
WD: 4.96 mm Dot SE

| semme 150k Ly MIRAS TESCAN

Dt inBaam

20 um

maintenance and stability of their porous and three-
dimensional morphology. The obtained three-
dimensional porous structure enjoys many advantages in
terms of charge storage because the electrolyte ions can
easily migrate to the active material and thus increase its
electrochemical utilization. As a result, an enhancement
in both specific capacity and rate capability of the
prepared electrode can be expected.
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Figure 2. FESEM images of the (a) bare nickel foam and (b, ¢) Ni(OH)2 deposited nickel foam
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3.2. Electrochemical performance of nickel
hydroxide electrode

Figure 3(a) illustrates the CV curve of the nickel
hydroxide electrode at the scanning rate of 10 mV s™'.
As observed, the voltammogram has two oxidation and
reduction peaks which appear at the voltages of about
0.38 and 0.15 V (vs. Ag/AgCl reference electrode),
respectively. The formation of these peaks is attributed
to the faradic reactions of oxidation/reduction, which is
a characteristic of the charge storage mechanism in the
electrochemical pseudocapacitors. To better understand
the rate capability of the prepared binder free nickel

150

hydroxide electrode, the specific capacitance of the
electrode was calculated at different current rates, and
the results are shown in Figure 3(b). According to this
figure, with an increase in the discharge current rate, the
electrode capacity would decrease. This behavior was
observed in all pseudocapacitive electrodes that resulted
from the insufficient time for electrolyte ions to difuse
into the active material of the electrode. However, it
should be noted that despite the ten-fold increase in the
discharge current rate from 1 to 10 A g*!, the capacitance
decreased from 767 to 305 F g”!, indicating a 60.2 %
decrease in the specific capacitance.
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Figure 3. (a) Cyclic voltammetry and (b) current rate performance of the nickel hydroxide electrode
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4. CONCLUSION

In the present research, nickel hydroxide was
deposited on the nickel foam current collector using a
new method of layer-by-layer chemical deposition
without using any non-conductive polymer binders. The
structural and morphological characterization as well as
the charge storage performance of the prepared
electrode was carefully investigated. The results
confirmed the successful precipitation of the beta phase
of nickel hydroxide with a porous and three-dimensional
structure consisting of intersected nanosheets, which
showed a high specific capacity of 767 F g at the
current rate of 1 A g™!. Of note, the prepared electrode
showed good cyclic stability with 90.6 % capacitance
retention after 1000 charge and discharge cycles.
Finally, the obtained results revealed that the proposed
method for preparing the electrode can be promisingly
employed to prepare other supercapacitor and batteries
electrodes.
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Abstract  In the current research, Nd,(Fe,Co),4B hard magnetic nanoparticles were synthesized through the
reduction diffusion process. For this purpose, Nd(Fe;..Co)B oxide powders for x = 0.05, x = 0.3, and x = 0.5
were heat-treated once in hydrogen atmosphere (H,) and once in the reduction diffusion process using calcium
hydride (CaH,). The phase analysis and chemical composition of the resulting Nd-Fe-Co-B powders were

Keywords:

NdFeCoB Nanopatrticles,
Reduction Diffusion,
Microstructural Properties,
Magnetic Properties

identified by X-ray diffraction and X-ray energy dispersive spectroscopy. The morphology and magnetic
properties of the synthesized powders were investigated using a field emission scanning electron microscope,
transmission electron microscope, and vibrating sample magnetometer. The results demonstrated that oxide
powders reduced with hydrogen gas were characterized by a soft magnetic character due to the formation of the
bee-FeCo magnetic phase. However, oxide powders reduced via reduction diffusion exhibited hard magnetic
characteristics due to the direct diffusion of NdH,, Fe, Co, and B phases as well as the production of
Nd,(Fe,Co),4B hard magnetic phase. The Nd,(Fe,Co)4B particles were rinsed with water and dilute acetic acid
to eliminate the byproducts (CaO) formed during the reduction diffusion process. Followed by washing,
coercivity dropped due to the formation of the Nd,Fe;sBHy soft magnetic phase; however, saturation

magnetization rose due to the elimination of the non-magnetic CaO phase from the final production.

https://doi.org/10.30501/jamt.2022.360350.1242

URL: https://www.jamt.ir/article 159380.html

1. INTRODUCTION

Among the magnetic materials, ferromagnetic
Nd-Fe-B has received a great deal of attention as a
potential candidate for high performance permanent
magnets owing to its high saturation magnetization (Ms
=16 kG) and near-ideal maximum energy product value
((BH)max = 14 MGOe) [1]. However, use of Nd-Fe-B
magnets in high temperature applications is limited due
to their low temperature (Tc) (310 °C) [2]. Until now,
large-scale physical techniques such as mechanical
alloying and melt spinning processes have been widely
used to synthesize Nd-Fe-B permanent magnets.
However, the cost of producing Nd-Fe-B magnets using
metallurgical methods is extremely expensive due to the
use of high-purity raw materials and high energy
consumption. In addition, the final products of these
common fabrication processes are of limited utility due
to their constrained grain size, uncontrolled
morphology, and broad particle size distribution [3]. To
overcome the disadvantages of powder metallurgy
methods, implementation of the chemical methods for
the synthesis of nanoparticles of Nd-Fe-B permanent
magnets can be a good solution. Due to the large
negative reduction potential of neodymium (Nd), it is
difficult to simultaneously reduce Nd3* (—2.43 eV) and

transition metals Fe’" (—0.44 eV). As a result, one
method to consider applying is reduction diffusion (RD)
[4]. In the reduction diffusion method, Nd-Fe-B oxide
particles are first chemically synthesized and then, the
magnetic Nd>Fe 4B phase is formed by mixing the oxide
powders with the reducing agents calcium hydride
(CaHy) or calcium (Ca) and performing the reduction
process at high temperature in a controlled atmosphere.
Considering that the Tc temperature of Nd>Fe;4sB can
increase by substituting cobalt with iron, this study aism
to investigate the impact of this substitution on the
microstructure and magnetic characteristics of the
Nd,(Fe,Co)14B nanoparticles synthesized through the
reduction diffusion process.

2. MATERIALS AND METHODS

In the present reaserch, NdCls.6H,O, FeCl;.6H0,
CoCl,.6H,0, and boric acid were utilized as the sources
of Nd, Fe, Co, and B, respectively, for the synthesis of
Nda(Fe, Co)14B nanoparticles. Further, citric acid and
ethylene glycol were used as the crosslinking agents and
solvents. The Nd-Fe-Co-B oxide powders were
prepared by the modified Pechini type sol-gel method.
Further details of the synthesis of Nd-Fe-Co-B oxide
powders were fully explained in our previous work [5].
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In this study, Ndy(Fe;xCox)14B nanoparticles were
synthesized by mixing Nd—Fe-Co—B oxide powder with
1:1 wt % of the reducing agent CaH, (95 %, Sigma
Aldrich) and annealing at 800 °C for two hours in
vacuum at the increasing rate of 10 °C/min. Then, the
resulting magnetic product was washed several times
with water and acetic acid was diluted in order to remove
the by products (CaO).

3. RESULTS AND DISCUSSION

The XRD patterns of the Nd(Fe;xCox)B oxide
samples for x = 0.05, x = 0.3, and x = 0.5 as well as the
oxide sample with 0.3 mol cobalt reduced by the RD
process are shown in Figure 1 (a) and (b), respectively.
It is acknowledged that the oxide samples contain the
phases of Fe;O3, NdFeO3, NdBO3, and Co3O4 which will
be transformed into the Nd»(Fe,Co):14sB hard magnetic
phase followed by reduction diffusion. As depicted in

(a)

x=0.5

$Te203 AINGFeO3 o:NaBO3  £:C030,

intensity (a.u)

20 30 40 50 60 70
26(°)

80

intensity(a.u)

the XRD pattern in Figure 1 (b), in addition to the main
magnetic phase Nd,(Fe,Co)14B, some byproducts such
as CaO and Ca(OH), were formed that must be removed
from the final product through the washing process. The
application of washing process has a significant impact
on the magnetic properties of the powders obtained from
the reduction diffusion procedure. Figure 2 (a) and (b)
show the magnetic characteristics of Ndx(Fei.x,Cox)14B
nanoparticles for x = 0.3 before and after washing, as
confirmed by the VSM analysis. It is clear that after
washing, the coercivity (Hc) of the synthesized
nanoparticles dramatically decreases while the
saturation magnetization (Ms) significantly increases.
The decrease in the value of Hc after washing is
attributed to the formation of the soft magnetic phase
NdyFe4sBHx while the increase in the value of Ms is
caused by the removal of non-magnetic phases CaO and
Ca(OH): [6].
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Figure 1. XRD patterns of (a) Nd(Fe1xCox)B oxide samples for x = 0.05, x = 0.3, and x = 0.5 and (b) Nd(Fe1.xCox)B oxide sample
for x = 0.3 reduced by the RD process
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Figure 2. VSM curves of Ndz(Fei-x,Cox)14B nanoparticles for x = 0.3 before and after washing
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4. CONCLUSION

In the current research, Nd»(Fe,Co)14B nanoparticles
were prepared by Reduction Diffusion (RD) from
Nd-Fe-Co-B oxide powders synthesized using the
Pechini sol-gel method. The final product was washed
with a mixture of water and dilute acetic acid to remove
the CaO and Ca(OH), byproducts. After the washing
process, the values of coercivity (Hc) and saturation
magnetization (Ms) decreased and increased,
respectively.

5. ACKNOWLEDGEMENT

The authors would like to thank Tabriz, Sahand
University of Technology, Karaj, Materials and Energy
Research Center Laboratory, and Far Eastern Federal
University of Russia for providing the necessary
facilities to carry out this project.

REFERENCES

1. Kim, C., Kim, Y. H., Pal, U., Kang, Y. S., "Facile synthesis and
magnetic phase transformation of Nd-Fe-B nanoclusters by

oxygen bridging", Journal of Materials Chemistry C, Vol. 1, No.
2, (2013), 275-281. https://doi.org/10.1039/C2TC00083K

Zhong, Y., Chaudhary, V., Tan, X., Parmar, H., Ramanujan, R.
V., "Mechanochemical synthesis of high coercivity
Nd,(Fe,Co)14B magnetic particles", Nanoscale, Vol. 9, No. 47,
(2017), 18651-18660. https://doi.org/10.1039/C7TNR04703G

Km, C. W.,, Km, Y. H., Cha, H. G., Kang, Y. S., "Study on
synthesis and magnetic properties of Nd-Fe-B alloy via
reduction—diffusion process", Physica Scripta, Vol. T129, (2007),
321-325. https://doi.org/10.1088/0031-8949/2007/T129/071

Ma, H. X., Kim, C. W., Kim, D. S., Jeong, J. H., Kim, I. H., Kang,
Y. S., "Preparation of Nd-Fe-B by nitrate—citrate auto-
combustion followed by the reduction—diffusion process",
Nanoscale, Vol. 7, No. 17, (2015), 8016-8022.
https://doi.org/10.1039/CSNRO1195G

Ahmadpour, Gh., Samardak, A. Y., Korochentsev, V. V.,
Osmushko, 1. S., Samardak, V. Y., Komissarov, A. A., Shtarev,
D. S., Samardak, A. S., Ognev, A. V., Nasirpouri, F.,
"Microstructure, composition and magnetic properties of Nd
chemical method", Advanced Powder Technology, Vol. 32, No.
11, (2021), 3964-3979. https://doi.org/10.1016/j.apt.2021.08.040
Ngo, H. M., Lee, G., Haider, S. K., Pal, U., Hawari, T., Kim, K.
M., Kim, J., Kwon, H. W., Kang, Y. S., "Chemical synthesis of
Nd,FesB/Fe-Co nanocomposite with high magnetic energy
product", RSC Advances, Vol. 11, No. 51, (2021), 32376-32382.
https://doi.org/10.1039/D1RA03760A


https://doi.org/10.1039/C2TC00083K
https://doi.org/10.1039/C7NR04703G
https://doi.org/10.1088/0031-8949/2007/T129/071
https://doi.org/10.1039/C5NR01195G
https://doi.org/10.1016/j.apt.2021.08.040
https://doi.org/10.1039/D1RA03760A

Y*—i* g(\i'Y )L@.:) u\ AJLQ...; AY 692 A:.‘BJ..L.: 6[.&6))[}3)3'},0 MLLA_B

435’2.3 6\.@.1)‘9\.'5‘9 :b.o MM
d/“‘/.l;ﬂ!‘o#‘/.’j;

MERC

Journal Homepage: www.jamt.ir

B el Jlae
U:;'-’J 4e eJ..io.;LoT NdZ(FCl-XCOx)14B d""..'kw Q\,S_,SU ‘_,...,bl:."u K 6)\5.;"402‘) uﬂ“’?'-
S35 sl Al B

® S ylabe LU E ST oSN 3180 3l damee F T (g e 3155 ppdas] 3B

I it Ol g ccligs siiocr oSS (3] po eocign 0l S5 105,50
Ol o 5t Mol 3T gy i ccligun it oS5 63l g0 | pulign 0 Sl oliel T
Ol S sl 5 3z ol g cla golodos ol g g0 yluiils”
gy o Sptns (63Y5 33 Gk S5 oKl (SU 0 Y (slas, sl olKila T eolecl

e sy o Sptas 63V 50 Gk Scls ol caih i S go 5 o (clay sl s po bzl

e $355 gll Aol b b 4 Nda(Fe1Co)iuB Coew mbline S350 (bl Gz o 0 S Wlie ams U

53U X =0/ sx= /Y x=12/00 slie l3la Nd(FeCon)B (shunS! sl s g 5 shate opl g il VENNE ol e

Slles (CaHy) ool Jsdin 51 oslinl b s358 sl il absy K3 56 5 () Ofpder sl VYT AS SS

. VEV A sl il

5 Sl g Bl eslizud b ol Nd-Fe-Co-B slass g plasd oS5 5 (636 5JUT 0z )l ~ ok

ot 0 s (Sla 3 gbline ol 5 lidisn )l bl S 5 55 (SAS1, amecil el gds

JL“"}‘ 4;}».: cwau;blﬂu ol.<2~ab‘9 SoE J}J;ﬁ\ uj_<.~.rjf<?d ‘u‘""\?‘ J:.wf L;i.u) J}jﬁ‘ gﬁ)}gﬁ:‘gjg.:n NdFeCoB Q|)5}5U

i clews 055k J8 L edilat sanST (sla s sy oS sls OLES sdalisa, S S8 I3 s 35 (354 sl

Lyl L edtll s0ST slassgy Wl s asiie o eblide Coals dw sy boeFeCo puobline 5 S ol

bliie ol 4=

o pmblia B A5 s 5 B 5 Co Fo NdH Glajl s 358 clewy (358 sl ST
Gy Satal dowl 5 O LNy (Fe,Co)uB ol )3 ks OLES 355 3 G mbliie ol 4= Ndy(Fe,Co)14B
JL.».,\; .,\;‘3).: O )‘ éb}.b 6lc>\ J...:lj_e J)la BE [ J\:J)J (CaO) Jul> CJY)M B s esls }.&Jw
e plal iblise bl scdl a8 NdoFeuBH, 5 pbline 56 LS55 Slony SLlsls S5 gt
Wb il ol e 31CA0 anbliae 6 5L Gl
https://doi.org/10.30501/jamt.2022.360350.1242  URL.: https://www.jamt.ir/article 159380.html

IVl el 50lsl 3 5 505, SmCo ‘_;LMJ_)O,@T 31 Nd-Fe-B aodie —

\ 1 P TR S _Fe. « 1] e
OTKG) AL Teldl rblse 22l Jds; Nd-Fe-B slajll Do VIAE Lo 53 Nd-Fe-B g5 alls slaly sl

S Y] s S s DV ssse e 0SS by

a2, 53 by opal cnl e Jds e 4 [E] L5500 et & ('jb 6&({)&7 03 ok eslizal adyl slge 23 S L s

dalsoal ples o 53 (18 MGOR) "V W 5 (65 50 ades

Ot oL L el glabyoal el gl clis ol

! Saturation Magnetization
2 Maximum Product Energy

G331 1Ol s eugs™
= 505 ¢ IV YTE0E0 1l ol ge i sdSls (g tmis oKl 55 (35 Olaml 3T 0l 1 LS

f nasirpouri@yahoo.com :,L(ch‘._.a1


https://doi.org/10.30501/jamt.2022.360350.1242
https://doi.org/10.30501/jamt.2022.360350.1242
mailto:f_nasirpouri@yahoo.com
http://journals.merc.ac.ir/
https://www.jamt.ir/
https://doi.org/10.30501/jamt.2022.360350.1242
https://www.jamt.ir/article_159380.html

Yy Ya-¢v g(\i'Y )L@_:) Al o)L«;..i AY 6,93 Aiﬁf,l.__: LSL"’LS)JL:";)J‘}" MM/O‘)&M})‘}.}:J\A}‘)JS

Goshsl slla ol s ST osle oy o3l s
D3 esle i slae 3 o3Il St o odiay Jais g
S ebliae ol s kb, JST L cal b sl
5 bt lueslel i, 5 eslizal b (st slaosle
U NdFeB Coien gbline 56 015 o RD is, e
Sl s ol b s asl s a1 sy 50 ol
W5 e 5 Sl JanpaeS s sl Sl sis
Slra s Sl Sepla a5 LW ] 54l g feba
03 e Te by 34 Cob .Ulj:d» Nd,FeisB s JAT
ol Sas Al slra SIS Sl SU ol G
sk 5 Nda(Fe,Co)uB 3 5 eweblian 5 solitlas

Dad e e SO sl s

Ges g, =Y
LolSzws 5 adyl 3150 —\-Y

(NACL3.6H20) 4 id apous 55 4y IS (Godims ol 5
Gl s QIS WS (FeCl.6H0) af i oal @IS
Sl (CeHs07) oS i dowl ((CoCl.6H20)
redS s (H3BOs) sy ol (CoHe02) SIS
sl 15505 <l (CH;COOH) Kawl Al (Calh)
Ol b ao )2 44 (VL ol L 05 58 5 (H0)
Al eslial adsl slse Olgsa @)Jﬂ 3 S ol
Bruker Jus) (XRD) oSGl 5w bl glalesl
<8 So (DSADVANCE powder diffractometer
(SEM 950, Carl Zeiss Jdo) Slhw o3 oy So,X
(EDAX) TSl @3 Ay peckb 4 e
(Hitachi H-7000 Jie) (gy5 5550 O sSns Soo
Lakeshore Jas) (VSM) sl s 4sed cwawbh.u N
obliie 5 (ol (36 Slasiin uns sl (7400

w))lSMbMJL.w 6[.&‘)3)._;

Nd-Fe-Co-B _ublin 5lad gos ji —Y-Y

3 Energy Dispersive X-Ray

o318 (S sl il 55 5 e Sl sy 55 50) (6351 s
Slasists ((SKay Sl JEsder glo (S
Sl 5 b by s Je Canihos b
ol pal 51esbizal Ll [0 2 ls (glos 28 5,18 (G jun
(To) )58 los chea VU Ls slas IS s Nd-Fe-B
sl 554055 Sz gt b o somdon 453 YY) 0T
St sl iy b bes Nd-Fe-B sla3UT o35 41 [1]
sl 5 V] (S @l3WD sos ke Lk
g o M [A] (25 2 (oms 253) 03535 0 e
Sl opl o sk Glais, Site sl Sho
Lgdpe eslinal eyl slse Olpea Yo Gosls Lol
gl iy Ayl b e da B nl 53 res
slaaspa Sl Celas el 5L sk Oley 5 551 & o
Foar Gl bt gla i, Sl eslamal 4] 558 e Mg
Sk Sl e Sl WIS e ol slal el 3 L
load Sl By s Al s 5ok Sl b, ol
e (g lsilanil 6l 5 VU 4 ol olaiil 3 Losas
o o=l Jujdé Cows s b fgy pl &S Jgmme L
pmed Il el (RS s Ses et S
ol bt oS5 s s e e L W ebe
Vsane alsl olge olard Glaiss 02 25 Ll
Sl Ll bizes (656 gladnSTL B0l 6 6 sla Sl
(B'=—/88) cal alacaly 56 o O sl oS-l il 5L 5
ol Obsen Gl (BO= SY/EY) es i Sbe 53l 5
b S e 4 pland i gla sy, o ) Sl
e UNA-FeB lasd jmw 53 &b iy [Vo] conl o3 S
(835 bl sy sl ol en RD) 7 (6355 gl Jas
5 P gbees Sy 4 Nd-Fe-B Sl ol coss
odiSLml Jole b (genST slasagy 05 Shgle b ¢ s
blae 5B (Ca) ds L (Calh) odS djis
S ol (63585 SLml 255 53 2355 o A 55 NdoFeisB
St oo (GY/AV eV L) 0581 L STy sS4
S b ole bt gl OF 5 Ol e cnl b 5 30
L Ol e |, Nd-Fe-B &5 o311 oS o015 5 S eslinal

! Curie Temperature
2 Diffusion Reduction (RD)



**—i* 4(\2'Y )L@.:) L\ o)L«..i' c\Y 092 4:.‘.3].:..:._{ gﬁuéjjbjb‘j‘ MM/Q‘)KAAJJﬁW\)}S “i

sl by, 4 Nd2(Fe,Co)uB wbline 30 e -Y-Y-¥
(RD) 5 55

Sboss NbFeCouB sl e sk
peedS A den siSLt fule b (S-0 sladised) (bS]
a3 A0 gl o 5 byl ol p S5 S 5o (CaHy)
FAL el Y Sden Vo Torr S b o8 53 o peenbes
A S8 6358 bl Dlles o Ve °C/min b S
Ll 5 T L e i ol bl J g ¢ e
(Ca0) _ilr N puams Gl shien, (G, St
$358 Sl il B Ladd A 5 (ladi sl Ll ols pl
S-Di o yons i Ju X = 00 /Y /0 slie sl
L4 (5510556 S-Ds 5 S-D

o g s Y
ST sy 5 G heST o e glaatis —V-Y
(H2) 035500 el 53 s ddl|

0Lz 15 8-0 (sladi 503 XRD sla S (L) VIS8
NdFeO; Fe05 slasl 51 (ganSl (sladigod das 0
() ) e copmman Llds LS25 Co304 5 NdBOs
XRD (5,81 .das o 0L 15 S-H (e 505 XRD (5l Sl
Sl odle S0 law gei b anslis 53 lawgas oy
ICCD #04-003-) bee-FeCo J.aL.g NdBO; s NdFeOs;
s FerOs el sl>! 1, bec-FeCo .owl 55 (3891
S edelowsa @l et LS8 Hy denedl 55 C0304
das e LIS 05550 8 L edill sbad 500 XRD (oS
sy Jo Gl Gl (B8 udd 05 sd i) &S
L .5, |y Ndo(Fe,Co)aB wblias 56 LSE5 5 (g
»FeCo (V) +) Ky Cundgn 53 (5 mis Lo hale 158l
(D)) JS8) 355 0 sdalie S-H (5laki 503 XRD sl S
i Co s Fe o o5 CL',.': Sl a4 Ll e ooy ol
DY Geo=V/Y0 A srre= V/YVA) 545 o3l

Al slagsl B Fe-Co (3UT s 53 S, sbey
Fo 8Si bl 53 als sk e JLiilr Co slags! L
Sblsy 4 XRD by Jlml Esl sy ol 45 s o

LJS"’J “ NdFei1xCoxB 6-&»»».5‘ dujbx }:uw -\-Y-¥Y

7 I3

Izl Nd-Fe-Co-B  owiblise sla sy i ) shaea
X = +/+0 slie sl NdFeixCoB (smS| sla,s s
o3bel sz Ui e Ly Sl eslizal L x = v/0 5x = ¥
OGS sl slie a8 el gl s
<1 3 H3BO; 5 CoCl.6H,0 FeCls.6H,0 NdCl3.6H,0
Aol S5 S e e A el 1550 5
Jsloes ol ol g8 ol S L IS ST 5 S
© 35 S Sl sl 40 IS S e i
Lk bgliee Ko Lo eslel Jaloes 53 .0 Sl S
a3 A0 glas 5 blie Ojen 55y Celu T Dkesy
sy SSebe sb e 03 S BB SIS ek
Yoo Glos s el YE Sottows sdalewss osb o 3, o]
S U5 Ko b ods esls L3 051 5 egende a3
03 S 03 s A s KES S e pd fAS il
sk a3 Ave gles s Cell ¥l s il
J:45 Nd-Fe-Co-B (sS1 (slajn s 40 U A o3ls &l >
polae glslas o 5o NdFe 1 xCoxB (gt slad gad .5 45
S-03 3 8-02 S-01 &gty ol S X = 0/00 /Y +/0
O 55 genST sla o s e ol b Sl LA (1Sl
DY] Gl el esls e 5 JolS sbas Lo A3

il 53 NdFeixCoxB (g4uS' ‘5‘.&):_,.; sl -Y-Y-Y
(H2) 055,42
o Ha paedl 5o (g nsST glass 5 gLl 5l s
&l p sl Ndo(Fe,Co)1aB o onblise 56 |5 Ol
5 sdelcwses NdFe«CoB (sdunST slays g oyshiie ol
D3 03k SE L Lt gl b o e - e B
X =N x=0/00 LS 5Ll Al p ol ps s S
A gl s cele Vol Hp deasl o x = +/0
ol S Fp A S S Sl Sles Cow e
sladises 3 V mTorr 05,0 38 [Lis 5 Ve °C/min
ol slle () eadl 55 edd Ll s
S-H; 3 S-Ha S-Hi &) sma Ol g X = /00 /Y +/0



\"O Y«—i" g(\i'Y JL@J) L\ o)w c\Y 092 4\:5).:..__:_ 6ué)jujélf MLM/U‘)&AA})‘HJA}‘)J{;

S-Hs 5 S-05 (ki yoi sloosd oS 5 s Sl
(EDS) Syl 5 @53 SSLy amwcib Ose5l S
5S-Hs 5S-03 (slaei 5o3 EDS ¢ sazes slacids . olina
Shodleds esls Ol Y KE s abge 4l e
3 2 plard oS5 6 Sl asiie ol ST glacid
(o Lledd |25 0 5 Nd Co Fe ol 5l 4 ge
EDS jlbosei 53 55 B a4 by chnd Jles Sy
Gl 0 Lo 0T Sl 035 ol 45 555 o saline
[o] el K ol g3le KT 3 EDS 5JGT ol
b s 0 AsGa bleyas Y 55 4 Ga s As Gy ioman
3 ol il N k5 () € Sy s s
bl Loy baosle i 53 55y T 3lse o5 5 13
crost S-Hy 5 S-05 wised 53 EDS slacib alic
S-Hi & gas oS 5 03 3 0 O ST e 455 55 o0 0 el
op) &Sl il (¢ Kaiar 2alS <03 & gel b aslis 53
SE UL S b ys g (g hnST slasl lis 2als” Lsas
e, RETRRW.
s S sl S e () 5 (W)Y S
5 8-02 ladi s (FESEM) e | iosy S,
S-0; 4305 4 by o FESEM a5 a3 o 0LES |5 S-Ha
Al A ol 8 dase Ol Q) Y SS)
Llesls 1 TodpiS lyd LSES 5ol plesl a3 (i
sloul ol 33 O3 abliie gl 54 5 candl 1]
ealds obd K85 5 5o 0 300 S5 DS
JK3) S-Hay ol 3 gl K5 ¢ b 51 [W] S e uils
Ol 03 VL Wl e O s a8 5l ole b i, (L) Y
OLLS S-Ha 4 ges 3l odds 48 TEM i (LSL S s &5
Gl IS TS Jltle 5 Sty s Sl ey 4 das e
23§54 Gl 3L ()Y JK2) Wl S IS
As 4 HRTEM g5 coosl ol asedn o pl5 L TEM
S0 3 ek (6,83l (655l Dlmis dlols ((5) ¥ S2)
bee-FeCo b (g, s amir ol U 354 HRTEM ; soas
05 kST slan g bl S s bee-FeCo 36 o )ls llas

ROWINERKEL] : AFNO]

$Ec)03 ANdFcO3 ONdBO3 o304

| AN

intensity {a.u)

’
A T
ghotal Epod ob ¢ ek

T T T T T T T T T

20 30 40 50 60 70 80

26(°)
) M9 epbcFeCo  #:NdFe; 4 NdBOs

24)

SH, |

intensity (a.u)

m-k.\.‘l\.‘s.ﬁlt_l..m..ﬂdt\ﬂ\_n.__k\}jm.d U\.A.Jx,rwek.‘___hk__.u._.__-‘_.' -.u_.L

S-H,

intensity(a.u)

S-H,

T T T ¥ T ¥ T g T
435 44.0 445 45.0 455
20(°)
5SH (slasi 4o (0) S-O (slas sei (i) XRD 5,1\ JSos

SIS ke Gl LS-H sl sad (V) 1) Sy g i ()

! Elongated Particles



**—i* g(\i'Y )L@.:) ‘\ e)L«..i' ‘\Y o)j} ‘\:éj"‘:“:i Lsuéjjujb‘y MM/Q‘)KAAJ)ﬁM\))G

\n

cosfay

J
2o (2 SO,

1.8

- a =] -]

[ Y a @

PO I R RE B RIEN A A O A
[ —
e
Z.___

e

T
z 4 & 8
cosfew
0] (&) S-H,
18
1.6
1.4

Nd FelCo

NBERSSE VY | NN W WIRERNSEN

z a & B 16 1a 21
kaw

S-H3 4 50 (&) 3S-O3 4305 (AN EDS laceb ¥ S8

, ®

4> 51 S-Ho & 33 HRTEM ;525 (3) 5 S-H2 4303 TEM ; 5oa5 () S-Hz & 5ai (&) S8-02 4303 (WD FESEM , 5las ¥ |83

(CM»\JI.&)JQAYFESEMJ:»_)L@' wl.:}.& Ja;-) (C)TEM ﬁ_}.ﬁj)} eMuM



\"V Y\—i\' g(\i'Y JL@.:) L\ e)LA..i c\Y 092 4\:5).:..__:_ 6&6})@)}‘},4 MLM/U‘)&AA})‘}&J\A}‘)JQ

sl (X =070 4 x = /Y 5D CILS e i Al Ll
By 5 Ll RIB YA Slg s sk oy S
Td U5 0355 gt oml 4 el b Gla0s S
5 b e Sl gy S i sldas (Il s S e
Sblae 1l O asa 5 alls blian 5t (2alS o

IYYV] S o (S-H3 «33) x = +/0 CLM\

- (h
60 SH,

40

20
S-04

M,(emu/gr)
o

-20 4

40

-60 -

T T
0 10000 20000
H.(Oe)

T T
-20000 -10000

140 - ()
120 S-Hy
100 ]
80
60 -
40 ]

] S0
20 ] 2

20
40
,60 _‘
-80 _‘.
-100 4
-120 3
140 ]

M, (emu/gr)
(=]

T T T T
-20000 -10000 0 10000 20000
H(Oe)

(&) S-Hg

M,(emu/gr)
o~

-20000 -10000 0 10000 20000
H_ (Oe)

S-H (slaki yoi L S-0 (sladi yo Loy (slaail alio £ K&
() 3% =T (D) x = /00 () IS il ppolie sl

X=1/0

2 Rigid Bond Model

&1 805 58-05 S-01 slas yoi Loy (slacil>

o3ls LS & UK 3 S-Hy 5S-Ha S-Hi (slati sai b anmlia
Gladised 8 358 o odalie Llemw gla s 3l el 0l
SH (slad g oS Il 53 dls Ceon pmbliis Coale S-O
3B sy s e O s ¢ blae ool
O aledd OS5 5 Fe0s) ciles Coew pwiblise
Covs pblian iy 5 SU5Isls 6,0 lsl Esl S-O
53 8-0 slad yai bl 51t ol sl 0l Ladpad
(Co304) LS aeSl ol janas FerO5 3L (05 dn ]
,ls 5 ablae ool aSbec-FeCo 56 4 55 55 o L]
eblae slse Ol 4y o 3 2 STV 5N 550 ks
Co Fe wﬁ.bt;abémué}urp;px;;g&idbbpj
slgs s3> Fe-Co UM .aaes Gd Sl b 56 L Ni L
ol Sl 6o 5 VgLl bl bp i pbline
S-0 (ot sai pmbline Slaasin o) Jsds L3 [T0] o

RGO P WA I QL.L;S-H 9

St soi sl il iblis 5 (SAobsls (55,5 lads N Jgder

S-H , S-O
gudl pblae | Suly sos | gs | XCO
(M5 emu/g) (He Oe) e
a VA S-0,
/0
O0A YV S-H;
\ AL S-0,
/Y
1\ o1 S-Hz
Yo A*A S-03
v /0
A Yy S-H;

X = ML= /00 5 bl blie e (5

Jie st K155 o S-H gladsgas 53X = +/0 55 0 2alS
St 5od 53 (e ol bl 058 00l s 5 T 15
il X = o/F 4 x = +/+0 31 2IUS Jlaie sl L S-H
2 ) el Lsbeos Sl b 5 Yd 18 b b i

d el gLl iblke (o Sl ol S 555 0

! Coercivity



**—i* 4(\2'Y )L@.:) L\ DJ\L«..i' c\Y 092 4:.‘.3].:..:._{ gﬁuéjjbjb‘j‘ MM/Q‘)KA.AJ\)}EW\)}Q “/\

(f;“l ®:Ca0
-4 A:Nd3(Fe,Co)q4B
A V:NH,
0:Nd50,
+:Ca(OH)y

intensity(a.u)

20 30 40 50 60 70 80
26(°)

$55 Sl Aul 5 b edieslel S-D2 & 503 XRD (¢5801.0 K&

S Aol B 3

Lyl h s CaHy bws &l5s 1S bl iS55l

Sypoas [Y1] (BB 5“0 g o by (358 sl

A sl ) el
CaH, — Ca+2H
M, O,, + mCaH, - nM + mCaO
M +xH — MH, M

2H —» H,
(M : Nd,Fe,Co,B)

J"‘i‘f )‘ .b!.o ol J:gﬁ.::v LSL&)L‘B u.ﬂl.w‘j cw‘jl.u
wdd Latis 0 S5 XRD &I 55 a5 (s3si sl
2l gl Ndo(Fe,Co)iuB e

3Co,0, +4CaH, — 3Co +4CaO +4H, (g)

2NdFeO; +3CaH, — Nd,O; + 2Fe + 3Ca0

+3H,(g)

B,0; +3CaH, — 2B +3Ca0 +3H,(g) )
Nd,O; +3CaH, — 2NdH, +3Ca0 + H, (g)

2NdH, +2Co + 12Fe + B — Nd, Fe;,Co,B

+2H,(g)

5 ey das e 0L 0 JKEXRD (6,50 65 sbiles
S5 B 5550 S5 5 5 Ca(OH) 5 CaO asle il

4 Demagnetization Field
3 Meerson

il Siblae laie o 558 e sdalie | Jyix

sy opl s ol 2l S-Hi «sed 51 S-Hs @ses )
WY 5 el SA3S dle s IS0 1A Wl e
S I3 YV 5 VY] dsl Sbd o3Ikl il s Tes e
5 S-Hi) 5ad 55 51 S-Hs €sad gl SUslsly (55,0 e
5 S Jelse 4 (Ho) Sl s .ol 5wl S-Ha
TSk omablae (65 SKlaanl [YE] 55l Saew S5 8
St 5 2phn Dt publie odle S ol o
3 e ez 301 O b pogdtes Somed (S LIl
ol ol gl IS SLailr LS das e 0L FerxCoy
X=4/0 53 5 AL o falS atasy Hsba (Ky) 63 S leals
Sop o ulpls e e 2 Dl Sl &
oAl 4y by e Ll 5 e (x=1/0) S-Hs & 503 gl 5 Sl
5 obeed S5 L Gosh eblae (g2 Sleenls
Sty 6w 3 5L e el s Skl
5 e 5ol 3 e s L s s
Ll o o e sl oS 5 0 kil ol (Sasls
o S w53 s M bl Ol (RIH1

[Y0] 55d e S5 bsls

4 odd juw Nd2(Fe,Co)uB ol ;3 66 shaasein —Y-Y
$358 skl Ay

S-01 ot sed Nda(Fe,Co)iaB <3 6U s (6l 5
L s (CaH) pudS g yip eS| Juls L S-05 5S-0,
S 23 8 8 (6358 bl il os M s s
Gl ol 3 Lol 03l S-Dy ewboliis 503 XRD (5,510
Gods Dl das e OIS g Al b 5l L3 1) (6348
ICDD# 04-005-) Nda(Fe,Co)sB sla3ls 51 S 5 S-Dy
ICDD# 04-) NdH; «(ICDD# 04-002-4369) Nd>O3 (2083
CaO s (ICDD# 04-012-2595) Ca(OH), (006-3747
.=l (ICDD# 04-007-2174)

! Spin Canting
2 Dead Layer
3 Magnetocrystalline Anisotropy



“* **—i" ‘(\i'Y )L@.:) g\ e)La..:.' ‘\Y 092 4:.5).:.:{ 6[.;!6)}&5)}‘)# MM/U()K&AJ)}{.M‘))B

5 @358 bl Al 2 VL sl Wl e OF e 45 Wloks
(ol Sl blra) sdill b3 VL o35 o
Slea & by Lo ja 50 (@) 5 () 1 IS8 sk
sl e Y gla iS55 558Dy 5S-Di (glad 5ol
Voo 55 O3 5l dges 93 58 5 laast IS oS Cul sl
505 (5l 3 031001 &S sl ol b Ko LK e 5t

el SDp 5 503 3 o3Il 5l 5K S s~ b S-Dy

SEM MAG: 41.5 kx| Date{midiy): 020518

Aol g Bl g s Al s g L oS sl 0
Sl Aol 5 O Aoy 0l e (slajs 5 (6 s s
5 S-Di Sk 5o FESEM y5las VIS5 .23 S ol 33,
5 (G S a3 e OLE | 5 st planil 51 dx S-Ds
52 SD2 5 8D ki 4 bape SSe (9)
oS 355 m odalie pslas cpl sl ol sl oS5

Jﬁiﬁdﬂ)&ajlxll{&jlsdslwzl@CLQ.:a-l)'\QbS

SEM HV: 10.0 kW

Wiew field: 1.82 jam aam 500 nm
SEM MAG: 700 kx| Date(midly) 020518

b3 Al 3 51 s S-D2 (g1 (& 5 ) SDi gl slp (5 ) SD (slaa sa mlbidisn, N S8

5 (He) Sa bls s, oo mies [YV-YA] sl ol 55158
W gos Gpdsiand 3 dn 5 3 (M) gLl bl
Y Js9) del s 4 S-D3 5 S-D (slads yed &l 1 o S
Sl sdsiad 51 L3 S-Dy wsed gl Sl s,
DA NVYA O ltis 40 s s Aol 3 5l A Lol o 084 Oe
el 5l ( (S lsly (55,0 alS a5, e 8L

A edalie J'.;JS-D3 9 S-Dy L;LM..)N st.g cﬁjw J‘...;‘J.%

5 8Dy SDi ek sei (VSM) Loy (sl oo

VOISS 5 el pe sdpcad Aol Sl e L3 S-Ds
Bl (sl e 51 Ll el 0L (0) 5 (&) ()
o A3 sl Sl S ladpe 4S5 e sdalle
i SAIls 68 s st 5l A Lok pad 5l S 5
S 510l (Sss cnl sl (6 S (M) gLdl [iblias
SIS slad i 53 Ndo(Fe,Co)isB e ocbline 5L



**—iY g(\i'Y )L@.}) L\ D)La..i' c\Y D)j) 4:.‘.3].;:._{ 6&6}}{;;5))‘},0 MM/O‘)KAAJJﬁW\);G

s

b lite 13 6 bt ol Y g
ol glilas (6358 bl J3g, 4 el jmew Nd2(Ferx,Cox)14B

X=14/0 gXx=1/Y x=1+/40

S-Ds S-D2 S-D1

(+/0) L O] 2L
Bl S
gy 08+ Y
q. YFA YAY
PRI
s | siblae
YA VY Ve
5 9 s gLl
BUNES (Ms
VA Yy \n! . . emu/g)
FRoB [ee

Ll o ok annd laysg Sasbly g, bl

eblae 5B Os @ 358 S
£ blae 5B [ SES 5 Ndo(Fe,Co)uB oo
e 655 e Mo il mmmen 5L NdoFersBH,
S s Bl shsied Ayl Sy eddima O3
Sl pledl iblas [¥e] asl (SW,bsls 5,8 288 sy

Sl da S VA emu/gr ol o cgdscand I L3 S-Ds 4 gl

O35,

B SRy ) Sl Aul5s VA emu/gr 4 s
Sy sbaiont Ayl plol Sl ey gLl Siblae 153l
Libliae Sl L5059l (4 edalis 558-Dy 5S-Dy slass s
gl 5l ey SD3 5 SD2 SDi 50w ,a sl gl
el Ca0 L bliae p 5B Gl say sd 0l
Lol 3 b ol oslel (gladgad (5 b st Al 3
O sl ST 2S5 S 85 5,15 3 5m5 OISl sl 63 585 sl
blie B S s @ ey ol Al esls 5 b S
L NdoFewuBHy ¢ 5 sblie slajl 4 Ndy(Fe,Co)iuB
OV games pwblie ol s s5d 0 e 0-Fe
slos Sl L Nda(Fe,Co)uB a0 s bes ol
3 s M Al Sl o Kk b Sl

G 3 3| ey (SHlls (g5 2R [FY] EIs

40

1(1) gty 5| a2

30 4

N
o
1

—_
o
1

M, (emu/g)
) 25
o o o
1 i 1 i

&
o
1

IS
=]

T T T T
-10000 -5000 0 5000 10000
Magnetic field(Oe)

(<)

w
o
1

[
o
1

A
o
1

M (emu/g)
S o
1

)
o
1

'

w

o
1

T T ¥ T , T
-10000 -5000 0 5000 10000
Magnetic field(Oe)

S 3 o

o]
(=]
I

| (z)

D
o
1

S
<)
1

Sty 31 LB

[
o
|

M, (emu/g)
=R N O
o o o o
" L L 1 " 1 " 2

&
S
1

T T T T
-10000 -5000 0 5000 10000
Magnetic field(Oe)

Aol b edeslel wblin Lok sad Bl gla e VK3
Sl J._"e S-D3 (C) 9S-D2 () S-Di () (6356 sl

b g

I'Wei



i\ Y«—i" g(\i'Y JL@.:) L\ o)w c\Y D)j) 4\:.9).:..__:_ 6ué)ju‘)3lf MLM/O‘)&AA})‘HJA}‘)J{;

ol sltasiin s s el s Sdelas 5 Cwll el bl

.L)}T&Jngg.ﬂejjﬁ

e
1. Croat,J.J., Herbst, J. F., Lee, R. W., Pinkerton, F. E., "High-energy

product Nd-Fe-B permanent magnets", Applied Physics Letters,
Vol. 44, No. 1, (1984), 148-149. https://doi.org/10.1063/1.94584

2. Sagawa, M., Fujimura, S., Togawa, N., "New material for
permanent magnets on a base of Nd and Fe (invited)", Journal of
Applied  Physics, Vol. 55, No. 6, (1984), 2083-2087.
https://doi.org/10.1063/1.333572

3. Strnat, K. J., Strnat, R. M. W., "Rare earth-cobalt permanent
magnets", Journal of Magnetism and Magnetic Materials, Vol.
100, No. 1-3, (1991), 38-56. https://doi.org/10.1016/0304-
8853(91)90811-N

4. Kim, C,, Kim, Y. H,, Pal, U., Kang, Y. S., "Facile synthesis and
magnetic phase transformation of Nd-Fe-B nanoclusters by
oxygen bridging", Journal of Materials Chemistry C, Vol. 1, No.
2, (2013), 275-281. https://doi.org/10.1039/C2TCO0083K

5. Brown, D., Ma, B., Chen, Z., "Developments in the processing and
properties of NdFeb-type permanent magnets", Journal of
Magnetism and Magnetic Materials, Vol. 248, No. 3, (2002), 432-
440. https://doi.org/10.1016/S0304-8853(02)00334-7

6. Zhong, Y., Chaudhary, V., Tan, X., Parmar, H., Ramanujan, R. V.,
"Mechanochemical synthesis of high coercivity Nd,(Fe,Co)4B
magnetic particles", Nanoscale, Vol. 9, No. 47, (2017), 18651-
18660. https://doi.org/10.1039/C7NR04703G

7. Crespo, P., Neu, V., Schultz, L., "Mechanically alloyed
nanocomposite powders of -Fe with additional elements", Journal
of Physics D: Applied Physics, Vol. 30, No. 16, (1997), 2298-
2303. https://doi.org/10.1088/0022-3727/30/16/007

8. Saito, T., "Electrical resistivity and magnetic properties of
Nd-Fe-B alloys produced by melt-spinning technique", Journal of
Alloys and Compounds, Vol. 505, No. 1, (2010), 23-28.
https://doi.org/10.1016/j.jallcom.2010.05.175

9. Km, C. W.,, Km, Y. H., Cha, H. G., Kang, Y. S., "Study on
synthesis and magnetic properties of Nd—Fe-B alloy via reduction—
diffusion process", Physica Scripta, Vol. 321, No. T129, (2007),
321-325. https:doi.org/10.1088/0031-8949/2007/T129/071

10. Ma, H. X., Kim, C. W, Kim, D. S., Jeong, J. H., Kim, I. H., Kang,
Y. S., "Preparation of Nd—Fe—B by nitrate—citrate auto-combustion
followed by the reduction—diffusion process", Nanoscale, Vol. 7,
No. 17, (2015), 8016-8022. https://doi.org/10.1039/C5NRO1195G

11. Liu, T. Y., Chen, C. J. C., Lin, H., Chang, W. C., "Effect of NdF;
and NdCl; substitution for Nd,O; on the reduction—diffusion
process of Nd-Fe-B powders", Journal of. Applied Physics, Vol.
70, No. 10, (1991), 6612-6614. https://doi.org/10.1063/1.349874

12. Ahmadpour, Gh., Samardak, A. Y., Korochentsev, V. V.,
Osmushko, I. S., Samardak, V. Y., Komissarov, A. A., Shtarev, D.
S., Samardak, A. S., Ognev, A. V., Nasirpouri, F., "Microstructure,
composition and magnetic properties of Nd chemical method",
Advanced Powder Technology, Vol. 32, No. 11, (2021), 3964-
3979. https://doi.org/10.1016/j.apt.2021.08.040

13. Park, J. H. J., Ro, C., Suh, S. J., "Fe/Co ratio dependent excellent
microwave absorption of FeCo alloys with a wide bandwidth in the
high-frequency region", Materials Research Bulletin, Vol. 145,
(2022), 111513.
https://doi.org/10.1016/j.materresbull.2021.111513

14. Chinnasamy, C., Herr, J., Pai, R., Cui, B., Li, W., Liu, J. F., "Gram
scale synthesis of high magnetic moment Fel00—xCox alloy
nanoparticles: Reaction mechanism, structural and magnetic
properties and its application on nanocomposite", Journal of.
Applied Physics, Vol. 111, No. 7, (2012), 07B539 1-3.
https://doi.org/10.1063/1.3679438

15. Birajdar, B., Peranio, N., Eibl, O., "Quantitative boron-analysis
using EDX in SEM and TEM", Microscopy and Microanalysis,

3 Haik

S 358 sl Al B Lol 5w Nd-Fe-B (sla s 5
odsl3la by Salsls g5 ,m 2als Ol Kiass opl diles S
Gl sl 0,3 4 ol 356 5 T LCaO xSty 31, Hy
35 edalcsa SU,lsls 65,0 Llesls Cuwi Nd-Fe-B 36
5 e by i 2SS Sl VL Qo e
opmaman ol [YE] S 57 ey 5 VY] 2L
SdEl sl Yer Oe & SKony o SHbls s,m i
5T by 358 sl by, 4 edddd 5 Nd-Fe-B

Al S re] L Kes

S w4
Fo Sl G358 bl gled Sy ) esland
oo eslinal ) sleas Ndo(Fe,Co)iaB e cnibline slays
el 5 e ol CdS L el lal T el
S-St Sl gy ol hassy o AL ails ol es 4
Soas 33 L(S-05 5 S-02 S-O1 (slass 503) Nd(Ferx-Cox)B
Lodes b Ll 5 O3 S L L) o cosline ol
A S 13 ol Slles o (8358 b)) eedS
b liis Caale S-H (glads yos 48 51> OLiS sslisn =
b S sl 8D sbadpas S Jss igls e
sl 0L s gt 5 Csew b lise ol (Ndo(Fe,Co)14B
Soe SD ekl phsiad wld el 5l dsy
WZ3L (M) gl jtblae 5 talS (He) (S0l
St 3 ¢l s 4 (VA Oe) M 5 (08 Oe) He :p 2iey

Jwi w3 S-D3 }S—Dz

o Bl -0
i A s oKl Gl Wl ol 0B a5
S elan onl el sl oY SULl 0351 pal b Hse
TS S5 sl oKin sy dacsalaans oaSiin g olKiyle]
haasia 5 sma Aol B Odsbe) plnil 4 s Ddsles 5

oy 533 G0 s oS 5l pioman 5 Lok gad 31 5

I Abid
2 Rahimi


https://doi.org/10.1063/1.94584
https://doi.org/10.1063/1.333572
https://doi.org/10.1016/0304-8853(91)90811-N
https://doi.org/10.1016/0304-8853(91)90811-N
https://doi.org/10.1039/C2TC00083K
https://doi.org/10.1016/S0304-8853(02)00334-7
https://doi.org/10.1039/C7NR04703G
https://doi.org/10.1088/0022-3727/30/16/007
https://doi.org/10.1016/j.jallcom.2010.05.175
https://doi.org/10.1088/0031-8949/2007/T129/071
https://doi.org/10.1039/C5NR01195G
https://doi.org/10.1063/1.349874
https://doi.org/10.1016/j.apt.2021.08.040
https://doi.org/10.1016/j.materresbull.2021.111513
https://doi.org/10.1063/1.3679438

**—iY g(\i'Y )L@.}) L\ D)La..i' c\Y 092 4:.‘.3].;:._{ 6&6}}L§jb‘}ﬁ MM/Q‘)KAAJJﬁW\)}G i*

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Meerson, G. A., Kolchin O. P., "Mechanism of the reduction of
zirconium and titanium oxides by calcium hydride", Soviet
Journal of Quantum Electronics, Vol. 2, No. 3, (1957), 305-312.
https://doi.org/10.1007/BF01514612

Guo Y., You, J., Pei ,W., Qu, Y., Zhao, D., Yang, Z., "Effect of
(C,H;5);NBH; content on microstructure and properties of Nd-Fe-B
nanoparticles prepared by chemical and reduction-diffusion
method", Journal of Alloys and Compounds, Vol. 777, (2019),
850-859. https://doi.org/10.1016/j.jallcom.2018.10.398

Wang, L., Zhang, M. G., Guo, J. D., Zhang, B. H., Xu, X. H., "The
reaction mechanism in the hydrothermal synthesis of Nd,Fe;;B
magnetic particles", Journal of Solid State Chemistry, Vol. 296,
(2021), 122003. https://doi.org/10.1016/j.jssc.2021.122003

Wang, L., Zhang, M. G., "Preparation of high-performance
Nd-Fe-B magnetic powder by hydrothermal method assisted via
ball milling", Journal of Solid State Chemistry, Vol. 305, (2022),
122659. https://doi.org/10.1016/j.jssc.2021.122659

Parmar, H., Xiao, T., Chaudhary, V., Zhong, Y., Ramanujan, R. V.,
"High energy product chemically synthesized exchange coupled
Nd,Fe 4sB/a-Fe magnetic powders", Nanoscale, Vol. 9, No. 37,
(2017), 13956-13966. https://doi.org/10.1039/C7NR02348K

Ngo, H. M., Lee, G., Haider, S. K., Pal, U., Hawari, T., Kim, K.
M., Kim, J., Kwon, H. W., Kang, Y. S., "Chemical synthesis of
Nd,Fe;sB/Fe—Co nanocomposite with high magnetic energy
product", RSC Advances, Vol. 11, No. 51, (2021), 32376-32382.
https://doi.org/10.1039/D1RA03760A

Wei, H., Wang, F., Du, J., Xia, W., Zhang, J., Liu, J. P., Yan, A.,
"Synthesis of ferromagnetic Nd,Fe;sB nanocrystalline via
solvothermal decomposition and reduction—diffusion calcination",
IEEE Transactions on Magnetics, Vol. 51, No. 11, (2015), 1-4.
https://doi.org/10.1109/TMAG.2015.2441094

Hussain, A., Jadhav, A. P., Baek, Y. K., Choi, H. J., Lee, J., Kang,
Y. S., "One pot synthesis of exchange coupled Nd,Fe,4B/a-Fe by
Pechini type sol-gel method", Journal of Nanoscience and
Nanotechnology, Vol. 13, No. 11, (2013), 7717-7722.
https://doi.org/10.1166/jnn.2013.7833

Rahimi, H., Ghasemi, A., Mozaffarinia, R., "Controlling of
saturation of magnetization of Nd—Fe—B nanoparticles fabricated
by chemical method", Journal of Superconductivity and Novel
Magnetism, Vol. 30, No. 2, (2017), 475-481.
https://doi.org/10.1007/s10948-016-3717-6

Haik, Y., Chatterjee, J., Jen Chen, C., "Synthesis and stabilization
of Fe-Nd-B nanoparticles for biomedical applications", Journal
of Nanoparticle Research, Vol. 7, No. 6, (2005), 675-679.
https://doi.org/10.1007/s11051-005-5467-4

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Vol. 13, No. S03, (2007), 290-291.

https://doi.org/10.1017/S1431927607081457

Jadhav, A. P., Ma, H., Kim, D. S., Baek, Y. K., Choi, C. J., Kang,
Y. S., "Nd,Fe 4B synthesis: Effect of excess neodymium on phase
purity and magnetic property", Bulletin of the Korean Chemical
Society (BKCS), Vol. 35, No. 3, (2014), 886-890.
https://doi.org/10.5012/bkes.2014.35.3.886

Hazarika S., Mohanta, D., "Oriented attachment (OA) mediated
characteristic growth of Gd,0; nanorods from nanoparticle seeds",
Journal of Rare Earths, Vol. 34, No. 2, (2016), 158-165.
https://doi.org/10.1016/S1002-0721(16)60009-1

Braga, T. P., Dias, D. F., de Sousa, M. F., Soares, J. M., Sasaki, J.
M., "Synthesis of air stable FeCo alloy nanocrystallite by proteic
sol-gel method using a rotary oven", Journal of Alloys and
Compounds, Vol. 622, (2015), 408-417.
https://doi.org/10.1016/j.jallcom.2014.10.074

Chenari, H. M., Mottaghian, F., "An investigation of the structural,
morphological, optical, and magnetic properties of electrospun
Co30; fibres", Journal of Advanced Materials and Technologies
(JAMT), Vol. 9, No. 3, (2020), 19-25.
https://dx.doi.org/10.30501/jamt.2020.232114.1090

Omelyanchik, A., Varvaro, G., Maltoni, P., Rodionova, V.,
Murillo, J. P. M., Locardi, F., Ferretti, M., Sangregorio, C., Canepa,
F., Chernavsky, P., Perov, N., "High-moment FeCo magnetic
nanoparticles obtained by topochemical H, reduction of
Co-ferrites", Applied Sciences, Vol. 12, No. 4, (2022), 1899.
https://doi.org/10.3390/app12041899

Matsuura, Y., Hirosawa, S., Yamamoto, H., Fujimura, S., Sagawa,
M., "Magnetic properties of the Nd,(Fe; Coy)14B system", Applied
Physics  Letters, Vol. 46, No. 3, (1985), 308-310.
https://doi.org/10.1063/1.95668

Gubin, S. P., Koksharov, Y. A., Khomutov, G. B., Yurkov, G. Y.,
"Magnetic nanoparticles: Preparation, structure and properties",
Russian Chemical Reviews, Vol. 74, No. 6, (2005), 489-520.
https://doi.org/10.1070/RC2005v074n06ABEH000897
Shahbahrami, B., Rabiee., S. M., Shidpoor., R., "An overview of
cobalt ferrite core-shell nanoparticles for magnetic hyperthermia
applications", Advanced Ceramics Progress, Vol. 6, No. 1, (2020),
1-15. https://dx.doi.org/10.30501/acp.2020.105923

Shahbahrami, B., Rabiee, S. M., Shidpoor, R., SalimiKenari, H.,
"Role of praseodymium addition in the microstructure and
magnetic properties of ZnCo ferrite nanopowders: Positive or
negative?", International Journal of Engineering, Vol. 35, No. 1,
(2022), 14-20. https://doi.org/10.5829/ije.2022.35.01A.02
Chaubey, G. S., Barcena, C., Poudyal, N., Rong, C., Gao, J., Sun,
S., Liu, J. P., "Synthesis and stabilization of FeCo nanoparticles",
Journal of the American Chemical Society, Vol. 129, No. 23,
(2007), 7214-7215. https://doi.org/10.1021/ja0708969


https://doi.org/10.1017/S1431927607081457
https://doi.org/10.5012/bkcs.2014.35.3.886
https://doi.org/10.1016/S1002-0721(16)60009-1
https://doi.org/10.1016/j.jallcom.2014.10.074
https://dx.doi.org/10.30501/jamt.2020.232114.1090
https://doi.org/10.3390/app12041899
https://doi.org/10.1063/1.95668
https://doi.org/10.1070/RC2005v074n06ABEH000897
https://dx.doi.org/10.30501/acp.2020.105923
https://doi.org/10.5829/ije.2022.35.01A.02
https://doi.org/10.1021/ja0708969
https://doi.org/10.1007/BF01514612
https://doi.org/10.1016/j.jallcom.2018.10.398
https://doi.org/10.1016/j.jssc.2021.122003
https://doi.org/10.1016/j.jssc.2021.122659
https://doi.org/10.1039/C7NR02348K
https://doi.org/10.1039/D1RA03760A
https://doi.org/10.1109/TMAG.2015.2441094
https://doi.org/10.1166/jnn.2013.7833
https://doi.org/10.1007/s10948-016-3717-6
https://doi.org/10.1007/s11051-005-5467-4

Journal of Advanced Materials and Technologies (JAMT): Vol. 12, No. 1, (Spring 2023), 43-56

Journal of Advanced Materials and Technologies

Materials and Energy
Research Center

Journal Homepage: www.jamt.ir MERC

Original Research Article - Extended Abstract

Effect of Brushing Direction and Annealing on the Microstructure and Bonding
Strength of AA6061 Aluminum Alloy Processed by Accumulative Roll-Bonding

Bahman Mirzakhani ' ! *, Alireza Khojasteh Abbasi* %, Saeed Shabestari * 3

! Associate Professor, Department of Materials Science and Engineering, School of Engineering, Arak University, Arak, Markazi, Iran
2 M. Sc. Student, School of Metallurgy and Materials Engineering, Iran University of Science & Technology, Tehran, Iran
3 Professor, School of Metallurgy and Materials Engineering, Iran University of Science & Technology, Tehran, Iran

*Corresponding Author’s Email: b-mirzakhani@araku.ac.ir (B. Mirzakhani)

Paper History:

Received: 2022-08-04

Revised in revised form: 2022-06-15
Scientific Accepted: 2022-06-20

Keywords:

Accumulative Roll-Bonding,
AA6061 Alloy,

Brushing,

Peeling Test,

Fractography

Abstract  Accumulative Roll-Bonding (ARB) process is a Severe Plastic Deformation (SPD) process run to
produce Ultra-Fine Grained (UFG) sheets using intense plastic strains via rolling machine. In this research, the
effect of surface condition (brushing) and annealing treatment on the fracture surface and bonding strength of
the ARBed AA6061 sheets was investigated. In this regard, the specimen surfaces were first brushed in three
different directions, i.e., Rolling Direction (RD), Transverse Direction (TD), and both RD and TD. The ARB
process was conducted up to five cycles, and specimens were tested after the first, third, and fifth cycles. The
annealing treatment was conducted for two hours at 415 °C after the first, third, and fifth cycles. The bonding
strength and hardness profile in the cross-section (perpendicular to the rolling direction) were measured through
peeling and hardness tests, respectively. The results show that RD is the most effective direction for brushing to
achieve high bonding strength with the mean strength of 0.60 N/mm. The fracture surfaces of the specimen were
observed using a Scanning Electron Microscope (SEM). The results represent the broad areas of mechanical
bonding in the rolling direction. Further, post-annealing treatments are shown to increase the bonding strength.

https://doi.org/10.30501/jamt.2022.312572.1195 URL: https://www.jamt.ir/article 152144.html

1. INTRODUCTION

The 6XXX serries of aluminum alloys are widely used
in both automotive and airospace industiries due to their
high strength and good corrosion resistance [1]. Grain
boundary strengthening is considered the main
mechanism in Sever Plastic Deformation (SPD)
methods such as Accumulative Roll-Bonding (ARB).
Introduced by Saito et al., this process can be easily used
for manufacturing the AA6XXX sheets [2-4]. There are
many ARB parameters that affect the strength of the
sheet bonds [4-12] among which, the surface quality and
sheet formabilty are the significant ones. According to
the studies, annealing befor rolling enhances the
bonding strength and also improves the overall strength
due to the diffusion bonding in some cases [13, 14].
Sheet surface must be cleaned and burnished in order to
obtain strong bonding [15]. To date, a majority of
research studies have focused on the ARB pass number
and different materials found in the bond layers [6-14].
Rezaei et al. [16] investigated the impact of texture and
annealing treatment on the ARBed AA6061 sheets.
Zhang et al. [17] examined the tensile properties of
three-layer composite of AA6061-Ti-AA6061 via
rolling at 400, 450, and 500 °C. The two layers of 1 XXX
and 7XXX serries of aluminum alloys through transvers
ARB were manufactured by Magalhaes et al. [7]. A few
studies also evaluated the impact of burnishing
conditions on the bond strength. Jamaati and

Toroghinejad [18] investigated the effect of the size of
bunishing wire on the quality of the AA1100 ARB
bonds. The current study aims to evaluate the effects of
the burnishing direction of sheets befor ARB and and
hteir temper conditions, e.g., work hardened or fully
annealed of sheets on the strength and microstructure of
bonding.

2. MATERIALS AND METHODS

In this study, the AA6061 sheets of 1 x 45 x 200 mm?
were prepaed for ARB. They were first cleaned by
aceton for five minutes and then, the internal surfaces of
the sheets were burnished by 0.5 mm steel wire in three
directions, i.e., RD, TD, and RD-TD. The ARB was
performed by 200 mm rolls and 20 ton rolling machine.
The effect of different temper conditions of the materials
was also studied by annealing one or both sheets at
415 °C for 120 min. All the ARBed samples were then
tested by Universal Testing Machine to measure the
bonding strength based on the ASTM DI1876-08
standard [19]. The quality of the sheet surface and
interface were also investigated by Tescan SEM as well.

3. RESULTS AND DISCUSSION
3.1. The influence of burinishing direction

The results of peel testing are shown in Table 1
according to which, the bonding strength of the RD

Please cite this article as: Mirzakhani, B., Khojasteh Abbasi, A. R., Shabestari, S., "Effect of brushing direction and annealing on the microstructure
and bonding strength of AA6061 aluminum alloy processed by accumulative roll-bonding", Journal of Advanced Materials and Technologies
(JAMT), Vol. 12, No. 1, (2023), 43-56. (https://doi.org/10.30501/jamt.2022.312572.1195).
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burnished ARB sheets is almost twice that of the TD and
RD-TD ones, as shown in the SEM micrograph depicted
in Figure 1. The cracks detected in the the fracture
surface of the ARB sheets burnished in the RD are more

and larger than those in the other two other directions of
TD and RD-TD. Therefore, the extruded material into
these notches is more possible in the case of RD
burnished sample.

Table 1. The results of peel test of three burnishing direction of ARB sheets

Burnishing direction Mean force (N) Mean strength (MPa)
RD 15.4 0.6
TD 9.1 0.35
RD-TD 8.8 0.34

SEMHV:2000KV  WD: 1BAT mm
View fiekd; 541.7 ym  Det: BSE
SEM MAG: 400 %

SEM HV/: 20,00 KV WD: 15.98 mm
Viewfleld: 7223 ym  Det: BSE
SEM MAG: 300 % Diate(miiyy: 0672619

(@)

Iran Uni_ Sci. Tech
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Defe(midéy): 08/26/1%
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SEM MAG: 100 kx

Iran Uni, Sel. Tech

Iran Uni, Sei, Tech

(b) ©

Figure 1. SEM micrograph of fracture surface after peeling test of a) RD, b) TD and ¢) RD-TD burnished samples

3.2. The influence of annealing

In order to determine the effect of the material temper
on the bonding resistance, half of the sample is annealed
after ARB in Cycles 2 and 4 and then rolled. The SEM

Not-Annealed

e e

Annealed

SEMHV 2000 kY WD: 15.44 mm
View field: 1.20 mm Det: BSE 200 pm
SEM MAG: 180 % Dalem/diy): 08/1319

(@)

VEGAW TESCAN

Iran uni. Sci. Tech.

images of the bond interface are illustrated in Figure 2
that shows the improvement in the ductility of the
material due to annealing, thus leading to strong
interface and less discontinuity in ARB Cycle 5 than that
in Cycle 3.

Not-Annealed

Annealed

SEM V- 2000 KV WD: 15.60 mm VEGAN TESCAN
View field: 1.20 mm Det: BSE 200 pm 4
SEM MAG: 180 x Dateim/ddy): 0813/19 n

Iran uni. Sci, Tech.

(b)

Figure 2. SEM micrograph of sheet interface after; a) 3 and b) 5 ARB cycles

4. CONCLUSION

1. The peeling resistance values of the ARB sheet
burnished in the RD, TD, and RD-TD directions were
obtained as 0.6, 0.35, and 0.6 MPa, respectively.

2. Burnishing in the RD intensified the surface hardness
and created a transvers crack which in turn improved
the interface bonding.

3. Annealing half of the ARB sheets after Cycles 2 and
4 ARB led to the extrusion of material into cracks
much easier, hence strong bonding.
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Abstract This study aims to improve the wear resistance of mullite ceramics as one of the most critical
engineering ceramics by adding tungsten carbide (WC) particles. For this purpose, mullite-WC composites
without and with adding 5, 10, and 15 % by weight of WC particles produced by Spark Plasma Sintering (SPS)
method. In addition, it investigates the effect of sintering temperature on the wear resistance of mullite-WC
composites applied by the SPS process at 1300 °C, 1350 °C, 1400 °C, and 1450 °C for 4 minutes under the
pressure of 30 MPa. The results pin on the disk testing indicates that upon increasing the weight percentage of
WC particles and increasing the sintering temperature up to 1400 °C, the wear resistance of mullite-WC
composites would increase. However, increasing the sintering temperature up to the range of 1450 °C led to a
decrease in the wear resistance due to the poor mechanical properties and formation of the W,C phase. The
results from Scanning Electron Microscopy (FESEM) analysis are indicative of the formation of abrasive wear
and surface layer structure mechanisms on the surface in mullite ceramics samples with and without WC

reinforcing particles.
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1. INTRODUCTION

Mullite (3A1:03.2S10») is one of the aluminosilicate
phases with promising properties such as high-
temperature stability, excellent thermal shock, creep
resistance, suitable mechanical strength, and low
thermal conductivity. These properties make the mullite
a good option for high-temperature applications [1]. The
tribological properties of ceramic composite materials
are greatly affected by their mechanical properties and
inherent brittleness. Improving the microstructure of the
ceramic matrix composites during the production
process has in turn caused a significant improvement in
the ceramic wear properties [2]. Among various
sintering techniques, Spark Plasma Sintering (SPS),
compared to other conventional sintering techniques,
provides the ceramic sintering with a high melting point
in a short time by applying a combination of uniaxial
pressure and electric current [3]. Recently, Mullite
reinforced by different reinforcement oxide and carbide
materials such as TiC [4], SiC [5], Ta,0Os [6], and ZrO,
[7] sintered by fast sintering techniques showed
significant improvement in the mechanical properties of
monolithic mullite bodies. In our previous works, the
effects of sintering temperature and addition of tungsten
carbide reinforcement phase into the mullite matrix
composite synthesized through the direct reaction of
Alumina and Kaolin were investigated. The findings
suggested that followed by adding the optimum amount

of tungsten carbide to the mullite, the properties of
monolithic mullite can be significantly improved [8, 9].
The current study aims to investigate the tribological
properties of the mullite-tungsten carbide composite
based on the Pin on Disc (PoD) method.

2. MATERIALS AND METHODS

Mullite powder was prepared through a direct reaction
of alumina and kaolin. More details of the preparation
process are reported in the literature [10]. Tungsten
carbide powder with the average particle size of 3
microns provided by Alfa Aesar Co. (Art No. 12070)
was used as the reinforcing phase. Spark plasma
sintering technique was employed to consolidate mullite
matrix composites reinforced with 5, 10, and 15 wt % of
tungsten carbide. The mixture of composite powder was
placed into a graphite die of 30 mm in diameter and then
sintered using an SPS machine (SPS-20T-10, china)
under an initial vacuum atmosphere of 13 Pa and
punching pressure of 30 MPa. The sample heated up at
a constant rate to reach the optimum temperature of
1400 °C [8]. In order to investigate the effect of sintering
temperature on the wear properties of mullite-tungsten
carbide composite, the sample containing 10 wt %
tungsten carbide was sintered at three temperatures of
1350, 1400, and 1450 °C using the SPS technique.

Scanning Electron Microscopy (SEM), (ZEISS)
operating at 15 KV was used to observe and measure the
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width of the wear tracks. X-Ray Diffraction (XRD),
(Philips, Cu Ka 40 KV, 30 mA, Step size: 0.02°) was
used to check the phase analysis of the sample after the
sintering process with SPS.

According to the ASTM-C1327-08 standard, the
Vickers hardness was measured using a microhardness
tester (MVK-H21, Akashi Co.) under an applied load of
1 kg for the specimens that were prepared using the
standard metallographic polishing techniques down to 1
pm. Pin on disc testing (according to ASTM G132-96)
was also done to measure the wear resistance of the
sintered samples. The diameter of the samples was 30
mm. Further, a tungsten carbide counterpart pin with the
hardness of 80 HRA was used.

3. RESULTS AND DISCUSSION

Figure 1 shows the microhardness variation and wear
track width with respect to the content of the tungsten
carbide at the composition. It can be seen that upon
increasing the percentage of the reinforcing tungsten
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carbide phase, the microhardness of the sintered samples
increased that in turn improved the wear resistance of
the composite. The hardness value for monolithic
mullite was first equal to 12.69 GPa which further
reached its maximum value of 15.89 GPa regarding the
composite with 10 wt % WC but later, it slightly
dropped with adding further WC content.

Figure 2 shows the microhardness variation and wear
track width with respect to the sintering temperature of
SPS in the sample containing 10 wt % tungsten carbide.
According to this graph, with an increase in the sinter
temperature, the width of the wear area decreased at
1400 °C and then increased slightly at 1450 °C.
According to the results from the XRD analysis of the
Mullite-10 % WC-1450 sample, some tungsten carbide
is dicarburized and W>C phase is formed. The
mechanical properties of this phase are weaker than
those of tungsten carbide. Therefore, the wear resistance
of the Mullite-10 %WC composition at 1450 °C
decreased while the width of the wear area increased.
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Figure 1. Triple diagram of hardness - wear width - percentage of tungsten carbide in samples sintered at 1400 °C
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4. CONCLUSION

In this study, the tribological properties of mullite-
tungsten carbide composite prepared through Spark
Plasma Sintering (SPS) were investigated using the pin

on disc test. The results of the microhardness and pin on
disc test indicated that the higher percentage of tungsten
carbide improved the hardness and wear resistance of
the consolidated composite. In addition, with further
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increase in the sinter temperature, the wear resistance
increased at 1400 °C and then, it slightly decreased at
the 1450 °C. The decrease in the wear resistance resulted
from dicarburization of tungsten carbide and its
transformation into W,C phase in the plasma spark
sintering process.

5. ACKNOWLEDGEMENT

By this means, we thank the officials of the

laboratories of Materials and Energy Research Center.

REFERENCES

1.

Mazdiyasni, K., Brown, L., "Synthesis and mechanical properties
of stoichiometric aluminum silicate (mullite)", Journal of the
American Ceramic Society, Vol. 55, (1972), 548-552.
https://doi.org/10.1111/j.1151-2916.1972.tb13434.x

Silvestre, J., Silvestre, N., De Brito, J., "An overview on the
improvement of mechanical properties of ceramics
nanocomposites", Journal of Nanomaterials, Vol. 2015, (2015).
https://doi.org/10.1155/2015/106494

Mamedov, V., "Spark plasma sintering as advanced PM sintering
method", Powder Metallurgy, Vol. 45, (2002) 322-328.
https://doi.org/10.1179/003258902225007041

Ghahremani, D., Ebadzadeh, T., Maghsodipour, A.,
"Densification, microstructure and mechanical properties of
mullite-TiC composites prepared by spark plasma sintering",
Ceramics International, Vol. 41, (2015), 1957-1962.
https://doi.org/10.1016/j.ceramint.2014.07.146

Gao, L., Jin, X., Kawaoka, H., Sekino, T., Niihara, K.,
"Microstructure and mechanical properties of SiC—mullite
nanocomposite prepared by spark plasma sintering", Materials
Science and Engineering: A, Vol. 334, (2002) 262-266.
https://doi.org/10.1016/S0921-5093(01)01898-6
Derakhshandeh, S. M. R., Sirati Gohari, M., Karimi Saeidabadi,
E., Jam, A., Rajaei, H., Fazili, A., Alizadeh, M., Ghasali, E.,
Pakseresht, A. H., Ebadzadeh, T., "Comparison of spark plasma
and microwave sintering of mullite based composite:
mullite/Ta,0s reaction", Ceramics International, Vol. 44, (2018)
13176-13181. https://doi.org/10.1016/j.ceramint.2018.04.142
Khor, K. A., Yu, L., Li, Y., Dong, Z. L., Munir, Z., "Spark plasma
reaction sintering of ZrO,—mullite composites from plasma
spheroidized zircon/alumina powders", Materials Science and
Engineering: A, Vol. 339, (2003) 286-296.
https://doi.org/10.1016/S0921-5093(02)00151-X

Rajaei, H., Farvizi, M., Mobasherpour, 1., Zakeri, M., "Effect of
spark plasma sintering temperature on microstructure and
mechanical properties of mullite-WC composites", International
Journal of Refractory Metals and Hard Materials, Vol. 70,
(2018), 197-201. https://doi.org/10.1016/j.ijrmhm.2017.10.012
Rajaei, H., Farvizi, M., Mobasherpour, 1., Zakeri, M., "Effect of
composition on mechanical properties of mullite-WC nano
composites prepared by spark plasma sintering", Tribology in
Industry, Vol. 38, (2016) 552-558.
https://www.tribology.rs/journals/2016/2016-4.html

. Rajaei, H., Farvizi, M., Mobasherpour, 1., Zakeri, M., "Effect of

mullite synthesis methods on the spark plasma sintering behaviour
and mechanical properties", Micro & Nano Letters, Vol. 11,
(2016) 465-468. https://doi.org/10.1049/mnl.2016.0092


https://doi.org/10.1111/j.1151-2916.1972.tb13434.x
https://doi.org/10.1155/2015/106494
https://doi.org/10.1179/003258902225007041
https://doi.org/10.1016/j.ceramint.2014.07.146
https://doi.org/10.1016/S0921-5093(01)01898-6
https://doi.org/10.1016/j.ceramint.2018.04.142
https://doi.org/10.1016/S0921-5093(02)00151-X
https://doi.org/10.1016/j.ijrmhm.2017.10.012
https://www.tribology.rs/journals/2016/2016-4.html
https://doi.org/10.1049/mnl.2016.0092

OV—-\* g(\i'Y )L@.:) u\ AJLQ...; AY 09> A:.‘BJ..L.: 6[.&6))[}3)3'},0 MLLA_‘B

435’2.3 6\.@.;)‘9\.'5‘9:“9.4 MM

Journal Homepage: www.jamt.ir

ar & b
(f//ﬂ ] M!‘oL/.’/;

MERC

g S Al

wwﬁ.a .x.aJlS—uY_,.a L;Uhuj_,‘.ols «J""L"' ng\.ﬂ.ojw& J.d)ls d:jj.ﬂfab

6‘43,"- Ls\.owo)b w?ua ‘J.OJJMOMW

50 demme T (5 S15 demes KT g ks Olaul T 0L sl Vs ol e

Ol g S wsipl 5 2lse olKi g «SKoal e 0l S5 2 ¢ o

Ol 35 2 olSils 5y oo 5 Olwo _puorligo 0dSiils 3l go pocligs 05,5 Lotz

Il S w551 5 5o ol g 5 (Ko o 0l g 30 pliils”

i 3 S Ol Vs Gl (e @ Caglis S (Ghas cal 5l Sua oS>
LN e glaca5uelS e ol (gl ol 2K A8 3 B3l b ) e SlaSal
S 2 oDy S Sy daw 5 2 &S Ayl 3 S5 e yn V0 5V 0 Do L s s 2K
A=V se a5 5008 Sl & sl s 8 Glos ST s pskes ol edle LAS A5

£ et o gedis 433 V8O0 5 VEee ATO0 OV glales 55 (gl 2 Sladly s Aol b nnKS

:Ajuﬁ %Ju
AFRVER VAR S P RG]
Ve N/ UYY :a.,L'LCBLpl i sl s

VENVAT e i

:Lhajb.\:.ls

SIS el O Sl Sos 655 G 05031 b oy plnil 4 JSCLG Y LS Jlasl U adds

Sl Canglin (eged s VB0 U d i gles SRl s oS8 UolS Sy s Lo Yy
s V80 e3gdoes Byt (glos il il &S Jlm s el 4l mlil 2l K5 8- se lacy 5l GRS S
ol
@Bl el e il 4 Caglie alS 4 WaC 5B S 5 SO ol il Wses (e g u’”*g
- - s
s 8 da,‘ 53 0d sl 5 olal le a8l sbal Sl Ly, S, oKy Koo 5L
el 2SS A8 e diS el 58 3 s 5 b mY e glad ses 5 il
https://doi.org/10.30501/jamt.2022.350273.1236  URL: https://www.jamt.ir/article_158646.html
LY 5 aodae —\

SLSalw wdd ol s ol 8 e

ig....? SOl ol e (el glas )8 s Y s

(~ Yo MPam'?) S coSs (Sejir il Cias

s oS Sadite s e SRl 4 el

Sl AW il (s en 4 [V] dies Slacys sde

Slada; 51 (S5 Olpsa ¥ Sl w5 Ses 5
ol e OS5 s

Pl s Gl s S e s e ) LSS

oS o sE b3 sl eslaad Ve Sl SO

ool Rl s (Vs Sl o5l

b ahi (Gl Sh 4 Caslie Osman (93 Ba e
Slaad o Sages 5SS pland OIGL 5 (Y PO
S sl b ol s oV ge 555 0 Jled 4 o
S Sl 4 J el opl Cans s 45 Sl 055
S pslis lesle SV U ol ot o Sy
B N RUALT T AN ISR
53 LOssSE Sl sl el Ol ALO3/S10; s

V] el &Y e 550 duf}a in-’ S sk sl

23k Slagl 1Ol Sls 0ags™

YR OAMA IS 93 o YIFTAS £ 10l (Sl o 0t 53 (5551 5 3150 o3 S Ol ! S8

i.mobasherpour@merc.ac.ir :)KS(-L:@


https://doi.org/10.30501/jamt.2022.350273.1236
https://doi.org/10.30501/jamt.2022.350273.1236
mailto:i.mobasherpour@merc.ac.ir
http://journals.merc.ac.ir/
https://www.jamt.ir/
https://doi.org/10.30501/jamt.2022.350273.1236
https://www.jamt.ir/article_158646.html

-\\ OV—'\‘\ L(\i'Y )L@.}) c\ e‘)Lm.‘:l L\Y 692 wf:u_‘._z. 6@6}}@}}“}0 MM/Q‘JKAA)&&)WM}

sl Lol pon o (V) (535530 Lol yon 2 (1) O e
LIV VY (Y] J;n)U\@ﬂ@g(V)jf)bL)ué

S gl gledly B B el
e Gda b (Sl Olalad W5 5o s sl i)
D ssir a8 K s

okis 81y 5l SV ge axkd [VE] lash o
SR TRRTICW V) LRCH SR RN« W PN I LY CO |
VB W Glos 03 3de 53 (G148 o (SleDly g &5
Calls Koz 5 oo Sl 0l A5 o pods a5
DLad Cotl (o gpndas 453 Wor Glos 55 0l w4 sl
Kooy I b5 i35 10 Sl 0l 5 JISLa Yo
oS YAMPam'? VY04 Hy ol Sa (6 55 aiemdls 4
RGIM P W

oY e S saelS U ek [V 0] i 5 S8
G0 Shealial Ll Al 0 Sk (e Ao 3 ) 5 0)
Vore B AW Slos ongdoes 3 ey 8 > D &5
4i33 gy g 43 Yo Rl S S L s
03 S sl Ol S ol s 5l el Tl LS e
Sl VY MPa oSl iy oo a3 1000 (sl
Caed 45 dep)lS ks (oo Lo 53 0)-uV g 5 5alS
Ay g Slas 3 858 (B AL ey Jdoey cpaman il
el elld 5158 &l

RWRLENCI JURCIVS PUPCoN | i RSB COW PR P
b oagdoms 53 LDy B A 8 Sy L oSS
Wby Bl Ol b g s peendes oy VNer B VO
on b Sl ol (S 5 S el 5 e
—CuV e CoselS Gl a8 s Ol )y gl Gik:.? Ls S
a3 1000 los 5o (ailis Uo)lS (555 Loy T BYY)
(o gmedas a5 Vv (Gles 53 5 o 55 A0 andls ¢ sk
e 3 Sl e el s 4 olS anls
L coVse CuiselS sl YYFO Hy 5 YVE MPa s e
sk a3 VT (Glos s iS58 Loy Nl
NGV W

2 Ghahremani

Vg dns (Sl a5 5008 A 5 5 (oo 5L Ol s
A5le odiSy 5 lyd 3 eslizal e sla il ol
PreO1 5 [A] NdOs [V 5 1] WC Jo 4 £] SiC ] TiC
375 Y Sl o (SO ol 5 s S LA
doyS-coVe lacusmls S i Ol Lls b
ol gl Sl ey S pSeddatls 5 e S
S iass ool e V5wl gl sels
Shaes pl gla Sns s 5 2l shua ool
el 0 (sleu‘\ a5l

il Ll 5 g e 58 gl slyls 2S5 A0S
Losos oStz olasl o Sedes WoC 5 WC 36 53 .ol
3B g e oy e Jglze sladyl 3 s 5 SuSS LS s
eslS 3 Y00 Sl e ales 53 5 VU Les el (536 WaC
s ol 23 5> WC oS Jlmys ol Il sl sba,
3l Feaesa WoC oS ol o 5158 L Il Wil e
el Foml 2 O S3dsms s S ol 5 WC
et (PSS Aoyl (Jsldie Sl e mi OV
Sols 5 warM\jéka{@xﬂy\:
e oY o tile acSal o luv 4 0T 03 S 3L (ol b
5 bdlsye oS Sl S sl e el 0oL
B A B Al e bl A iees
S5 s Gl sl I8 e (2SS Al s e Sl
oz Al 5 S Jd 5 1, S5 s e b
DY AT aas Gl cossels

S Sl o s Al 3 53 sdes IWSLis I SO
i) el Aol nl b s bails bl 3 A (Y s
A 3 S e il o s ) Sl 6,8 S
ol 3 ol 3500 e 4 O S5y s Sl
orl by sl (Ko ol Gl o3lul 4 Sl e Soladas
wls s iy IS 4 b s e ol ot 4 bz
ol Bl esle JUl (gl 3 58 ol b 1 Al ¢ pioman .ol
L5 S ol s sl o 1S5 s [0S 4 5 s e
Siladad W g5 55 syl YL S5 a plies 5o ege B &l
Sl =l daals bl as, 5l 6,8 ol o (Kol o

LSJ)‘}A LY d‘j:Lfd 44LA.> QT )‘ S sl ol Jl%ﬁn:\-\J L;JL)

' Gao



OV—'\‘\ L(\i'Y )L@.}) c\ G)Lma: L\Y 692 wr:«ﬁ_f_ 6ué)jujé‘jﬁ MM/Q‘)KMJ&&)W} -\Y

o) Lisyse 504 plaws jgaeay s Ko o pnd
4>y \ u:.anav)f & L> ol Sis BEE] () U;"Sb
s Ve glos s cell Vo deay ddds 5 e geed

2Si02.A1203.2H20 + 2A1:035 —» 3A1:03.2S8i02 + 2H20
(1) =Sl

Sl 05,500 ¥ il 631060 o gt b 2K S 3 g
byliee s eslinal 285 Ao 8-V CusnelS WS
S35 o3 b 28 S el s oV ge glass gy
(oY 50 g 5 0l &l Sluaseie L) Olwl 5310 50 0
(algs s olul Celu ¥ Soseas 5 Yo pm e b
Al els g 05,5 Vet i SIS Lol bl

B S Osos S e Sl ol oy bl
GBS b b ke Y S el
Slowdly S Al b 5 Sk o edd el idy
SLI sl 31 dads sad aen ol S ast = A rl;_d\rd\éjq-
§ B Lle Oloj b ¢ w453 VT o1 800 0350
A e ISl o ¥ Lis Jlesl b g Los s 53 caiids
2 g a3 00 e B A5 b 5s b S 5
A a8 K s JISal Ve S o 4

F3Ss See Sras 3l dadged e (5 S o1l (sl
A Sl sl nl A elined 0SS S s,8 Jlesl L
ol ol o] ot 4 sbaliieenay slael Sl 5 51 ST LY i ge
AE SIS 0L L

ol e slad sl lale 4 Caglie o slaien;
Seslial bl iy s S 13 (e 0se5] Co
ASTM: G132-96 5kl olas SKews S35 e Os0)l
A8 o 31 0sa5T cnl o3 eslinal 3550 oy A il [VA]
0 plisyl 5 e de G a3 LA S A o b 2SS
by e Jee Yo eddantle Ko b s sl e L
A4S B s A Y 8 e e Yol s
plosil oSS Y Jloel L L5 o (sles 53 Shler a5

LA

3 SPS-20T-10, Easy Fashion Metal Products Trade Co.
* Micro Vikers

Glos Jlpsp w0 [V 5 ] U 5 b
Sy mls SO ol 5 sltles S s
My eSS Al Sas e Ve L el Cu el Y s
bl Llastls (18 Slendly g B jEs 4 e
e Ve BT Sl b gles LRlsldaol 158
s e 2 1 S ol s JB g
oo Ve Sl VL w0 s gles Rl 4 S
3B ST 5 asdoes (650 i 5 ails SRl g
D2l e sl el e 2lKS ALlS s WHC
Sl 5 Slas o5 Kb Cojpls ol SO
RCO RV WP L PP BRIV SO Ao

03,5 Lol b osls SSULS latasn 0pSU
SOl ol s I Gl 4 cslie gla S5l
355 LWV 5 V] el g,\,;(ab,u'lg,i‘yng YN PWALY
s 05SE Sl O Sy xle G s
il 4 Caglie o 2S5 a8 Sns5l b o st s
ol s Il il el oV wl slacysnls
Lol s lS-cu¥Vse miamlS cladsed (lagy
Loyl S35 Aoy V0 5V 0) 3558l OSUS slads s
a3 V80 5 VEee AY0r O glales s (K
ooy a Yy MPa L Jleel b5 adds § Sdedy yw gonds
Os) ¥ 50 b5 W5 18 ey (h &
23 K23 G0 oo % el 4 Sl s 5l (S 5
L o lie loes sles

G g, Y
eV gl ils s sl (esk ol o
s G2S1s 30N e 5 oIl e 3 (S5 A8
A e (2Si02°ALO32H0) T J 58 5 (ALOs) s )
33 Lo b IS b T (la oy Il s ol 51
Il (g5l &S A8 O s s 5 03lel e/
S S Cd b S S sl S
slee s Ol Cole ¥ ey Yoo otpm e L

a5 VY Gles s cell YE Dl (S s sl b gle

! Rajaei
2 Kaolinite



'\Y’ OV—'\\ L(\i.y )L@.}) c\ G)Lma: L\Y 692 wf:u_‘._z. &LA&)}L.‘.B}}“}A MM/Q\J@)&&)W}

MA-10%WC- o 50 IS L (dugy oS 5) 2SS A8
w13 ;, MA-10%WC-1450 s MA-10%WC-1400 (1350

RGO Y 4

Eomy 5 bl ¥
P RS d)lS eaiS Syl e 3l -y
Gy sl 3 eSS Ag,8-ce¥ e el Ll
B R STREER

MA-1400 sl sui SOl 55 i, 6,00 e
B MA-10%WC-1400 MA-5%WC-1400
s a3 Ve Gles s &S |, MA-15%WC-1400
Lis WSOl 5 Bl S G s e 0L (Lol s
Ol L s s plels 285 au)ls 5 coV e glajle
Gl 5B (G55 o3 VO b jis 1S A S Sl
ol esle S35 Aoy Sl bas Sl eais lulis

.w\u&JJLg}B&:“KJJJﬁ)lSA{LﬁfdM&ﬁ

U8 b g (36 5 ol lanasin uns ol
oS sty S5 s Son 5l el 05051 5l A
)QUT s (FESEM/EDS, MIRA3TESCAN-XMU) i
X-Ray Diffraction (XRD, Philips) Cu .1 5,5 il
A eslanul Ka 40 KV, 30 mA, Step size: 0.02°
SV 31T asdS Cldlas aslsl js ol iass
£p3 53 PSS A)lS G35 Aoy 10 5\ 0 Ly slS Y
2R Oak — Al o¥se) dals L S5 oY s
ol Coglis aulie 5wy Cils b (K5 A8
s g slos Sepl 4 a5 Ll ol ol Lol
o IS 5 e S Dlalllae s w2550l S S
Sie 56O s i 53 s ol Al s ol
Sl Rl ol eSS AlS eS8
b o sodon a3 V00 g (los 3 (2S5 5= e
MA-5%WC-1400 MA-1400 S g LY
sbs 56 (1) s MA-15%WC-1400 5 MA-10%WC-1400

(555 23 V0 )-aVse Cuipels ciole ol o

159%WC

10%WC

intensity {a.u)

MeWC

Y%WC

» Mullite

60 70 80

l‘llwi:t {deg.)

g a3 Ve les 53 edd e sladi el 5 WSOL 5 B SN S

G gas ol sdole 4l (5 0 alas L Glags b
ol 3L S e 0l g5 0 MA-1400 s MA-15%WC-1400
ol 4 Caglie (S Ao s 10 B S ol e

el Bl el e 5 e s sl il

SISt NP R W W STRCH IS S PP I R SR
u*“-<*’ LoS-cuVse Cojsels 5o J...K.q Lo,lS ke
Slr Gl ledl G s, 4 eld i

CM‘ ol (‘.w) J:«vio\: .L:UKS ‘;!.)}JB‘ d}v\d} lJ Lgui!),cu



OV—-\Q g(\f,'Y )L@.}) c\ é‘)Lma:' AY e)j; 4.“.9}.:..__:' 6@6)}@})\}A MM/OUKN”JL;&)M -\i

1475

Width of wear track (pm)

I I228
0 5

1212
I ‘}85
10

WC content (Yowt)

w}w&)}\i" 6\A>):eMJ:~Mk5LA4.:}N))u;M§JJ.:J)SQ‘)S&)}M)waa.\.&e.kﬁbupﬁ&\ﬁ.\‘Jm

ol 2o 5 e GUaw bl VO SE L e Jals
QJJJJL&'Y}ALSLGMJNLSbJaLSQi}a)\MWj
Lol ged opl G s o OLES 1 0285 Ay lS oS o 55

oalS s el sdole 5 e (2S5 A Ao il

QWL;JSYQ&M&.Q@)S&;JQQJSQ
}k;tmiij ol 0 ‘;'\'{_Y}A‘UJU L;":"'.'.L“"’ uﬁ\? S e

Sl L gl Sue b et bl ol 4 s sl

! wli e ol 5./\:J"L-N UAJ& 9okl i (fb”l.w @ &;A)LEA S
17 - - 1600
1475 3
15.89 - 1500
L S 15,68
L T PO
—_ 15 “""'\... e E
= - ~ - Ed
7 N 300 =
% ST 228 1212 B E
£ . R i 'é-.ﬁ‘_ 12 E
g . =
- 12.69.. -""-...\ 1100 ,g
13 4 /o ~ 3
% s
" 4= hardness i
—-@=wear o
11 T T T s00
1] 5 10 15

W content (Yawt)

O s a3 V0w (Glos 55 0l e Lguéy):&iﬁ.xﬁ)lsw);—&b RS IN PI FPCIA gy

b}“:’L;" odud LAAJ)A.':)J “;.“.)x,als 45..1.3_5 ‘_;I.wiﬁ "\:")lsg,?:‘.’.
33 cjii; G 3 D50 0 033 r>:~u sl éa.ﬂ CU\.LA«{ B
(J';;J§ J'ﬂj" ol Jl}uﬂ‘ LSLAGJ\J.! c)l.::.-l.wj'.i) )‘ &Lﬁ&&u

Alesy st e Aula C)hw 4 ‘@4**-{"5 Lol e Il

SN G S ka0 5 b S s
MA-1400 clasyos Sile mho 5 Jile s iy
P MA-10%WC-1400 MA-5%WC-1400
el 0 0sls Lis MA-15%WC-1400
23 b mshe 3 Ll s 0 51 e IS Gb
S5l oS das e 0L bkigei cpl g o OS - e

sl 03 4 OLEL & S el s sl



OV—-\Q g(\i'Y )L@.}) Al AJLQ.:.:-‘ NY 092 42.9_),.;.:3 6&6})&5})‘}4 MM/Q\)KM}@&)M

s J00pm

ol ozl o 51 gy Sl S S gl 0SS
s 53 VB (Glos 3 0l s (Sl yo
MA-10%WC-1400 (¢c) MA-5%WC-1400 (b) MA-1400 (a)
MA-15%WC-1400 (d) »

S00pm

B I NPT SN T I X NPUSP PP NN A L
s 3V £0 s (clos 3 o e (gl g
MA-10%WC-1400 (¢c) MA-5%WC-1400 (b) MA-1400 (a)
MA-15%WC-1400 (d) 5




OV—-\* g(\f,'Y )Lg_;) c\ é‘)Lma:' A\Y 692 4.“.9}.:..__:' 6@6)}@})\}A MM/OUKN”JL;b)M -\-\

Sl e 5 e 53 00 gl 5 0L sl S 550
Sl K)ol sl SS slaaY 55 S35 L sl e 0
35 e A IS e Ll 53l b S ey e 5 (0 5 8
Sl i Sl edd Lr sladdys (il slaasd

Lol 58 S

kS w55 e ol e sles BB YT
MA-10%WC

b DB, 5 e gles e sk
S e N L Lt Pl
V80 5 VEee ATy AT glabes 53 45 MA-10%WC
W28 8 1A Sl 053] o 0 g e s ks 423
Sk eomly B s Pt Lsas MA-10%WC-1300 & 5o
S s il Oga31 plol o 53 S5 oo | s
0> planil e gad ple g5 Sl O3l cnl by
S Slos g Sl e s g S
5 MA-10%WC-1400 MA-10%WC-1350 slad soi ! s
ol 5 sy MA-10%WC-1450

Width of wear track (pum)

1231
1212 I

1350

(a-0 JS5) MA-1400 «sas 53 Sbyd 03555 5 e

ol oS )3 O35 95 g g ladd sed A 53 055 e 0y
Ve 4 5ed 5l Ol S5 ol sy b e 555
oS oK 5 bakigel 5 oL dlesl Lol zeS alls
sl plas 5 (Gl mha Glacad 51 & 00 HEOWE
AT sl lea,w 05 s gl ks ple ol sl
5 lisdn ol Gl e 53 3 sk S S 5
bl s alie ol b mshe ol (hle gl JSew HISS L
o) GO LS oo g v_<.:~> O 03 el sl
o2 a bl Al e s St e el phe 4 LSS
.:ﬁjlk&j@j\u@bc@ﬂ&@‘udjsal&ﬂﬁ
o bsy o So QsSas S slal s
el S by BB O 14,5 ) 5k (el oY ge 4 ged
Shedd i laasl & MA-5%WC-1400 < sai 3
53 s se S gle &Sty o S 4y g e e dys 3 éad
S A IS eSS ey 10 5 L slad
S eSS adises pl ‘éb); FULCONE Y va".&.i Gwlis

1400 1450

Temperature (°C)

eSS A s den Vb sladised 3 e Gled oy sk sdal e Ol as O JSKS

eSS A)S 5 ol (A JS5) MA-10%WC-1450
Sl ol calodd |23 WoC 56 5 o5 (63
o Suslie bl il 185 A 5l Skl 56
ks 4253 180+ slas 53 MASTO%WC S 5 ile

G 4.'.'3[_1 u:*i‘f‘ o a.\.:;nl.w u_o,ojw\i Jl.dhls

aml o, e by SRIBIL Olsed ol G

o 9 4l alS g dl a3 Ve gles U el el
0 el @l b8l S egads 4 ga VB0 gles s
el ol 0315 LIS sl 4y Caslie 5 e LLI LY IS

Ssed 4 by oS S Bl AT w4 e L



'W OV—'\\ L(\i'Y )L@.}) c\ e)Lma: L\Y 692 wf;:._z. &Lﬁbé)ju}}‘y MM/QUKAA)&&)M

1300 - - 16.5
15.89 L6
1280 - 1280 0 e 15.66
- ", Az = k4
g N/ L 155
- '._" "‘f ;\
g X SERNC)
5 1240 A Z
z 143y k 1234 - 145 F
s ’ E
£ 1220 i B
= 12129 F M
1200 - ot Width of wear track | 3.5
--@--Hardness
1130 T T T 13
1300 1350 1400 1450 1500

Temperature (°C)

&..{'J%;S@j)wﬁh é;l}LgLM_}ju'élﬁﬁwébswﬁu&udéf)&éwj:j@.vJS,Z

+ Mullite
. * WC
+ + y WaC
L ]
1350°C
1300°C
20 30 40 50 60 70 30
2-theta (deg.)

MA-10%WC-1450 s MA-10%WC-1400 MA-10%WC-1350 MA-10%WC-1300 clac sai oSSl 55,0 3l 5 S A e

4}7;\ (el 0315 oo OLd gl 5 olal = 585l 31 S S
MJSQ\)SQJ}}\A&S@;%Q\jdgtjw)h

/u

Ve Sl w4 s Ao V0 B

wals LOT Jile a4 caeglie (il sl 30 Wl

AL

Ol e 5 il s pead V0 54 e S5 s

3 MA-10%WC-1400 MA-10%WC-1350 slas 55 (5l
el sl e3ls OLES MA-10%WC-1450

SaS e 85k MA-10%WC-1350 4 5a5 5

S o ek sdple a5 0T 03,5t 5 D3

L olal = (il 5l bl ccpioman ol 2S5 40,8

MA-10%WC-1450 & 5a5 55 o> Ol o G opl o



OV—'\‘\ ‘(\i'Y )L@.{)s\ d)LAA;L\Y )92 @Méud_)ju}}‘}ﬂ MM/Q‘)KAA}&L?)M

I\ 2

.. "‘h\l-".r\ B v 1
- \“‘ I \\‘:. l

{ 1S
100pm < . )
R -:\v\ :

o%b?&)\ﬁ})&)ﬁl%j&)&ﬂw.\'p

‘&K;JJ?U\SJU}M):MLQJB‘_;LMJ}@JoM \ \ " . X (/54

3 MA-10%WC-1400 (b) MA-10%WC-1350 (a) b s Sl s J'-}J.:Q\ < TP WRNPWEIR) JSJ:

MA-10%WC-1450 (c) ‘O,:.‘..f.u” A)lS Sis eV (sl slad el

P S00pm*

s MA-10%WC-1400 (b) MA-10%WC-1350 (a)
MA-10%WC-1450 (¢)




4

OV—'\\ L(\i.y )L@.}) c\ G)Lma: L\Y 692 wf:«:._z. &LA&)}LJB}}‘}A MM/QUKAA)&&)M

10.

14.

15.

16.

17.

18.

19.

. Kanka, B.,

Warrier, K. G. K., Anilkumar, G. M., "Densification of mullite—
SiC nanocomposite sol—gel precursors by pressureless sintering",
Materials Chemistry and Physics, Vol. 67, No. 1-3, (2001), 263-
266. https://doi.org/10.1016/S0254-0584(00)00447-8

Ando, K., Chu, M. C., Tsuji, K., Hirasawa, T., Kobayashi, Y., Sato,
S., "Crack healing behaviour and high-temperature strength of
mullite/SiC composite ceramics", Journal of the European
Ceramic Society, Vol. 22, No. 8, (2002), 1313-1319.
https://doi.org/10.1016/S0955-2219(01)00431-9

Rajaei, H., Mobasherpour, 1., Farvizi, M., Zakeri, M., "Effect of
composition on mechanical properties of mullite-WC nano
composites prepared by spark plasma sintering", Tribology in
Industry, Vol. 38, No. 4, (2016), 552-558.
https://doaj.org/article/c470bcdbfoe7408¢93fad5607250c¢7b9

Rajaei, H., Farvizi, M., Mobasherpour, 1., Zakeri, M., "Effect of
spark plasma sintering temperature on microstructure and
mechanical properties of mullite-WC composites", International
Journal of Refractory Metals and Hard Materials, Vol. 70,
(2018), 197-201. https://doi.org/10.1016/j.ijrmhm.2017.10.012

Ghasali, E., Orooji, Y., Faeghinia, A., Alizadeh, M., Ebadzadeh,
T., "Characterization of mullite-Nd,O; composite prepared through
spark plasma sintering", Ceramics International, Vol. 47, No. 11,
(2021), 16200-16207.
https://doi.org/10.1016/j.ceramint.2021.02.198

Ghasali, E., Ghahremani, D., Orooji, Y., Faeghinia, A., Kazem-
zadeh, A., Ebadzadeh, T., "Microstructure and phase formation of
mullite-Pr6011 composite prepared by spark plasma sintering",
Journal of Rare Earths, Vol. 41, No. 2, (2023), 283-289.
https://doi.org/10.1016/j.jre.2022.03.018

Taimatsu, H., Sugiyama, S., Kodaira, Y., "Synthesis of W,C by
reactive hot pressing and its mechanical properties", Materials
Transactions, Vol. 49, (2008), 0804070390-0804070390.
https://doi.org/10.2320/matertrans. MRA2007304

. Chen, W. H., Lin, H. T., Nayak, P. K., Huang, J. L., "Material

properties of tungsten carbide—alumina composites fabricated by
spark plasma sintering", Ceramics International, Vol. 40, No. 9,
(2014), 15007-15012.
https://doi.org/10.1016/j.ceramint.2014.06.102

. Chen, C. Y., Lan, G. S., Tuan, W. H., "Preparation of mullite by

the reaction sintering of kaolinite and alumina", Journal of the
European Ceramic Society, Vol. 20, No. 14-15, (2000), 2519-
2525. https://doi.org/10.1016/S0955-2219(00)00125-4

Schneider, H., "Sintering mechanisms and
microstructural development of coprecipitated mullite", Journal of
Materials Science, Vol. 29, No. 5, (1994), 1239-1249.
https://doi.org/10.1007/BF00975071

Ghahremani, D., Ebadzadeh, T., Maghsodipour, A. "Spark plasma
sintering of mullite: relation between microstructure, properties
and spark plasma sintering (SPS) parameters", Ceramics
International, Vol. 41, No. 5, (2015), 6409-6416.
https://doi.org/10.1016/j.ceramint.2015.01.078

Gao, L., Jin, X., Kawaoka, H., Sekino, T., Niihara, K.,
"Microstructure and mechanical properties of SiC—mullite
nanocomposite prepared by spark plasma sintering", Materials
Science and Engineering: A, Vol. 334, No. 1-2, (2002), 262-266.
https://doi.org/10.1016/S0921-5093(01)01898-6

Orooji, Y., Ghasali, E., Moradi, M., Derakhshandeh, M. R.,
Alizadeh, M., Shahedi Asl, M., Ebadzadeh, T., "Preparation of
mullite-TiB,-CNTs hybrid composite through spark plasma
sintering", Ceramics International, Vol. 45, No. 13, (2019),
16288-16296. https://doi.org/10.1016/j.ceramint.2019.05.154

Orooji, Y., Alizadeh, A. A., Ghasali, E., Derakhshandeh, M. R.,
Alizadeh, M., Shahedi Asl, M., Ebadzadeh, T., "Co-reinforcing of
mullite-TiN-CNT composites with ZrB, and TiB, compounds",
Ceramics International, Vol 45, No. 16, (2019), 20844-20854.
https://doi.org/10.1016/j.ceramint.2019.07.072

Standard Test Method for Pin Abrasion Testing, in ASTM G132-
96, (2018). https://doi.org/10.1520/G0132-96R 13

Lancaster, J. K., "A review of the influence of environmental
humidity and water on friction, lubrication and wear", Tribology
International, Vol. 23, No. 6, (1990), 371-389.
https://doi.org/10.1016/0301-679X(90)90053-R

ol 4 Ceslie s Gl L g ol

Al oS o 58 3 03538 By b Sl (Y ge Sl
G0 4 eSS A S Y e slacy j selS W 5 5 an K
s DL gl el o ol (5l 2 SLeSy o2y
LoDy 6 > o 31 ugneds a3 VEv e Ul gles 3 &S
Y g ey 3 2SS IS G5 e JRlslL
Al S en V0 5 Ve 0 slacy s selS (Ve ol
AN 5 ATIY AYTA DEVe ol sdple o, 1SS
Aoy il bcad s ol sdel Cas 4 e S
Ol 01 Ll 5 56 ool VU e W (028 Ao,l8
b s denn Ve ol Ol s ol al alS Al
Glabes 55 Lol @z slos bl b oK 418
S il 5,5 gk 4,3 1800 5 VE0r YO
Caoslin 5o S2als el s w0 j2e 5 Ko VTFY 5AYVY YA
O s 5 eSS )8 O o) S63 51 (30 il
ST sl ety 8 e )3 53 WoC 5L &
Sl sl g3l sl Sl ) S S @Sy See
S s 53 ule s C]a“ﬁ Ok laY 5 olal =
sl &S Ayl S sl b 0l s b Ve
R PO SO TNCIVE PO C N IPVTCI F N [
S ey aedd Mg S AlS S Ay
s Shes iyl gl lods 5l sl b gl sl

Syl Y s Sl

S Fls =0

Gellalesl OV s s gazes 5l by opl @

S o ST S5 5 ol Kiays

ey

1. Rajaei, H., Mobasherpour, 1., Farvizi, M., Zakeri, M., "Effect of
mullite synthesis methods on the spark plasma sintering behaviour
and mechanical properties", Micro & Nano Letters, Vol. 11, No.
8, (2016), 465-468. https://doi.org/10.1049/mnl.2016.0092

2. Schneider, H., Schreuer, J., Hildmann, B., "Hildmann, structure
and properties of mullite—A review", Journal of the European
Ceramic Society, Vol. 28, No. 2, (2008), 329-344.
https://doi.org/10.1016/j.jeurceramsoc.2007.03.017

3. Ghahremani, D., Ebadzadeh, T., Maghsodipour., A.,
"Densification, microstructure and mechanical properties of
mullite-TiC composites prepared by spark plasma sintering",
Ceramics International, Vol. 41, No. 2, (2015), 1957-1962.
https://doi.org/10.1016/j.ceramint.2014.07.146


https://doi.org/10.1049/mnl.2016.0092
https://doi.org/10.1016/j.jeurceramsoc.2007.03.017
https://doi.org/10.1016/j.ceramint.2014.07.146
https://doi.org/10.1016/S0254-0584(00)00447-8
https://doi.org/10.1016/S0955-2219(01)00431-9
https://doaj.org/article/c470bcdbf6e7408e93fad5607250c7b9
https://doi.org/10.1016/j.ijrmhm.2017.10.012
https://www.sciencedirect.com/journal/ceramics-international
https://doi.org/10.1016/j.ceramint.2021.02.198
https://doi.org/10.1016/j.jre.2022.03.018
https://doi.org/10.2320/matertrans.MRA2007304
https://doi.org/10.1016/j.ceramint.2014.06.102
https://doi.org/10.1016/S0955-2219(00)00125-4
https://doi.org/10.1007/BF00975071
https://doi.org/10.1016/j.ceramint.2015.01.078
https://doi.org/10.1016/S0921-5093(01)01898-6
https://doi.org/10.1016/j.ceramint.2019.05.154
https://doi.org/10.1016/j.ceramint.2019.07.072
https://doi.org/10.1016/0301-679X(90)90053-R




Journal of Advanced Materials and Technologies (JAMT): Vol. 12, No. 1, (Spring 2023), 71-86

Journal of Advanced Materials and Technologies

Materials and Energy
Research Center

MERC

Journal Homepage: www.jamt.ir

Original Research Article - Extended Abstract

Simulation of Electrophoretic Deposition of Ceramic Nanoparticles Using a
Modified Particle-Based Model: Considering the Effect of the Surface Potential
of Particles

Setare Dodange "~ !, Reza Riahifar *) 2* Babak Raeisi =’ 3, Maziar Sahba Yaghmaee "*' %, Amir Alhaji ‘= *

! Ph. D. Student, Department of Nanotechnology and Advanced Materials, Materials and Energy Research Center, Karaj, Iran
? Assistant Professor, Department of Nanotechnology and Advanced Materials, Materials and Energy Research Center, Karaj, Iran
3 Professor, Department of Nanotechnology and Advanced Materials, Materials and Energy Research Center, Karaj, Iran
* Assistant Professor, Department of Materials Engineering, Isfahan University of Technology, Isfahan, Iran

*Corresponding Author’s Email: reza_rfr@yahoo.com (R. Riahifar)

Paper History: Abstract  In this study, a particle-based model incorporating all inter-particle interactions was employed to
Received: 2023-01-31 simulate the electrophoretic deposition process. This model was also used to investigate the effect of the surface
Revised in revised f-orm: 2023-02-22 (zeta) potential of particles on the structure and configuration of particles in the deposited layer at the mesoscale.
Scientific Accepted: 2023-02-27 Simulations were then performed with four different values of zeta potential of particles {-5, -25, -50, -100} mV,

the results of which showed that zeta potential as an important factor in determining the interaction between
particles had an impact on the deposit structure and packing. Upon increasing the zeta potential up to 50 mV,
the degree of order increased while the thickness and density of the deposited layer slightly decreased. Increasing
the electrostatic repulsion made depositing particles push into the ordered sites in the deposited layer. Due to the
high particle repulsion that prevents particles from approaching each other at the zeta potential of 100 mV,
incorporation of the particles in the ordered locations decreased again. The findings of this study along with
application of the proposed model can help tune the structure and packing of the resulting deposit by varying the
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1. INTRODUCTION

Electrophoretic Deposition (EPD) is a fabrication
method with a wide range of new applications. Taking
control of parameters is essential to achieve the desired
deposit layer in the EPD process. This, in turn, requires
proper knowledge of the process mechanism and the
effect of each of these parameters. In recent years,
particle-based models have been widely employed to
simulate the EPD process. They incorporate the particle
deposition as well as the structure of the deposited layer,
considering the interactions among the particles. A two-
dimensional model based on Discrete Element Method
(DEM) was developed to study the structure of particles
in colloidal processes such as pressure filtration [1] and
centrifugal molding [1-2] as well as the stability [3] of
colloidal suspension. Another study developed a similar
DEM model for the two-dimensional simulation of the
EPD process of ZrO, particles to determine the effect of
particle surface fraction, current density, electrolyte
concentration, and initial pH on the structure of the
deposited layer [4]. A particle-based model was also
employed to investigate the effect of the field on the
EPD process [5]. Another semi-empirical particle-based
simulation has been recently conducted to study the
effects of Debye length and electric field on the EPD
[6]. These models take into account the pair interactions

between the particles and the wall, effect of the electric
field, and also implicit interaction between the fluid and
the particles yet it ignores the contact force; hence, the
contact among the particles is not possible. In the current
research, a DEM model was used to study the effect of
zeta potential on the characteristics of the deposited
layer in the EPD process. The effect of zeta potential on
the stability of the colloidal suspensions as well as the
characteristics of the deposited layer has been already
investigated experimentally [7-8]. These studies
reported that an optimal zeta potential would guarantee
stable suspension, hence the formation of a uniform and
thick deposited layer. Compared to the similar
simulation studies, this study enjoys one major
privilege, i.e., it conducted a three-dimensional study
considering the possibility of the particles contact.

2. MATERIALS AND METHODS

In this research, suspensions of the spherical particles
with uniform size distribution (monodisperse) were
studied under a constant electric field. The initial
coordinates and velocity distribution were first assigned
to the particles of these suspensions, and the equation of
motion was solved numerically for each particle. Then,
the new coordinates of the particle were determined at
each time step. The simulations were performed using

Please cite this article as: Dodange, S., Riahifar, R., Raeisi, B., Sahba Yaghmaee, M., Alhaji, A., "Simulation of electrophoretic deposition of ceramic
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the LAMMPS package. The DLVO [9] theory with a
modified van der Waals equation and spring-dashpot
model [10] were also used to evaluate the non-contact
interaction between particles and model contact forces
between particles considering adhesion [11],
respectively. The fluid effect is implicitly included in the
FLD method [12]. The effect of the electric filed is
intensified by a constant force on the particles.

3. RESULTS AND DISCUSSION

Figure 1 shows how varying the zeta potential of the
particles affects the thickness and fraction of the ordered
particles (Norderea/N) in the deposit. As shown in Figure
1(a), the thickness of the wet deposited layer increases
with an increase in the zeta potential from 5 mV to 50
mV and then, it remains constant with further increase
in the zeta potential up to 100 mV.

Upon increasing the zeta potential of the particles and
electrostatic repulsion between them, the stability of the
suspension would be enhanced, meaning that the
coagulation of the particles was reduced while more

2.29

packed structure in the deposited layer is formed [7]. In
the present study, the initial structure of the suspension
was considered to be completely stable, and the
deposition was completed in a short time, hence no
possibility of coagulation. Therefore, it can be seen that
at lower zeta potentials, the resulting deposited layer is
packed, and the layer thickness is reduced. The effect of
zeta potential in the present study is similar to that of
increasing the thickness of the electrical double layer,
which was investigated in a similar simulation of the
EPD process [6]. As reported in these studies, at the
lower values of the electrical double layer and due to the
lower repulsion between the colloidal particles, the
particles can be deposited in a packed structure [6].
According to Figure 1(b), as the zeta potential of the
particles increases from 5 mV to 50 mV, Nordered/N
increases and then decreases with further increase in the
zeta potential up to 100 mV. Despite the fact that a
strong electric field was used for deposition in these
simulations, an alteration in the zeta potential can affect
the number of ordered particles in the deposited layer.
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Figure 1. The calculated (a) thickness of the layer and (b) fraction of ordered particles for deposition with different zeta potentials

According to the previous simulation and
experimental results [6, 13], with an increase in the
electrostatic repulsion and zeta potential of colloidal
particles, depositing colloids incorporate into the deposit
in lower energy ordered sites. The results of Figure 1(b)
show an optimal limit for this increase in repulsion.
According to the experimental [13] and simulation
results of the EPD process [6], the arrangement of
particles on the surface of the electrode is also of high

importance in determining the ordering of particles in
the next layers. Based on the analysis of the structure of
the first layer, the histogram of Figure 2(a) is drawn for
the number of particles 2D neighbors. Particles with four
and six neighbors form distinct domains (grains) and
those with five neighbors are considered as the
boundaries between the aforementioned domains. The
histogram of Figure 2(a) shows the distribution of four-
and six-fold grains and grains boundaries.
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The results of this diagram can also elaborate the trend
observed in the diagram of Figure 1(b). The arrangement
of the particles on the first layer determines the
arrangement of the subsequent layers. Clearly, for the
zeta potential of 5 mV, the number of particles of four-
and six-fold grains is much less than that of particles
present in the grain boundaries; therefore, is difficult to
distinguish the grains. For the zeta potentials of 50 mV
and 100 mV, the distribution of grains and grain
boundaries is almost similar while for the zeta potential
of 100 mV in Figure 1(b), there is a decrease in the

ordering of particles. The reason for this difference can
be attributed to the trend of the vacancies percentage on
the electrode surface in Figure 2(b). According to this
graph, the highest percentage of vacancies is obtained at
the zeta potential of 100 mV. It seems that increasing the
zeta potential initially decreases the percentage of
vacancies on the electrode surface, hence a more ordered
arrangement of particles. In the following, the higher
zeta potential is indicative of the difficulty of depositing
the particles in closer distances, which increases the
number of vacancies on the electrode surface.
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Figure 2. (a) Distribution of coordination number of particles on the electrode surface (first layer of the deposit) and (b) percentage
of vacancies area on the electrode surface for different zeta potentials

4. CONCLUSION

In this research, the electrophoretic deposition process
of particles with different zeta potentials was studied
using a particle dynamics model considering all
interactions between the particles. Four different
suspensions of similar colloidal particles with different
zeta potentials {-5, -25, -50, -100} mV with the volume
fraction of 0.05 were subjected to a constant electric
field to investigate the resulting deposit layer. Zeta
potential determines the amount of electrostatic
repulsion force between particles. Since the properties
of the deposited layer is directly related to the particles'
interactions, some changes were observed in the
thickness of the deposit layer and arrangement of
particles in the deposited layer by variations in the zeta
potential.
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