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1 -Introduction

The continuous evolution of material science seeks not only
to understand the intrinsic properties of materials but also
to innovate on the processes that enhance these properties
for practical applications. With its unique incorporation of
transparency, chemical resistance, and aesthetic appeal,
Glassy materials are pivotal across various sectors,
including construction, automotive, and technology.
However, its susceptibility to mechanical failure under
stress or impact has propelled research into methods of
strengthening  it.  Traditional glass strengthening
techniques, such as thermal tempering and chemical
toughening, have been the cornerstone of industrial
practices for decades.

The advent of ion exchange processes marked a
significant advancement in glass-strengthening techniques.
This method involves replacing small sodium ions with
larger potassium ions from a molten salt bath. This process
results in the production of compressive stress on the glass
surface, which significantly enhances its mechanical
strength. However, the ion exchange process is naturally
limited by the slow kinetics of ion diffusion. External
electric fields can accelerate ion mobility, as reported by
literature studies.

The present study aims to bridge the gap in the literature
by systematically exploring the impact of electric field
intensity on the ion exchange process in soda-lime glass.
This research seeks to quantify the enhancements in
mechanical properties achieved through this novel
approach and to understand the underlying mechanisms at
play by examining the interplay between electric field
strength, treatment duration, and temperature. Furthermore,
it opens up new avenues for research into the applicability

of similar principles across other materials and processes,
potentially leading to wide-ranging implications for
material science and engineering.

2 -Materials and Methods

The focus of this study is on enhancing the strength of soda-
lime glasses by applying an electric field during the ion
exchange process. The composition of the glass substrates
used in the study is shown in Table 1. The following
sections provide a brief outline of the key phases involved
in this research.

Table 1. The composition of the soda-lime-silicate that was
used in this study.

SiO,
70.56

NaQO
14.54

CaO
8.93

MgO
341

K0
0.87

ALO; | trace
0.59 1.1

(Wt.%)

Preparation of Soda-Lime Glass Substrates
Standard soda-lime glass substrates were cleaned to ensure
a contaminant-free surface for ion exchange.

Molten Salt Bath Preparation

The molten salt bath of potassium nitrate (KNO[]) was
maintained at a steady temperature of 400°C and used as a
source of potassium ions in the ion exchange process.

Electric Field Application Setup

A specialized setup was created to apply an accurate
electric field (ranging from 0 to 3000 volts per centimeter)
in the molten salt bath by using electrodes made of inert
material. These electrodes were connected to a variable
power supply to enable controlled adjustments of the field
strength. Figure 1 depicts the schematic of the experimental
setup utilized in this study.
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Figure 1. Schematic of the experimental setup used in this

study

Treatment Process

Glass substrates were subjected to different conditions by
treating them with electric fields of varying strengths
ranging from 0 to 2000 volts per centimeter for durations
ranging from 0 to 240 minutes. The purpose of this
evaluation was to analyze the impact of these factors on the
mechanical strength and ion case depth.

Characterization techniques

Post-treatment, the glass's mechanical properties were
assessed using three-point bend tests for flexural strength
and Vickers tests for surface hardness. Energy Dispersive
X-ray Spectroscopy (EDX) analyses provided insights into
the potassium ion penetration depth and uniformity.

3 -Results and Discussion

The investigation into the application of an electric field
during the ion exchange process for strengthening soda-
lime silicate glasses yielded significant findings. This
section delves deeper into the outcomes, discussing the
enhanced mechanical properties, the role of electric field
intensity, treatment duration, and the observed ion case
depth.

Mechanical Property Enhancement

The study's pivotal finding was the remarkable
improvement in the mechanical properties of the treated
glass. Specifically, under an electric field of 2000 volts per
centimeter for 10 minutes at 400°C, the glass exhibited a
fourfold increase in strength compared to untreated
samples, as illustrated in Figure 2. The hardness also saw a
notable increase from 550 + 50 kg/mm? to 750 + 50
kgi/mm?. These enhancements are attributed to the more
efficient ion exchange facilitated by the electric field,
suggesting a direct correlation between field strength and
mechanical property improvement.

Impact of Electric Field Intensity and Treatment Duration

The results indicated a clear relationship between the
intensity of the applied electric field and the efficacy of the
ion exchange process. Electric fields at or above 2000 V/em
significantly accelerated ion exchange, as evidenced by the
increased mechanical strength and hardness. Figure 3
displays the concentration profiles of potassium at different
electric field intensities. Furthermore, treatment durations
longer than 10 minutes did not proportionally increase the
mechanical properties, suggesting an optimal ion exchange
rate within this timeframe. This observation underscores

the importance of balancing electric field intensity and
treatment duration to maximize the strengthening effect
without undue energy expenditure or potential damage to
the glass structure.

a)
—_—
——
)
—

time (min)

Figure 2. The graph represents the bending strength of
various samples over time, with time=0 indicating the raw
sample.
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Figure 3. Potassium concentration profiles for various
electric field intensities.

Case Depth and Uniformity

Energy Dispersive X-ray Spectroscopy (EDX) analyses
have shown that the application of an electric field results
in a substantial increase in the depth of potassium ions'
diffusion into the glass matrix. This increase in ion
penetration is more uniform across the treated surfaces,
leading to an overall enhancement of the glass's mechanical
strength. This uniformity is critical in ensuring the
consistent performance of the strengthened glass across its
entire surface, underscoring the electric field's efficacy in
improving the ion exchange process.

Discussion of Findings

The observed enhancements in glass strength and
hardness can be attributed to the accelerated diffusion of
potassium ions induced by the electric field. This
acceleration likely results from the electric field lowering
the activation energy for ion exchange, facilitating a more
efficient substitution of sodium ions with potassium ions.
The improved ion penetration depth and uniformity further
contribute to the glass's enhanced mechanical properties,
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suggesting that the electric field influences not only the rate
of ion exchange but also the spatial distribution of the
exchanged ions within the glass matrix.

These findings have profound implications for the field
of glass manufacturing, offering a viable method for
significantly enhancing the mechanical properties of soda-
lime glass through a relatively simple modification to the
existing ion exchange process. The ability to tailor the
strength and hardness of glass by adjusting electric field
parameters opens new avenues for the development of glass
with customized properties for specific applications, from
safer automotive glass to more durable architectural glass.

The results and discussions presented in this study
elucidate the potential of electric fields in revolutionizing
glass strengthening techniques, paving the way for further
research into optimizing this process and exploring its
applicability to other types of glass and potentially other
materials.

4 -Conclusion and Future Directions

The incorporation of an electric field into the ion exchange
process is a significant advancement in the field of glass
strengthening. This method has the potential to greatly
speed up the ion exchange process, resulting in improved
mechanical properties of soda-lime glasses. These findings
establish an improvement in glass-strengthening
technologies and pave the way for broader applications of
this technique in different types of glass and various
industrial fields.

In future research, the focus will be on investigating the
underlying mechanisms that facilitate improved ion
diffusion in the presence of an electric field, exploring the
scalability of this approach for widespread industrial use,
and assessing its applicability and benefits across a wider
range of glass compositions.

Ultimately, this technique has the potential to
revolutionize glass manufacturing, leading to the
development of stronger, more durable glass materials for
advanced technological, architectural, and safety
applications.
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Strengthening of Soda-Lime-Silicate Glasses Using Field-assisted Ion Exchange Method
Omid Banapour Ghaffari ~ Amirreza Fadaei Pourya lotfipour Bijan Eftekhari Yekta

Abstract The strength of glasses increases during an ion exchange experiment because of the significant surface
compression that arises from the replacement of larger alkali ions into the smaller host alkali ion site. The application of
an external energy source, such as an electric field, has the potential to enhance the efficiency of the ion exchange process.
This study examines the enhancement of the mechanical strength of soda-lime glasses through the utilization of the
electric field-assisted ion exchange technique. The objective of this study was to examine the effects of temperature, time,
and electric field on enhancing the strength of the raw glasses. The sample exhibits the greatest strength and highest
hardness number when subjected to a temperature of 400 °C and an electric field intensity of 2000 V/cm for a duration
of 10 minutes. The results indicate that the samples exhibited a strength that exceeded four times the initial strength of
the raw sample. Additionally, there was an observed increase in the hardness of the samples, with values ranging from
550450 kggmm? to 750450 kgg/mm?. Furthermore, it has been observed that the case depth has attained a magnitude of
11 pm in specimens subjected to an electric field strength of 2000 V/cm for a mere duration of 10 minutes while being
maintained at a temperature of 400 °C. Notably, in the absence of an electric field, the chemically tempered samples
exhibit a depth of 3 micrometers at temperature settings of 400 °C for a duration of 240 minutes.

Key Words: Strengthening of glass, Electric field-assisted ion exchange, Mechanical properties, Calculation of
compressive stress.
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1. Introduction

Improving the roughness and hardness of the work-piece
surface for the technical and economic reasons, such as
reducing the friction coefficient of the parts in contact with
each other, acceptable wear resistance, increasing the life
of the parts, higher manufacturing rate, and fabricating the
parts with close tolerance and dimensional accuracy, is one
of the main goals of most machining processes. Due to the
fact that most metals and engineering alloys have a
relatively good grinding ability, grinding is used as one of
the main machining and polishing operations in the various
industries.

Different machining behaviors have been reported for
the case hardening by grinding with a cubic boron nitride
wheel and a corundum wheel. In these studies, it has been
pointed out that very low and very high feed rates,
respectively, either cannot produce proper heat and raise
the temperature of the work-piece above the temperature
of austenite formation, or they do not give the structure the
opportunity for proper thermal impact. Therefore, the best
depth of hardness occurs at moderate feed rates. In this
situation, increasing the depth of cut can help to increase
the depth of hardness. When the depth of cut increases, the
depth of the hardened will increase during grinding.
Therefore, in a successful manufacturing process, it is
necessary to choose a large depth of cut or to use the work-
piece that has been quenched and tempered to increase the
depth of the hard layer.

The purpose of this research is to determine the surface
roughness and hardness as well as microstructural studies
of M200 and CK45 steels with an innovative method by
the authors of the article called indirect cooling in the
grinding process (ICG). The surface roughness and surface
hardness of the work-piece in two methods of indirect
cooling and the minimum quantity of lubricant (MQL)
have been measured and compared with the same grinding
conditions and different cutting depths, and the effect of

coolant temperature and depth of cut in both of steel is
investigated.

2. Materials and Method

Due to the high friction and intense heat generation in the
grinding process and considering thermal damage as one
of the main limitations of the grinding process, the type of
cooling fluid and its using method can play a significant
role in controlling the heat and its effects. In Fig. 1, the
heat flux entered into the work piece and the way of heat
exit from it after passing through the stone wheel can be
seen.

Heat generated
from surface

Heat transfer region

Fig. 1- Distribution of temperature during the grinding
process.

Grinding was performed using a flat stone machine
model FSQ-1640AD made in Hungary. Applying the
depth load of the grinding wheel was selected by a
micrometer with an accuracy of 0.001 mm. In addition, an
aluminum oxide wheel fabricated by Nava company with
a standard name of WA46K with a particle size of 46
microns with an external diameter of 250 mm, a width of
32 mm, a cutting speed of 35 m/s and a forward speed of 8
m/s was used. For cooling, a water cooler was used by
making changes including height modification for the
natural return of flow from the tank, strengthening the
evaporator and injecting more gas in order to increase the
cooling capability, as well as installing a water pump in the
tank in order to send the coolant to the main tank. It should

*Manuscript received: December 23, 2023, Revised, January 28, 2024, Accepted, May 1, 2024.
" Maser’s Student, Department of Mechanical Engineering, Faculty of Advanced Technologies, Quchan University of Technology,

Quchan, Iran.

2 Corresponding authors: Assistant Professor, Department of Industrial Engineering, Faculty of Engineering Science, Quchan

University of Technology, Quchan, Iran.

3 Assistant Professor, Department of Industrial Engineering, Faculty of Engineering Science, Quchan University of Technology,

Quchan, Iran. Email: h.sazegaran@gqiet.ac.ir



https://jmme.um.ac.ir/article_45157.html?lang=en
https://jmme.um.ac.ir/article_45157.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://jmme.um.ac.ir/
https://doi.org/10.22067/jmme.2024.86026.1137
https://orcid.org/0000-0002-0676-4031

Reza Rajabi, Masoud Pour, Hamid Sazegaran

18

be kept in mind that the refrigerator tank was completely
insulated and adiabatic conditions were provided.

3. Results and Discussion

In the proposed method of indirect cooling using a
different cooling liquid compared to the common cooling
liquids in grinding processes, at first the changes in
roughness according to the depth of cut were investigated
in the same machining conditions with two different
cooling methods, and the results obtained are shown in Fig.
2. The results obtained for the surface roughness of M200
steel in the conditions of indirect cooling and cooling with
the minimum quantity of coolant are between 2.28 to 2.75
microns and 2.41 to 276 microns, respectively.
Meanwhile, the surface roughness of CK45 steel in the
conditions of indirect cooling and cooling with the
minimum amount of coolant is between 2.42 to 2.73
microns and 2.45 to 2.71 microns, respectively.
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Fig. 2- The surface roughness vs. depth of cut and for a)
M200 steel and b) CK45 steel.

In Fig. 4, the surface roughness changes vs. depth of
cut with temperature and coolant flow rate are depicted. In
M200 steel, changing the temperature from 25 to 0 °C does
not cause significant changes in the surface roughness of
the steel in both methods. While changing the coolant
temperature from -10 °C has caused a significant increase
in the surface roughness in the indirect cooling method
compared to the minimum quantity of lubricant in different
flow rates. In both flow rate 15 and 40 cc/s at -10 °C, there
is a significant increase in the surface roughness and the
surface of the work-piece has become more uneven. At the
depth of cut of 0.005 mm at 0°C and 25°C, the surface
roughness is at least 14% better than the surface roughness

obtained at the temperature of -10°C, and by increasing the
depth of cut to 0.03mm, the surface roughness is improved
15%.
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Fig. 3- The surface roughness vs. depth of cut for a) M200
steel and b) CK45 steel.

4- Conclusion

1- A decrease in surface roughness was observed in the
indirect cooling method compared to the minimum
amount of lubricant cooling method.

2- The effect of flow rate can be seen in the cooling
conditions by indirect method in the high depth of cuts
with the improvement of surface roughness.

3- In M200 steel, surface roughness has increased with
increasing depth of cut in both methods.

4- The level of surface hardness in the indirect cooling
method is different compared to the minimum quantity
of lubricant method.

5- The microstructures of steels are completely different
after grinding. In M200 steel, the microstructure
includes upper bainite and lower bainite, while the
microstructure of CK45 steel is ferritic-pearlitic.
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Effects of Cooling Methods of Grinding on the Surface Characteristics and Microstructural
Evaluations

Reza Rajabi Masoud Pour Hamid Sazegaran

Abstract In this work, to reduce the harmful effects of the increasing the heat on the surfaces of the ground parts, a
new innovative method for lubrication and cooling of the flat grinding process named indirect cooling method (ICG) was
studied. To investigate the benefits of this method, M200 and CK45 steels with indirect cooling method and minimum
quantity lubricant (MQL) with different cooling rates (15 and 40 cc/s) at different temperatures (-10, 0, and 25 °C) were
ground with different cutting depths (0.005, 0.01, 0.02, and 0.03 mm). Other grinding parameters such as the speed of
the wheel and the speed of the longitudinal and transverse movement of the workbench was considered constant in each
test. The surface roughness, surface hardness (in terms of Rockwell C), and microstructural evaluations (using scanning
electron microscopy) were examined. The results indicated that in M200 steel, the indirect cooling method compared to
the minimum quantity lubricant, leading to an increase in surface roughness of about 31.81% and an increase in surface
hardness of about 2.96%, and for CK45 steel, an increase in surface roughness of about 31.7% and an increase in surface
hardness of about 3.11%. The microstructure of M200 and CK4b5 steels after grinding with both cooling methods is upper
and lower bainite and ferrite-pearlite respectively, which are effective on the surface roughness and hardness. In addition,
the indirect cooling method is more suitable for CK45 steel.

Keywords Indirect cooling method, Minimum quantity lubrication, M200 and CK45 Steels, Surface Roughness,
Hardness, Microstructure.
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1. Introduction

The similar mechanical properties of magnesium and its
alloys to natural bone, along with their appropriate
biodegradability, make them promising candidates for
orthopedic implant applications. However, there are
concerns regarding their poor corrosion resistance.
Purification, alloying, and surface coating are among the
measures taken to control the corrosion rate of magnesium.
Among these methods, one of the simplest and most
practical ways is by modifying the surface and applying a
coating. Bioceramics and biopolymers have been widely
recognized as the most effective coatings in recent years.
However, it should be kept in mind that each material has
its own set of pros and cons. Therefore, in order to
effectively control the degradation of magnesium and
enhance its biocompatibility and bioactivity, two-layer or
composite  ceramic-polymer coatings have been
developed. These coatings aim to combine the superior
bioactivity of ceramics with the flexibility of polymers.
Few research have been conducted in this regard, for
example, Diez et al. reported that HA/PLLA dual coating
could protect the WE43 substrate from corrosion and
provide better biological performance than the substrate.
However, there are few reports on the surface modification
of Mg alloys through double-layered bioceramic
polymers, especially coating by electrochemical
deposition method. In this research, we created a bilayer
nHA-PLGA coating on pure magnesium. HA, as a
bioactive layer, is electrodeposited on Mg to protect the
surface. Afterward, PLGA is applied to prolong the
integrity of the HA coating. The aim of this study is to
decrease the rate of magnesium degradation and enhance
its biocompatibility by developing nHA-PLGA coating
using the pulsed electrodeposition technique, followed by
immersion in the polymer solution.

2. Experimental
The Mg samples were cut into cylindrical shapes. Then,

they were ground and cleaned using ultrasonic. Afterward,
the samples were immersed in a solution of nitric acid. In
the end, they were rinsed and dried. To prepare the
electrolyte, 0.025 mol/L of NH4H2PO4and 0.042 mol/L of
Ca(NOs3)2-4H,0 salts were added to distilled water as
sources of calcium (Ca) and phosphorus (P). Additionally,
0.1 mol/L NaNOs solution was used as a conductive agent.
The pH of the final solution was adjusted to five. The
current density, duty cycle, and plating time (ton) Were set
to 40 mA/cmz, 0.1, and 10 milliseconds, respectively. The
pulse electrodeposition was carried out using the
electrochemical workstation (SL10/120PRCT) at 75°C for
30 min. After the coating process, the samples were
removed, rinsed and air-dried.

To apply a polymer coating on top of the HA coatings,
PLGA was dissolved in DCM. The samples coated with
hydroxyapatite (Mg-H) were dip-coated for one min and
the double-coated samples (Mg-HPL) were prepared.
Several uncoated Mg samples were also coated with a
PLGA layer (Mg-PL) for further testing.

Phase characterization of the coating was identified using
XRD. The surface morphology and coat thickness were
analyzed using SEM.

Potentiodynamic polarization test was conducted to
compare the corrosion behavior of samples. The test was
performed in SBF. For this purpose, a conventional three-
electrode system was used. The test was conducted at a
scan rate of 1 mV/s and within a potential range of -200 to
500 mV, relative to the OCP value. The corrosion current
density, corrosion potential, and anodic and cathodic Tafel
slopes were obtained from the polarization curves.

For biocompatibility studies, the indirect contact
method was used in the MTT assay. The extraction process
was conducted by the ISO 10993-12 standard. MC3T3
cells were cultured in cell culture plates and then their
medium was completely replaced with extracts. After the
specified culture period, the medium was removed and
MTT was added to each well and incubated for 4 hours.
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Then the medium was removed from the cells and
isopropanol was added to dissolve the purple crystals. The
absorbance was obtained with an ELISA plate reader.

3. Results and discussion

The XRD patterns of pure Mg and Mg-H are shown in Fig.
1, indicating the successful formation of HA coatings on
Mg. HA coating was deposited on Mg according to the
equations (1) and (2).

2H,0 + 26— 20H + H2 1 (D)

10Ca?* +6P0O,* + 20H" — Cai0(PO4)s(OH>) (2

SEM surface micrographs, element compositions, and
elemental mapping of the HA coating are shown in Fig. 2.

The coat demonstrated complete coverage of the metal.
Fig. 2 show the porous and blade-shaped morphology of
the coating. According to Park et al., this morphology is
suitable for bone growth.

The uniform coating of PLGA on Mg and Mg-H is
shown in Fig. 3. As can be seen in Fig. 3 (a, b), the entire
surface area of the substrate is covered by PLGA without
any cracks.

Fig. 4(a) reveals that the thickness of the HA coating is
approximately 22.29 pm. Fig. 4 (b) displays the
appropriate connection between the HA and PLGA layers,
with a thickness of 31/58 pum. It has been proven that the
corrosion resistance of a coating is directly related to its
thickness and density.

HA o
Mz »

2000-
1500—
1000—{

500—

Fig. 2. SEM images of HA coating, (a) 500%, (b) 1000x, (c) EDS spectrum of HA coating, and
(d) Elemental map of P and Ca on HA coating.
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Fig. 3. SEM images of the surface of (a) Mg-PL sample (500x) (b) Mg-HPL sample (500x)

(c) elemental distribution map of Mg-HPL sample.
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Fig.4. Cross section of (a) Mg-H (b) Mg-HPL samples.
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Fig.5. Potentiodynamic polarization curves of Mg, Mg-H and
Mg-HPL samples in SBF solution.
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TABLE 1: Electrochemical parameters of samples calculated from polarization curves.

Specimen cuﬁgr:rtojé%gity (;:J?)rt?rftlig? Cathodic Slope | Anodic Slope
=1 -1
name icorr (uA/cmZ) Ecor (V) ol FRPHES)
Mg 2.3 -1.82 0.39 0.38
Mg-H 2.19 -1.71 0.41 0.39
Mg-HPL 0.37 -1.4 0.37 0.1

Potentiodynamic polarization curves of samples are

shown in Fig. 5. The values of I and Ecor have been
listed in Table 1. It can be seen that the corrosion current
density of Mg (2.3 pA/cm?) was higher compared to Mg-
H (219 pA/cm?) and Mg-HPL (0.37 pA/cm?). The
corrosion potential of Mg-HPL was found to be shifted to
a nobler value (-1.4 V) compared to Mg-H (-1.71 V) and
Mg (-1.82 V). This shift indicates a significant
improvement in the corrosion resistance of Mg-HPL.
The cell viability percentages for MC3T3 in the vicinity of
different sample extractions after 24 hours, compared to
the control sample, are shown in Fig. 6. It can be seen that
the biocompatibility of pure Mg, Mg-H, and Mg-HPL is
close to 70%, 89%, and 99%, respectively. According to
ISO 10933-5, if the percentage of cell viability is higher
than 70%, the material is considered biocompatible.

120

100 -
m Contro

=]

=1

Mg

=]

Meg-H

[T T~ =1

cell viability

[ %]

Mg-HPL

1 day
ncubation time

Fig.6. Absorbance results of MC3T3 proliferation in the
vicinity of Mg, Mg-H and Mg-HPL extractions.

4. Conclusions

In this research, a double-layer coating of HA and PLGA
was applied to Mg using electrodeposition and dip coating
methods in order to enhance its corrosion resistance and
biocompatibility. The samples underwent phase and
structural analysis. Polarization test was conducted and
according to the results, applying a double-layer coating
on Mg increases the corrosion resistance of the substrate
by up to 15 times. The MTT test also showed that there
was no toxicity in the extract prepared from the samples.
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Preparation of a Bilayer Coating of nHydroxyapatite/Poly(lactic-co-glycolic)acid on Mg and
Investigation of Corrosion Properties and Biocompatibility

Mina Mohammadi Bardizadeh Neda Aboudzadeh Alireza khavandi Alireza Eivani

Abstract In this study, intending to control the corrosion of magnesium and its clinical application, a double-layer
coating of Hydroxyapatite- Poly lactic-co-glycolic acid was applied on Mg by means of electrodeposition and dip method,
respectively. X-ray diffraction (XRD) and scanning electron microscopy (SEM) are used to characterize the phase and
morphology of the coatings. The results show a homogeneous coating with a thickness of 20-30 um. Potentiodynamic
polarization of the samples revealed that the double-layer coating exhibited a significant increase in corrosion potential,
ranging from -1.82 to -1.4 V, and a decrease in corrosion current, ranging from 2.3 to 0.37 pA/cm?. Moreover, the MTT
assay of the samples revealed that the amount of cell proliferation in the vicinity of the 48-hour extract of magnesium
samples with double-layer coating had increased, indicating a decrease in the amount of ions released from the surface
of magnesium by applying this coating.

Keywords Magnesium, Hydroxyapatite, Poly lactic-co-glycolic acid, Double-layer coating, Corrosion, Biocompatibility.
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1- Introduction

Carbides of Group V-V transition metals have very high
melting points (3000-4000 °C) and are rated as refractory
carbides. Zirconium diboride (ZrB2) is one of the most
stable borides that has a hexagonal structure and is made
of two-dimensional networks of atoms and includes B-B,
Zr-Zr and Zr-B bonds. In recent years, densification of
ZrB2 without reducing the desired mechanical properties
has been very much considered. This research is designed
to investigate the effect of the addition of ZrC on the

microstructure and mechanical properties of ZrB2
composites reinforced with graphene nanosheets (gnp).
For this purpose, three composites were separated by spark
plasma sintering (SPS) at a temperature of 1900°c for 7
minutes and a pressure of 40 MPa. The sintering behavior,
microstructure and mechanical properties of the resulting
composite were also evaluated.

2- Experimental procedure

In this research, Zirconium Diboride (with size <10
micrometers, northwest institute for non-ferrous, metal
research, china), Zirconium Carbide (with size <20
micrometers, alfa company) and Graphene (with diameter
<4-12 pm thickness: 2—-18 nm, research grade Graphene
nanoplatelets powder, usa, was used as raw materials.

According to the test design, ZrB2 and ZrC powders
were mixed together in the presence of ethanol for two
hours at a speed of 200 rpm. To prevent the accumulation
of graphene particles, they are dispersed separately in a
solution of about 70 cc of ethanol for 20 minutes by
ultrasonic method. Then the powders obtained from the
grinding process are placed in a mortar at a temperature of
110°C for 24 hours. Sintering was done with plasma spark
using the device at a temperature of 1900 °C.

Bulk density and theoretical density of sintered
samples were determined by Archimedes method and
mixing law, respectively. X-ray diffraction method (XRD:
philips, pw 1730) with monochromatic cu-ko radiation in

the 20 range of 10°-80° was used to determine the phase
composition of the powders. FESEM, (vegaltescan)
equipped with eds detector (oxford instruments) was used
to evaluate the microstructure and elemental distribution.
Three-point bending test machine (santam stm-20, iran)
was used to measure the mechanical properties. Vickers
hardness was measured using akashi-mvk-h21 macro
hardness tester (japan) with an applied load of 30 kg and a
dwell time of 5 seconds.

3- Results and discussion

In figure 1, the stratified FESEM image of ZrB2-c
composite containing different ZrC functionalities (0, 10,
20 and 30% by volume) is presented. The gray background
belongs to the ZrB2 phase and the black areas belong to
pores and graphene and the light gray color belongs to ZrC.

Figure 1, FESEM images of polished surfaces of pure zrb2
ceramics and zrb2-g ceramics with different amounts of
ZrC (10, 20 and 30% by volume)

To ensure the identification of the phases formed in the
microstructure, the XRD results of ZG30ZrC sample are
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presented in figure 2. It is known that the microstructure
only includes ZrB2, ZrC, and graphene phases and during

Table 1. Relative density, hardness, bending strength and
fracture toughness of samples with pure zrb2

the sintering process, no reaction between the raw
materials was done and no new phase was formed. Result
- 282y Composite
zc® T 7 § S
C . — o X —~ - E T II
B2z | 95| 522 558
S5 | Tg |~z 5 23
ZRB:> 81 16.6 290 2.9
ZG 94.7 10.6 515 3.1
v 2G10zrC 100 23.2 577 4.05
I 2G20zrC 100 255 597 49
b Siccsiath ! Rt ZG30ZrC 997 | 1764 | 588 4.46
0 10 20 30 40 50 60 70 80 9

It can be clearly shown that graphene has been able to
function well as a sintering aid and has increased the
bending strength. In the amount of 20% by volume of ZrC,
the bending strength has increased and reached 597 MPa,
and in the higher amount of 30% by volume of ZrC, the
bending strength is equal to 588 MPa, which shows that
the bending strength has decreased slightly.

Figure 2, XRD pattern of ZG30ZrC sintered composite

figure 3 and table 1 show the effect of adding ZrC on the
mechanical properties. The addition of 5% by weight of
graphene in the ZrB: field has had significant effects in
increasing the relative density in the zg sample of about
94.7% compared to the pure ZrB; sample (81%).
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Figure 3, The effect of adding 10, 20, 30 ZrC on the mechanical properties of zrb2 base ceramics

By adding 10, 20, and 30 percent by volume of ZrC,
the fracture toughness of 4.05, 4.9, and 4.46 has been

obtained, respectively. In the values of 10%, the fracture
toughness increased by about 20% compared to the zg
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sample, which shows that addition of ZrC along with
graphene increased the fracture toughness by activating
the toughness mechanisms. Figure ¢ shows the crack
propagation path of all composite samples containing
different amounts of ZrC. It is clear that in these samples,
especially samples containing 10 and 20% of ZrC, the

Crack Deflection
A

activation of toughness mechanisms (crack deflection and
branching) has increased the fracture toughness.

The fracture surfaces of ZrB,-ZrC-gnp composites can
be seen in figure °. In all samples, the fracture is mainly
intergranular. It can also be seen that the graphene sheets
are placed at the boundary between the grains (indicated
by the arrow).

ZRB2-10% TAC-GNP |

Figure 5, FESEM images (BSE mode) of fracture surfaces of zrb2-zrc-gnp composites with different amounts of ZrC: a) 10
vol%, b) 20 vol%, and c) 30 vol%.

4- Conclusion
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The effect of addition of ZrC on the microstructure,
density and mechanical properties of ZrB, composites
reinforced with graphene nanoplatelets (GNP), were
investigated by fabrication of three composite groups
through spark plasma sintering (SPS) at a temperature of
1900°c for 7 minutes under a pressure of 40 MPa. The
sintering behavior, microstructure and mechanical
properties of the resulting composite were also evaluated.
The results showed that the presence of gnp alone and
together with ZrC greatly increased the relative density
(full density). Maximum hardness, bending strength and
fracture toughness of 25.5 GPa, 597 MPa and 4.9 MPa. 0.5
m was obtained for the ZrB2-GNP composite doped with
20% by volume of ZrC, respectively.
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The Effect of adding Zirconium Carbide and Graphene Nanoplatelet on The Microstructure and
Mechanical Properties of ZrB2-Base Composite

Milad kheyrolahzadeh Zohre Balak Mahdi Azizieh Mehdi Shahedi Asl

Abstract In this research,, in order to investigate the effect of adding ZrC on the microstructure and mechanical
properties of ZrB2 composites reinforced with graphene nanoplates (GNP), three composites were sintered through
spark plasma sintering (SPS) at a temperature of 1900°C for 7 minutes under a pressure of 40 MPa. The sintering
behavior,, microstructure and mechanical properties of the resulting composite were also evaluated. The relative density
was measured by the Archimedes method. XRD and EDS analysis were used to check the chemical composition and phase
identification. Field emission scanning electron microscope (FE-SEM) was used to evaluate the microstructure (grain
size and porosity). Bending strength,, hardness and fracture toughness were determined by three-point bending test,,
Macro Vickers and Single Edge Notch Beam (SENB) respectively. The results showed that the presence of GNP alone
and together with ZrC increases the relative density significantly (99.7%).In addition, full densification was achieved by
adding 10 and 20% by volume of ZrC compared to pure ZrB2 ceramics with a relative density of 81%. The maximum
hardness, bending strength and fracture toughness of 25.8 GPa, 597 MPa and 4.9 MPa m0.5 were obtained, respectively,
for the ZrB2-GNP composite reinforced with 20% by volume of ZrC.

Keywords ZrB, ceramic, microstructure, Hardness, Fracture Toughness, Spark Plasma Sintering.
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1- Introduction

Due to the rising demand for oil and natural gas, energy
companies have been compelled to explore these resources
in harsh and cold environments such as Arctic climate. In
this regard, High-strength low-alloy (HSLA) steels due to
their high strength, desirable toughness, and good
weldability are considered as the best options for use in
sour gas environments, such as natural gas pipeline. These
pipeline steels characterized by their low carbon bainitic
microstructures, consisting of bainitic ferrite phase and
martensite and/or austenite microconstituents (MA
islands). However, when these steels are exposed to
hydrogen atoms generated during the corrosion process,
they can undergo failure through mechanisms known as
hydrogen-induced cracking (HIC). The HIC susceptibility
in all pipeline steels is influenced by some factors such as
the types of presented phases, texture, distribution of
misorientation angles, and the nature of grain boundaries.
To the best of our knowledge, the majority of research has
concentrated on investigating the influence of hot and
warm rolling (various TMCP schedules) on microstructure
and texture evolution of an industrially-manufactured
pipeline steel. Therefore, the objective of our current study
is to examine the effects of cold rolling on the
microstructure and texture evolution of APl 5L X70
pipeline steel across two different surfaces.

2- Experimental

In this study, experiments were conducted on API 5L X70
pipeline steel with an initial thickness of one inch and the
chemical composition of table 1.

Table 1. Quantometer results. The chemical composition of
the “as-received” API 5L X70 steel

C 0.166
Si 0.435
Mn 1.676
P 0.009
S 0.005
Cr 0.094
Mo 0.309
Ni 0.270
Nb 0.040
Ti 0.012
V 0.005

The prepared samples were subjected to an 80% reduction
in thickness through cold rolling at room temperature.
Another set of samples was subjected to solution annealing
for texture-related calculations (texture parameters). These
samples were heated to 1200°C for one hour and then air-
cooled. Subsequently, laboratory equipment such as X-ray
diffraction (XRD) equipped with a goniometer, field
emission scanning electron microscope (FESEM), and
optical microscope were used to examine the
microstructural and texture changes of the samples in two
sections: the normal surface and the surface at a 45° angle.
These two sections were selected to demonstrate the angle
between two important crystallographic planes, (100) and
(110), as shown in figure 1 (a) to (c).
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Figure 1. Cutting directions. A) cut from the normal surface,
B) cut from twice-tilted cross section with 45° angles relative
to the normal surface, and C) the important
crystallographic planes of {001} and {011} are associated
with the dominant {100}<110> texture component when it is
present in the surface.

3- Result and discussion

FESEM and optical microscopy analyses revealed that the
initial sample had a fine-grained microstructure
comprising a ferritic matrix phase with a banded
morphology of secondary phases of upper bainite, along
with retained martensite/austenite islands. Additionally,
the initial microstructure predominantly consisted of
equiaxed grains, which transformed into a microstructure
with elongated grain morphology in the normal surface,
and especially in the 45° surface, after cold working.
Crystallographic texture changes analysis by X-ray
diffraction (XRD) indicated that the density of {100}
crystallographic planes decreased on the surface as a result
of the applied cold work, while the density of {110}
crystallographic  planes increased  simultaneously.
Moreover, the results demonstrated that {100}
crystallographic planes on the 45° section of the sample
replaced the {110} crystallographic planes (as shown in
figure 2).

Texture parameter calculations for the initial sample
showed that its normal surface had a predominant cube or
rotated cube texture components of {100} crystallographic
planes with a relatively high texture parameter. The 45°
section of the initial sample exhibited a strengthened Goss
or rotated Goss texture components of {110}
crystallographic planes, confirming the surface texture.
However, for the cold-worked sample, it was shown that,
contrary to the normal surface texture, the 45° section
exhibited a dominant cube texture component and a
weakened Goss texture component, while the amount of
Goss texture component weakening being significantly
greater than the amount of cube texture components
strengthening (as shown in table 2).

1-0-XRD 1-45-XRD C-0-XRD C-45-XRD

| (200)
211)

1-45

Cc-0

30 40 50 60 70 80 90
Position [°26]

Figure 2. Comparison of the X-ray diffraction results of the
initial and cold work samples in two surface cutting
sections.

Table 2. Texture parameters for each peak in each sample

Sample name Texture Parameter
T.P. {110} | T.P. {200} | T.P. {211}
1-0 0.468 1.879 0.653
I-45 1.921 0.821 1.164
Cc-0 1.167 0.980 0.852
C-45 0.346 1.464 1.190

4- Conclusions

The important results of this research could be summarized

as follows:

1) FESEM and optical microscope images showed that the
microstructure of the primary steel includes granular
ferrite, upper bainite and residual martensite/austenite
islands.

2) FESEM and optical microscope images also confirm the
formation of elongated grains in the 45° tilted surface
of the sample due to cold working.

3) The {100} crystallographic planes changed to {110}
crystallographic planes on the surface as a result of
cold work, and this phenomenon was observed in
reverse order in the 45° tilted surface sample.
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The Effect of Cold Rolling on the Microstructure and Texture Evolution of API SL X70 Steel in
Normal and 45°-Tilted Cross Sections

Seyed Hossein Hosseini Mortazavi, Mostafa Mirjalili, Mohammad Hadi Moayed, Gholamreza Ebrahimi, Ghasem Barati Darband

Abstract In the present study, a combination of analytical methods including X-ray diffraction spectroscopy, field emission scanning
electron microscopy (FESEM), and optical microscopy was employed to investigate the microstructural and crystallographic texture
changes in API 5L X70 pipeline steel following a severe cold-working process that resulted in an 80% thickness reduction in the
sample. All examinations were conducted on two distinct sections of the sample: the surface and a 45° inclined section relative to the
surface. These two sections were selected specifically to demonstrate the angle between two important crystallographic planes, (100)
and (110). FESEM and optical microscopy analyses indicated that the initial sample exhibited a fine-grained microstructure comprising
a ferritic matrix phase with upper bainite phases and residual martensite/austenite islands with a banded morphology interspersed
within. Additionally, the primary microstructure displayed predominantly equiaxed grains, which, upon exposure to severe
deformation, transformed into a structure characterized by elongated grains on both the normal surface and particularly the 45° inclined
section. X-ray diffraction analysis of the crystallographic orientation changes revealed that the density of {100} crystallographic planes
decreased on the surface due to the applied cold work, while the density of {110} crystallographic planes simultaneously increased.
Furthermore, the results confirmed that the {100} crystallographic planes on the sample from the 45° inclined section were replaced
by {110} crystallographic planes.

Keywords X70 steel, Cold rolling, Microstructure, Texture, Grain boundary.
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1- Introduction

Due to their high strength-to-weight ratio, good
formability, and high corrosion resistance, aluminum
alloys are widely used in the aerospace, shipbuilding, and
railway industries. Friction stir welding is one of the solid
state welding methods, which is mainly used for welding
metal alloys such as aluminum and magnesium alloys, and
now it can also be used for welding polymers. This method
has advantages such as low welding temperature, less
deformation, less welding defects (eg less porosity, less
cracking) and welds with high mechanical properties.
Some industries such as automotive and aviation have paid
great attention to this process. For example, in the
automotive industry, AI/AIMMC has been used to replace
cast iron components such as pistons, engine blocks,
cylinder heads, brake calipers, and rotors. Recently,
several studies have investigated the feasibility of FSW of
aluminum matrix composites and it has been found that
FSW is successful in producing high-quality welds with no
visible defects and homogeneous distribution of
reinforcements and improved joint efficiency. To better
strengthen the welding area, different nanoparticles can be
used to improve the strength of the welding area. If the
alloy undergoes heat treatment after welding at a high
temperature, the presence of scattered particles inhibits
grain growth and even prevents abnormal grain growth.
Therefore, the presence of reinforcing particles not only
prevents grain growth, but also increases mechanical and
tribological properties. In this research, the optimal
conditions for producing welds by adding WS2 nanosheets
have been investigated. For comparison, a plate with
constant welding parameters without adding nanoplates
was welded. Mechanical and microstructural properties
were evaluated. FSW was performed on AA5083
aluminum alloy, which is a solid solution
strengthened/strain hardened Al-Mg-Mn alloy that is
widely used due to its special properties.

2- Experimental
In this study, aluminum alloy plate 5083 with dimensions
of 160x70x5 mma3 in annealed condition was used. The

chemical composition of the alloy is presented in Table 1.
The WS2 nanosheets used in this research have purity of
99% with an average particle size of 70 nm. To apply the
powder, a groove with a depth of 0.5 mm and a width of 1
mm was created. The plates were put together to form a
perfect square.

Rotation speeds of 300, 500 and 700 rpm and advance
speed of 14 and 28 mm/min have been used. Then, the
sample with the highest tensile strength was selected as the
optimal sample, and in this combination, the rotation speed
and the forward movement speed were obtained. The
effect of passes was also evaluated. The tool was made of
hot work steel (H13) with a hardness of HRC 52, shoulder
diameter of 20 mm, pin diameter of 6 mm, and pin height
of 4.6 mm. To facilitate the material flow during the
process and improve the quality, the tilt angle of the rotary
tool relative to the z-axis of the milling machine was
chosen to be 3 degrees for all samples.

In order to evaluate the microstructure of the weld
samples in the cross-section perpendicular to the weld
zone, standard metallographic method ASTM E3-01 was
used. The samples were metallographed by No. 2000
sandpaper and polished to make the sample surface
smooth, and then etched by a solution containing 82 mL of
H20, 15.5 mL of HNOs3, and 0.5 mL of HF. Unione model
optical microscope and scanning electron microscope
(SEM) were used to study the microstructure of the
samples. In addition, grain size measurements were
performed using image analysis. Vickers microhardness of
the samples was measured using Buehler equipment by
applying a load of 200 grams for 15 seconds. The tensile
test was performed at ambient temperature by a SANTAM
150 tensile machine with a strain rate of s-10.003. The
dimensions of the tensile test samples were based on the
ASTM-EB-04 standard. Figure 1 shows the size and
configuration of the welded tensile specimen.
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Figure 1- Welded sample and wire cut tensile sample
from the welding site.

3- Results and Discussion

Figure 2 shows the light microscope image of the cross-
section of the welded surface after four passes that
distinguishes the different regions. The intense plastic
deformation and heat generated by friction during the
friction stirring process produce a recrystallized
microstructure with very fine grains in the SZ. This region
is commonly known as the dynamically recrystallized
region. The stirred zone is shown in Figure 2-b. There is
usually a low dislocation density in the recrystallized
grains.

Figure 3 shows the microhardness profile along the
mid-thickness of the FSW cross-section for different
samples. The maximum hardness of 135 Hv was observed
in a 10 mm wide area around the center line of the weld for
the sample with four passes and with WS2 nanoparticles.
This hardness corresponds to the end of the SZ zone and
the beginning of the TMAZ zone. Figure 4 shows the
tensile test results for the base sample.

Fig. 2 Cross-sectional image of the specimen FSW with four
pass (a) base metal, (b) stir zone (SZ), (c) and (d) thermo
mechanically affected zone (TMAZ).
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Figure 3- Hardness profile of the sample after friction stir welding.
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Figure 4- Tensile test result for the base sample.

4- Conclusion
In this study, the effects of the number of welding passes
on the microstructure and mechanical properties of butt
weld joints of aluminum alloy 5083 by friction stir welding
with the addition of WS2 nanoplates to the weld groove
have been investigated. The microstructure and
mechanical properties such as tensile strength and
microhardness were investigated and the following results
were obtained:

1. The maximum hardness value in the whole sample is
assigned to the mechanically deformed area, which
increases as the grain size decreases.

2. In the welding samples without reinforcing powder, the
minimum amount of hardness and strength is obtained,
but with the addition of reinforcing nanoparticles, the
mechanical properties are improved.

3. The amount of hardness and tensile strength increases
with the increase in the number of welding passes and
is higher than the sample that was welded without nano
powder. The reason is a more uniform distribution of
particles in the field and locking conditions, which
reduces the grain size. The best result is attributed to
the sample welded by four welding passes.
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Investigating the Effect of Adding WS2 Nanosheets on the Microstructure and Mechanical Properties
of 5083 Aluminum Alloy Welded by Friction Stir Welding (FSW) Method

Mohammad Alipour

Abstract This study aims to investigate the number of passes and the addition of WS2 nanoplates to friction stir welding
(FSW) joints of aluminum alloy 5083 on the microstructure, strength and hardness properties. At first, the combination
of the two factors of rotational speed and forward speed was used and the optimal state was selected in the absence of
surface and metallurgical defects and the maximum value of the final tensile strength. Then FSW was performed with or
without the addition of WS2 nanoplates for different pass humbers. Microstructural observations showed that the grain
size in the stirred area decreased with the increase in the number of welding passes and a uniform distribution of particles
was obtained. Also, the use of continuous four-pass welding with a rotational rotational speed of 700 rpm and forward
speed of 14 mm/min increases the tensile strength by 52 MPa and 35 Hv in the hardness value compared to the sample
without the addition of nanoplates.

Keywords Friction stir welding, Weld pass numbers, Mechanical properties, Microstructure.
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1. Introduction

Improving the roughness and hardness of the work-piece
surface for the technical and economic reasons, such as
reducing the friction coefficient of the parts in contact with
each other, acceptable wear resistance, increasing the life
of the parts, higher manufacturing rate, and fabricating the
parts with close tolerance and dimensional accuracy, is one
of the main goals of most machining processes. Due to the
fact that most metals and engineering alloys have a
relatively good grinding ability, grinding is used as one of
the main machining and polishing operations in the various
industries.

Different machining behaviors have been reported for
the case hardening by grinding with a cubic boron nitride
wheel and a corundum wheel. In these studies, it has been
pointed out that very low and very high feed rates,
respectively, either cannot produce proper heat and raise
the temperature of the work-piece above the temperature
of austenite formation, or they do not give the structure the
opportunity for proper thermal impact. Therefore, the best
depth of hardness occurs at moderate feed rates. In this
situation, increasing the depth of cut can help to increase
the depth of hardness. When the depth of cut increases, the
depth of the hardened will increase during grinding.
Therefore, in a successful manufacturing process, it is
necessary to choose a large depth of cut or to use the work-
piece that has been quenched and tempered to increase the
depth of the hard layer.

The purpose of this research is to determine the surface
roughness and hardness as well as microstructural studies
of M200 and CK45 steels with an innovative method by
the authors of the article called indirect cooling in the
grinding process (ICG). The surface roughness and surface
hardness of the work-piece in two methods of indirect
cooling and the minimum quantity of lubricant (MQL)
have been measured and compared with the same grinding
conditions and different cutting depths, and the effect of

coolant temperature and depth of cut in both of steel is
investigated.

2. Materials and Method

Due to the high friction and intense heat generation in the
grinding process and considering thermal damage as one
of the main limitations of the grinding process, the type of
cooling fluid and its using method can play a significant
role in controlling the heat and its effects. In Fig. 1, the
heat flux entered into the work piece and the way of heat
exit from it after passing through the stone wheel can be
seen.

Heat generated
from surface

Heat transfer region

Fig. 1- Distribution of temperature during the grinding
process.

Grinding was performed using a flat stone machine
model FSQ-1640AD made in Hungary. Applying the
depth load of the grinding wheel was selected by a
micrometer with an accuracy of 0.001 mm. In addition, an
aluminum oxide wheel fabricated by Nava company with
a standard name of WA46K with a particle size of 46
microns with an external diameter of 250 mm, a width of
32 mm, a cutting speed of 35 m/s and a forward speed of 8
m/s was used. For cooling, a water cooler was used by
making changes including height modification for the
natural return of flow from the tank, strengthening the
evaporator and injecting more gas in order to increase the
cooling capability, as well as installing a water pump in the
tank in order to send the coolant to the main tank. It should
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be kept in mind that the refrigerator tank was completely
insulated and adiabatic conditions were provided.

3. Results and Discussion

In the proposed method of indirect cooling using a
different cooling liquid compared to the common cooling
liquids in grinding processes, at first the changes in
roughness according to the depth of cut were investigated
in the same machining conditions with two different
cooling methods, and the results obtained are shown in Fig.
2. The results obtained for the surface roughness of M200
steel in the conditions of indirect cooling and cooling with
the minimum quantity of coolant are between 2.28 to 2.75
microns and 2.41 to 276 microns, respectively.
Meanwhile, the surface roughness of CK45 steel in the
conditions of indirect cooling and cooling with the
minimum amount of coolant is between 2.42 to 2.73
microns and 2.45 to 2.71 microns, respectively.
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Fig. 2- The surface roughness vs. depth of cut and for a)
M200 steel and b) CK45 steel.

In Fig. 4, the surface roughness changes vs. depth of
cut with temperature and coolant flow rate are depicted. In
M200 steel, changing the temperature from 25 to 0 °C does
not cause significant changes in the surface roughness of
the steel in both methods. While changing the coolant
temperature from -10 °C has caused a significant increase
in the surface roughness in the indirect cooling method
compared to the minimum quantity of lubricant in different
flow rates. In both flow rate 15 and 40 cc/s at -10 °C, there
is a significant increase in the surface roughness and the
surface of the work-piece has become more uneven. At the
depth of cut of 0.005 mm at 0°C and 25°C, the surface
roughness is at least 14% better than the surface roughness

obtained at the temperature of -10°C, and by increasing the
depth of cut to 0.03mm, the surface roughness is improved
15%.
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Fig. 3- The surface roughness vs. depth of cut for a) M200
steel and b) CK45 steel.

4- Conclusion

1- A decrease in surface roughness was observed in the
indirect cooling method compared to the minimum
amount of lubricant cooling method.

2- The effect of flow rate can be seen in the cooling
conditions by indirect method in the high depth of cuts
with the improvement of surface roughness.

3- In M200 steel, surface roughness has increased with
increasing depth of cut in both methods.

4- The level of surface hardness in the indirect cooling
method is different compared to the minimum quantity
of lubricant method.

5- The microstructures of steels are completely different
after grinding. In M200 steel, the microstructure
includes upper bainite and lower bainite, while the
microstructure of CK45 steel is ferritic-pearlitic.
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Effects of Cooling Methods of Grinding on the Surface Characteristics and Microstructural
Evaluations

Reza Rajabi Masoud Pour Hamid Sazegaran

Abstract In this work, to reduce the harmful effects of the increasing the heat on the surfaces of the ground parts, a
new innovative method for lubrication and cooling of the flat grinding process named indirect cooling method (ICG) was
studied. To investigate the benefits of this method, M200 and CK45 steels with indirect cooling method and minimum
quantity lubricant (MQL) with different cooling rates (15 and 40 cc/s) at different temperatures (-10, 0, and 25 °C) were
ground with different cutting depths (0.005, 0.01, 0.02, and 0.03 mm). Other grinding parameters such as the speed of
the wheel and the speed of the longitudinal and transverse movement of the workbench was considered constant in each
test. The surface roughness, surface hardness (in terms of Rockwell C), and microstructural evaluations (using scanning
electron microscopy) were examined. The results indicated that in M200 steel, the indirect cooling method compared to
the minimum quantity lubricant, leading to an increase in surface roughness of about 31.81% and an increase in surface
hardness of about 2.96%, and for CK45 steel, an increase in surface roughness of about 31.7% and an increase in surface
hardness of about 3.11%. The microstructure of M200 and CK4b5 steels after grinding with both cooling methods is upper
and lower bainite and ferrite-pearlite respectively, which are effective on the surface roughness and hardness. In addition,
the indirect cooling method is more suitable for CK45 steel.

Keywords Indirect cooling method, Minimum quantity lubrication, M200 and CK45 Steels, Surface Roughness,
Hardness, Microstructure.

NENPRL D AN WISHPRL S ARVA RN RCUIPE @u*

Ol Ol 58 Ol B ms oK1 (5 (la sl e aSiils (S wdige 05,8 (Al Ll S (g smedils (V)

Ol Ol 3l B ms oK1 (5 (sla sl e Sty (SIS wdige 05,8 Lkl oJ st sk 55 (Y)

Email: h.sazegaran@gqiet.ac.ir Ol Ol 53 Ol B s ol (e psle oSS (mlis pudige 05,8 sLokiud (F)

'4


https://jmme.um.ac.ir/article_45157.html?lang=fa
https://jmme.um.ac.ir/
https://doi.org/10.22067/jmme.2024.86026.1137
https://orcid.org/0000-0002-0676-4031

e (slatasiio o o 5K Ay s () SSt gl gy

2l 1 s AT slags pSo3l b anslie 53 oS
T e SO H P - P I PR E la ol wles &5
5L e IS andsd 3 el slaul

S sl OAs e 8l bz 6,5 el sla b,
[9] 5818 &2 5 [B] (xS L o For b 3K
Sl 5 a8 cd ot o )lal Sladllas ol 55 ol 0l Sl
A5 s N e b S a5 oS b S
JSis Gles VL o I Jl8andad glos 5 L5 Cle )l >~
Ll e Gl S Co b by ey ]
EF 23 o 258 Gos Olie (i el Rl s e Sl L
Goe SRl il d l 53 s sd e sl b e a0
[10] &S SaS ovw 358 Goas il 4 Wlg o 5y
52 okd o Y Ges b o RIS Ges S K0
(G M5 Al B SG 5s nl oy A el g sl 3K b
S ol sl 5L 558 ol ok A e AL
3ged oslital S Y G Ll Gl el e 5 IS
[5]

Wl B s Ol sl gs, p Slslp bl
Solwaings 5 o sl oty 5 el w8 S s S5 S0
& 3 il b (laand Gromen 5 S5 Kw Slles
(S. Zhang) I3 [10-13] ol ol oLl 03 28 )50
Sole O g v S8 in SV 5Ll L [14] O San
Sl ol Jdow 51 08 8 SKaS b G K L3 s l8
caales S5 e il il 55 S0l Jke s 5 el
sl S eslinad 36 e 5 S5 ail 3 b s ), LS
sl 15 andllas 3yge 1y Sanksd Sltlag, s eduS st
S e 3 e S Sl oS e OF 1 S
g s (ks 5 S ples 0oy 2als) KMNCJ;-
213l U el CodS S S0 el sAC S
L [15] 0l,Kan 5 (C. Sharma) Lo,ls oladss ool 5 o sde
5 S Fr S pedln Gas bl aw oy adllas
Lol 3 938 T b S das e LIS S ankas s
S S35 0 i D sl o Gl 5 SUSG
Stle OAd Sl b)) g Bankad SO 5 (g
- r (Smadly IS8 0 S5 5 oy Gl 25 sl daalls

S5 s & e (B sb sla el e 53 5 el s sl

dndde

5o B pladad w5 5 Ol s
w2 b pled g Slidad Sl o fals Sl (galadl
M5 g5 olakd jae Job (I Gl 4 Caslie
ol Gl iy ool S35 L oladad bl 5 YL
el &Sl g b e 8 il gladnl LUl
Hls s e S5 B ige s3T5 I3
3 Sl Sl 5ol 51 (S Olse 4 S350
T 5,8 e 3 eslinad 3550 0SUS mbo 3 oty
5 305 el slime bl 5 WSWT 5 Sl 5 55K
slos w625l e kilen IS sla bl b5
St P I ns (G3K So ool Joe
Do as 5,8 o 18 andllae 550 LAl il 5 e liles
G s Skl o 5 adke ool 3425 4 SKawl
IS pde & Wl o395 4 935 bmd 551 (5550 (S
slowl 23S Wiloy gla 25 Ol 3L e ol > ol
S5 e OareldenST (nd s Gl (St s a8 S
zhe 03 Sk gy Slacaul 5 alaw Csllasl 525
JWEl 5o Cims s 4 OO pl a8 55 S e ankd
by oS das e 5 S Al b3 S 5 ol

Lloks b3, [2] i, es 5 (S Malkin) .S
S OlE e lisls ol Olles G LB a5 SlasY g s
Slles plil gl 3K Al b ysedd Mg ol
ke Y 55 Sl ob S O gl 1 diles Cilis Sl >
35t Al b oS il e 5s il [3] 5 sed eslinal SIS asks
oY oy el 5B LS 4 e gl b eSS
S TE CO I I WISV U VRN PVIPL R ST
BBA] 553 0 Sl pln 55 Cslie 35 o &5 058
Sy o o S AISIL1060 5 AISI 4241 lasY g5 s i
ol S Y Sy Llas (golis gla 2 (o e
Ll 5] el odd 3158 ek ¥ STis Ges 40 Lm0k
05355 sV 5 [6] AISI 52100 OBL sY 4 (g5l wa
55 Ll Sl ek Ges &S col O 51 S [7] 304L o
Sl arg Lbadl a0y S Ver Sl 63 gl
LBl P e odd S Y ulbis il 5o (6oL Sl Jelss
bs slallast (glls Lagglovand S O @ ax 95 L il Jise

PEF o Splod iy s oo Sl

o s Sipbn olign &



AR

Ol oo = 3 s = 2y LS,

S es¥ g dal i Jles [ 5o LSS )
w05 b GBS Sy 0o b gD S
il G 5 A, S AL e &S Sl (LS SIS ) 50
OOl sbadde &8 cils ki s L [22] S (6 Sl
Johnson-Mehl-) .l sl Jgom O il Je 51 ilises ol
5 Al s s s 3 b Sl ks e (gl (Avrami
r bl sl il Gl Jhe e Ol e 435l 555
6] ol ok a1, SKmdly sla i S 5 L5 des i
S s SN 5 sl Gl e
@&jb.w‘wﬁ)|}wb))‘ycﬁ~4@j&~
(e Gl s e s el el S S sS
el 93K AT e 3 Sankd sl (58S
i (pl i g Gl Garws Sa) 5 S 5 ool Sua
Aol e 5 eSSt 2l 3l s oslinal el
ool ol e alee Slles oML 5 o i L K
5 S F o o oS e 53 e S ST a2l s ol o3
gl b osded eddly Jsldie la s,y alin jSaskd
(Sosib st syt HSankd Ll b el s s eSSt
CES ok 5 e Al elds Ul U1 0T e
G R R ety 5 bes Rl J xS S SISl
G S Dol 4 s Bl mle 055 L L
O35 7 3 Jaes Slod ( ples 03 5oms 55 Godr GBS
(s ol 5l O .w\omgﬂom&>¢lp@@u
ol Olllae ioman 5 mhaw e 5 (605 S
S5 e el is, L CKAB 5 M200 slasY s
ICG 9 Indirect cooling ) wizs . SIS el & i
s e s a5 25l 5K a3 3 3 (grinding)
Ol PBld= 5 olits s (GBS g 55 5o S axkd
Ll & L (MQL(Minimum quantity lubrication)) ol
a5 (6 S o3Il sline sla b Ges 5 S3Sw DL
33 A g Ges 5 eSS mle gles U5l sl

ol s, s 5l ge
3K 5 5190
S AT s L Sl W5 YL Sl e o
B P S T Ve SO
5 o liS S o g3 S5 Saw dnl B ol Glays sl

wwny 55 [16] Ll en 5 (Y. Hamedi) sl aslllas .55 S
SO g S8 5 sl SN 5 e ks
LB ohlus o8 sl 0L sl o ladas 3 Loy sl
Jles! JSaskes ,¥V0 °C 31 SN0 glas ﬁch..«L;ﬁ)' el 53!
2 [17] LK 5 (ZH. Xie) 51 Sligss @L:.l 238
O Q‘J:.Afe)lsﬁ\.\u 44(.3 b)‘.bl_})l:?-t.wﬁ) C}J J:‘U 4...:4‘)
@ﬂ)%d&l;{?b“}d@cﬁw&w&ﬁjéjg

C»w\&)&m.*‘i]jjvb))ubb‘jj&f&m
C,J; )‘J:% oslai! 240 (5)lsur&lﬁ L @Lﬁ JJS J‘?’"S|L5‘>
G 53K Aol 55 s B oSS Sl eslizad 3 xS
s (A.B. Chattopadhyay) _aslglr Las Y4A0 Jl.
S Lyl 5 s Gl Jsbs (b 03550 o Jolis
S8 amlie SGaC L1 sdel s ) s 5 el
Goarg b G 53 s Gab eSS sl Koo
Llows la 5 Jals w015 0 s 4y LB el
@Méﬁjzﬁwjﬁbdudjﬂﬁ‘fm
« [19] ol,Ka 5 (G. Manimaran) Ollesle 55 oLl
ol mle O3 S L SRl e el of 5l S
oo ol e s les g J xS s 4 SKsl als
Suls g sl ck.« S S D 53 3 338 o K
BL) ‘_;ajgi.«.w LSLQJJ“ Sho > \Y‘)VV U,I.ALS ‘u'i‘}’ ej)’\.o
f}&:}b\fﬁbwuﬁjb @Lﬂdj)ﬁ)‘ebu&w\r&b
boaslie 53 mhao (605 han VY 5 0% 3500 (romen
sl il S 316 Ko oV 5h 3K 53 ek auiS Lol i
Ll g oo i Ol S 51 o Ges All [20] el
OLES AIST1045 5N 56 5 o,8 K sla sy (S demlin
S g Sl (gpab s s b B o a8 0l
e sl GLA 0535 3 eslixul Oloy 53 ol LS o5

G Cd Yl e 5 A Al 35l glaaas sl

A5 5 sln ki 25

’F‘r‘w;)w;@jwdlw



cogeba glatasiio  Co 5K 8 0 S (ala iy il

YY

S (,ls pesl 3Ll alasd (Ll ) sl a5 ol > e 53
4= QLLE) Vv ?C B Ay syd= as (g ls pedl s adlee (glos
AYO °C G Av e - CKAS Y g5 izl (glos 03 3doms 45 ol
Olojon (© 5 dw)y oo (sl AP °C LATY - . M200 5Y 55 4
b 055 S ankd (5, 54b 55 Aol b b s aS ol pesl b
bl plad O 5w 5 =) °C 5 Nl b oSS
ol Al e il 0das ayl b e &S Sankad
O 325 5 Sen B3 iy nl b aS 5,05 3505 Jlans|
5 ksl a2l L 5 s SIS anal s slanasiia dasils
ezl casl 5y adlae SLSU Ods 5,0 b aS 3505 55
27 gl o (a5 Ol e 21531 5 2 350k 5B S5
b bag 8 (s o)\jcjla (V) o s sls

e 0 oS gl 4 oS St

9 00 J..Jy Q)‘)"

TO d..Js‘ LSLAQ

5 Sl JAS 53 gl S4B A5 e OF 51 eslinad o st
3l ol ol () IS sl Wl O 5l 36 ol b
Err o 3 e O 31 Sl 55 oo 5 S Saalad ay ol
D SIS 53 55 e edaline S
o ol o alS Saakad 4 (35,5 Sl sl S
f S S b s SBaskad (g b e s 4 LS axdad
ks o S S S b 3l eslinad S Vs Ll 51
Sles 31 36 sla i) als5 i Jels S e a5 1)
askad 555 5 a8 Do M5 slaanlp b s S5 SKe
(2@ g Lt s slual Jlrle 058 5, (O
‘Ch.”_;))ﬁoximq'ﬁsb.qllfub_u«{u)uﬁuiilj-é\
carkad s 5305 58 e Olle JL L a0 4 cueplie )5
o3 0302 Oln 3 sn 5 (el 5 (S a (S50 5 500
Jolo e 2 S S, 0 SIS Al s

&l Jsl sogae

444404

YYVYVYY

<¢M1@\F)uq;”)tsuw,&MtﬂQﬁ;ﬁ;yamwws)g;&wmﬁrwowﬁm@j; Vs

i S o e
Fdad

1
L---------------
------------------l

--r-l--

.)SQ‘}) Q‘ﬂwdﬁ\» UZJJL{MU.AJJ A./\Ms&?'d‘lﬂ LM‘}:WJ:O LS)[S&}'W:)UCJB Y J.i.f«

PP it Syl iy s oo S

o s Sipbn olign &



Yy

Ol oo = 3 s = 2y LS,

TLITIY » (G V..JM LB Frcels s s sdiS S
IS b 5 Ol S5k alows 4 @,Sesll b o5 J 28
SSaskad ol 5554k st (Dlilesl b s ad pll OL
O ankl S 0us STt 5 0d 8 s s liSSEF mle 052
sl L O

Sl e WalS g g i Sl ealizad s 4 0 e
OF S5 p 0dd et o goasie Sl YY Loy 5 o
5 g 2l S ol 5 S ol bl (53,5 L
@YL{WLM;-QL»:&;J&jJASw\Jb-):d\
i O S35 5 s 5 S35 slales (5 Se3ll sl
5 ool slaesl 6)5@}- Sl ol OB glml s A
53 LS s S eslinad oL el Lo 5l 35K
Lzea Wb (g plpillanil Slils 5 o saiie i Sl s &
o 15 =Y0 °C glos b 5 Llgle SlS ol glabes 3 oS
g 3 lea Y b £ 5 53 (55 0 53K SllasT LS s
5 S g Shs s pbesd S5 L CKA5 sM200
d o plondl (1) 5 () Jshr 53 o 5w o il (SIS
Ui 30 2 ilweslel sladnT s I3 51 (68 sl gt
- 2y oK Sl eslinad b olakes sles e e 5 8
MM bl b oSS 50 4 (AGIE ¢35 51 b s) SIS
5 L;,iuj,a&;,n Sy A oy YO MM x YO MM x 10
Slislesl aen 53 eSS sl o A eslizal £sei A
doslie (1 oS ol S5 w3V S (Sl el e
55 005, Ol JBla i, Slea b s 53K s,
el o digd o s, e iSO 53 a5 s S eslinal
A a4 S S 4 olales and 35 oS 2 BCL00

Jde s Ko ol&s gio“ 4.1.:,&_54.: J)Li*‘*’ C)L:L»&
Jlos! .25 5 plasl Olisloms 5525 J suames FSQ-1640AD
Sades o) S35 L ey S by S e L
o (V) Ko s eslanal 5,4 v.;)&wd s s Sl
o S Se Gl ialosl 53 ol sl olES gl
Skl pU L L oS8 s eld A W,JLL,WS\
5 K e Ol 5 05,50 Y7 213 3l L WAGBK
Mis 5, Copm XY MM 50 YOy MMl Las |
Slislesl ul o s eslized A MIS (65 8 Co e 5 YO
S5l S s K SaS a ile e sl g
S e Ll Ol el i sl b S5 e
038 i Gy s LBl CusE O 5l Ok A
)Juiwwcﬁw;d)g&rwﬁﬁbﬁ\)}b
salazl QJ.A\ QP;AA.:::J.&S&L}' dlﬁ d\.w) )).ELA‘U.QJ';';A
Wl Jlosin 05 533 B yan a5 by s 5 Wb s S
A3 8wl b ST Ll s 5 s Gle
el e (lilosl opl 5 eslial 5 50 oS ot =l
Sade 5 () ol 53 el &1 Slaasiia ) Sliad oy 5
SN Ol 5 Ao 00 G b g ks LS
sl 1, =¥ °C gls U ;;j@ Jlie 53 Cwglin &5 ol
o) OO glard osbe ol a8 ol S5 0LLE [23]
6\ﬁgidﬁ§,5w>,u\)@\”m&.}-o@uv@w
s o e 4 S el sl 1) (g ke 50 oK 5
-6}&)‘wwdﬁa‘f‘x‘ou&>euufm)s
wtle 5 b Yoomm x 0vemmx A mm slal b o

GLadpgﬁ}f}dsjjﬁéhﬁ.&mﬁibofuwbs.w

S S u.),&d.va.k& oslaal bl ﬁﬂwdw \ J}.b—

5 PH deS Ao S Slil o e S 05 J glall 5l 50 S
d},bu: (u"J} M)J) (u"J} M)J) <;F’J} MJ.:) uI (g/cm3)
/Y /Y 44 \ \/Y
s Ao e ekl 550 gV slecd LS 5T Jodx
O 5 35 355 S e e oS N
Y \/AA 0 /20 \/$ RN C/EY M200
o/ v /¥ /Y0 /YO v /A o /¥ VO CK45

s 5 sln ki 25

PEP o Splod iy s oo Sl




e (slatasiio o o 5K Ay s () SSt gl gy

YY

eslinal 5,50 oV S 5 S sla S5 ¥ Jou

IS | S s s | S Sl |l oS S N5
(glem?) (W/mK) (Mpa) (Mpa) (HB)

VIAD Yo,s FAe o Y. M200
V/VV VO, IANd fye VY CK45

6)L§u_,<,\> L}Q))JAJAMuiyﬁéj)fov\.&fbu\d)&“&w \"J)J&-

s | S 2l Ges ) RGeS (°C)ons KL= @LA Gls | eSS I 3
: ol 2l
(m/min) (mm) (mm) MQL ICG (ccls)
Yo aeed TN
0 A =\
v /Y -\
o oY e
0 O fru 10
. e d
0 o/
v ey
o VY .
Ye e Yo
\0 o/ Yo
v /oY YO
I VY Yo
/00 (AT \0
A /e Yo
\0 o/ YO
v /Y YO
VY Yo

0l nl Hpd e o mad JU s oS sl plad S
JSas ol 5l s e oV Y kel oS L L gl S
23 5 Kpd e ae) Daps BB oSl 4 lad)lS 5 Ll
s 3 M5 Oloy el T s o slae o s
ol K Al B3 S cd VO MIN B O 05 ST
Gﬂui.alSj\Y}ondle-@)MdﬁSJ{G?Lélou)
Dl (iland ol 35d e slinad Sandsd s (glos
e 31 S aake &)& Oley 5> a8 das oo OLES 3 5dome
o Lav/fmm o5 /0 /Y S Ges L CK4A5 5Y s
VoSl RS 05,8 s e g eyl VY00 s

Th e 5 S5 e
S das e ol s g ol Sl gy p e Slallas
T e Ol 5 625 b aniiens BLII il 4 aslia
ainal (Glos o3 pdome SO a3V 51 S sl [17] 550
Lol oS 5505 5525 035 S Oldas el shate 45 O
SlasY s 05 S Coew glos 5,05 el 055 S Sl 4
s3d 53 S 5 oAl ol ol SUs b, CK45 5 M200
asie 614558 4 sles e3sdmes 1l (el V¥ 0 °C B AN
R T RIS (NI P P
AL il ) e e ST ) gladls Lo ksl

SN T LS;W 05,85 Coew gles 2 1345 Ol

PEF o Splod iy s oo Sl

o s Sipbn olign &



YO

Ol oo = 3 s = 2y LS,

Q)}_.p ACJU\' QJ\.AA.{‘).,\_.p):Y Jl:._{b djbpn .L.«J):
P 5 Se Gl sl (G)l3 i 3a S e sskaie 425 S
Sputter K s Ls E) Au-Pd )"L:.ﬂ .]a_w_j:v W:"U) d}fﬁ‘
ldllas « e 5 BO_b a3 i, Coater SC7620

LEO 1450VP ol s baw 55 25y s Sl o s 5 So

el

oy
b 2

gl o) eslial b i 12 (B SE oledy oy 00
53 Jalas siS S Clube 4 cand Cslite saiS SO
NSNS U el g g U N [P KWy PR
S S wle 53 b (S el OLSG Ll 53 5 Ges
OLas () JSCs 3 oal s a0 il o8 A il o sline
SV ol S sl el s el Sl el 0l
Bl L S 5 s b ()5S0 Lyl 15 53 M200
3 05,50 YVO B YYA o i 5 & sliS S mile Ol e
G5 Oe 85 ol I 3 ol ol 03 Sen TVS G V/F)
5 ey GBESKS Lyl s CKAS SN <l
VXY o s lilS S mls Olpe Bl L (g8
S sb Oles el 05 Sen YVY B Y/EO 5 05 Sn YVF G
PSS mle Sl oslited B g el osde edalis
ilime Gt n Ges 3l 625 03 (ppeine DS

ol 63,55 syl
e b Ges 3l s e s 5 i oY) IS s
Olad sl ol 0S5 gl 4 s AIS SIS gl s b
M200 sY 35 ;3 3 5d 0 sdalie (WHY) ISE 5 &8 5k
Tl S 03 s JB Ol TC YO Sl e o
Olee B> 5 aoltes 8 (ESS gy 53 2 0 2V
PSSt mle slos ks o o 3 S el sl LOL,
33 ch.w S b sldade LB Al o =V °C o
JB00s, Oles Jilam b aslis 53 alis 1o (S8 g,
23 355 g odalin aS 5 eb Olaa il o (il gla oo s

St Gl Ve C e 3 ¥ ool 510 s 5 e

10 S bl a8 sy, g0 STl ass ol 5o [24] 55
i 53 5 oph JSUS Y p s g e s Zapisle 5B L
e Syl JU Sl R e o Ol
5 bl ksl G855 56 sl A0Sl
SIS A e ady cstee gl ISE) Cslen
Sllos 3 gl B o n 5 S (WSS s
s gl S ol o S5 S SIS
G ey S e Sl el sl sl b Olasiia
S e ol W5l (55 S5) g eSS mle (65
5> 3K Al h 535V h 93 a mba (6 5 Il (S5 SK
(V0 cels 570 °C i 5 a) sliS S mle DL o3 5 Leo
Pl 2 4 e I (6,8 03lLNICG 3 MQL o5 55 L
slales 5 s o3 ;> CKAS 5 M200 5Y 35 55 8 53 o Ges
SVeslales ¥ CEls 510 i 4) keSS mle Ciliie
Ot 5 e e (6505 Ol S5, 1 (YO °C 50 o
A bl b3l s 50 slasY g o 3 ok 1S5 (sla sl
&1 olisbesl plomil 53 o Jlesl (gla sl (F) Jgutor 3 S
6V Gladised Sas 2l 65 SRS el Ll sl
Taylor Hobson Surtonic oKzws 31 eslizal b el 53K
5 55K Do il 5l oy 4 Sl S5 LG s 01325
Tt oy Lo e iale3] e gl (53luesle]
(B (6 Sl sl s el Koopaco UV Jle s 5
3 Cile 4l a3 odd (5 ,Se3ll e ke lie
S ey e 3 Slre Dlgs 4 0ld 55K e
Gam wod (,Seslll s S 15 sl s, C JSI

A el B Y O o.u):jp_fjl,.s V0

bl gl gl
j(OM)d)fu#ﬂjﬁdéudg‘))‘)‘eud‘)&d
LAM}QJ.\.& a)%\(SEM)L;L;))J}fﬁ\%JJLAJ&
nwjﬂuob\b&ﬁg:)ls]ibelii_,ﬂbbj:\xq‘
LAQT&))J.:LSJSLM){}&)@JML?J;QU&L&J%TI%
S B olstlug s @3l Sal ki 4 dd ol

A5 5 sln ki 25

’F‘r‘w;)w;@jwdlw



s (slatasiio o K [ s 5 sla iy Sl k4

Sl god 53 /X MM G /o) 5l Gas (il Cod o okd 5l anl 1S adad a5 ol sk sl o (5 15 53
el o sl ales oled 53 5 05 55 53 el 55K S3Y0C 5 v Coclales jsv/er0mMM iy Gas )3 .S
SO MM 5 Ges s (QF0) ISE vy 5 s b 53 sdal G 4 oo 625 5 e e VY Bl sl
4 Y0 3l Ly Jals VO cels QLS o5 53 a5 das e OLES S /YN & 5 Ges AlBI Ly cul Ve °C les
dal.d):JJ”Q%\.@\A.XJCENL;J{J'&UJ’\W)?;“C Sl o 5d n odalin 5 5 s A oo 5 Lo 310 Ol e 4
Moo Ol e M5 oo edalin 50 Gbm Glain Gos 0 Ol S0 aistlael I Wil o Lo 2alS 5V 56 ]
axad s (625 )3 S o IS o 3 IS 3 S a5 M200 5V 53 (Ci-0) S8 oy LS sl OF ala

Rh e Rl S 2 s e edalin (b p0ly Ges U e

S 03 S psmes SlpmdS 0N MM o o /od 51 2y

3/70 3/70
3/50 + —6— MQL Temp=25c flow=15cc/s 3/50 + —©— MQL Temp=25¢ flow=15cc/s
3/30 | 3/30 _ _
310 | — & — ICG Temp=25c flow=15cc/s 310 | — ¢ — ICG Temp=25c flow=15¢c/s
2/90 2/90
€ 270} .. — £ 270 |
3 2
= 2/50 | V__..____—a—f/—'o :; 250 |
& 230 @ 2/30 |
2/10 2/10
1/90 1/90
170 70
1/50 | 1/50 |
1/30 I I I I I I 1/30 I I I I I I
0 0/005 0/01 0/015 0/02 0/025 0/03 0/035 0 0/005 0/01 0/015 0/02 0/025 0/03 0/035
Depth of cut (mm) Depth of cut (mm)
(&) (<)
CK45bYﬁ(u))MZOOJV}ﬁ(;ﬂDé\j&)S&.}oM%L)jjé«&w}jck.«df)ulﬂxjwm VJ&..J
4/10
3/70 ---m---1CG Temp=0c flow= 15cc/s ---®--- ICG Temp=0c flow= 15cc/s
3550 | = —A= = ICG Temp=0c flow=40cc/s 3/90 | - —a- - ICG Temp=0c flow=40cc/s
— @ - |CG Temp=-10c flow=15cc/s 3170 — @- — |CG Temp=-10c flow=15cc/s
3/30 | —m— ICG Temp=-10c flow=40cc/s | —&— ICG Temp=-10c flow=40cc/s
3/10 | ~—©— MQL Temp=25c flow=15cc/s 3/50 | —©— MQL Temp=25c flow=15cc/s
— ¢ — ICG Temp=25c flow=15cc/s — & — ICG Temp=25¢ flow=15cc/s
2090 330
3 € I
3. 2/70 i —_— %_
230 | 3 & 2190 |
2/10 =z 2070 I
1/90 2150
70 I
1/50 + 2/30
1/30 I I I I I I 2/10
0 0/005 0/01 0/015 0/02 0/025 0/03 0/035 0 0/005 0/01 0/015 0/02 0/025 0/03 0/035
Depth of cut (mm) Depth of cut (mm)
(&) (<)

CK45 Y4 (o) 5 M200 :Vﬁ)s(;ﬂl)d\ﬁaw&ééb&sjb:)ﬁbpgiﬂwwﬂcb.«dﬁjc)lﬁgjA,M.llfu AE

VPP s Sl =y s o S e 5 gy lie poige 4o



YV

Jb[(j[wvw_/'ﬁ D gt = o2y Lé')

Ol oo JS0155 Olin Bl 5 tens 2 (5 S SE 5580
s e Bl o s i (§SS 5 45 il
e M200 5Y 55 55 oS Jl- 55 das 2als |, CK45 5Y s
IR «{@L:; bl sl Al s s Y L 8 Ol w4
S Hsb Olea ol salie LG 5 [25] e o alia
Al sles als Gl 4 el sl i 555 e s dalis
Mo o Gl e i 53 el el sl YO °C L
SV 93 55 8 ale Cub byl 3 s oslate e Ol oiS
sl 53 sV g letlasyy w4 M200 5 CKA45

&:«w\ ol W‘Jﬁ g_.Q,Lbr.o 6)L§WJL¢

54
—=&— |CG Temp=-10°C flow=15cc/s
52 | —e— MQL Temp= 25°C flow=15cc/s
) 50
2
Lag t
[72]
3
.E 46
<
T 44 |
42 +
40
0 0/005 0/01 0/015 0/02 0/025 0/03 0/035
Depth of cut(mm)
(<
64
—6— MQL Temp= 25°C flow=15cc/s
62

—&8— ICG Temp=-10°C flow=15cc/s

Hardness(HRC)

0 0/005 0/01 0/015 0/02 0/025 0/03 0/035
Depth of cut(mm)
)
Oloen S b B o e o (e Dt i 0 IS0
Y3 (9) 5 M200 Y6 s () sl stiS St mle slos 5 3
CK45

a0 e Gl el Gas Ol Dl (Sos S b
S el I 3 ol ke ks sad gl 53 (65 Sl
Ol s ¥rclls s 5=V "C glos js (605 Ol o Sl
el YOC 5 0 lales adS 4 s do 3 V0 o
Rl G il Bl s ol s e 05 Sl
ol Sl oo SIH S dlede e | sl s
3)),4:‘Y}écb.w)zmdujusleg\wx\j}&—\”C
G 3 C YO Sl by a5 CKAS 5V 55 3 155 S andllas
&.\P\L{@J,UQASW‘M)>VT Sedet/rrOmm
ar g BB S d) o do 3 YY w4 Y MM 4 G Ges
Los 2alS 315 p Ges il 331 L CKAS 5N g s oS ol O
Tl S5 03 GRS ekl s s s lS SIS mle 00 s
das o 0L w5l Aol CLJ o S oo sl
sl o gezea DalS =V TC B YO 5l ey BV G aS

‘;ﬁ.h.w‘;}'?'u.c

)J)ls&‘j) Q\J:A Jﬁl.,\}jr.:.z.lm.dﬂ} d)g&.\?— g}i‘ﬁ)‘ﬁ"j’a
)\J\szsl.l chw k;'f?r.w Q\J:.A LSJJJ" Ceror J)jﬂ }‘Y)ﬁ 92
YO°C 5 Vv lales 510 CC/S ol oo )3 ol 3K
Shes ol Sl s cal il esls 0L (0) IS s
o33 QLS 3 pow s &S el cpl Jlie (L8 ke Ll
J:?:L:)Lu..u JJJMJJJ‘L;JIL dedfjj@.‘\sw‘e.lﬂﬁ
@C@éﬁjﬁgj6;)1“)?”&,‘1@145&@U‘;)b
el 1 sl sl slml LasY g2 gl slasl a5 s
>l>,r_3\Ckﬁdﬁjjsé\wﬁujw}lédjkiwbhj\fi

.Jdlefj\}w)ﬁsjyc.ulesﬁ
OCJ =\ LELGJ jbﬁ)b&uﬂ@\ﬂ:ﬁ: u\.;j) BB
S e el Oley s ‘Clz" e b8l 5l S YO0
bz JRals o dzes OF 51 S s s G b 1Ak
Gl 5 S e elas e 53 s Caw SV g s s
k}»&&@)ilﬁﬁj})}bweﬁbbﬁ\&&u&w
Ol e 4 M200 5 CKA45 5Y 45 55 Ci fa s ol Sl la i
odalie e Juldl doys YA 5 e a8 s s YY)
oey 95 Gl T e slresls anslas 31 .ol ol

s 5 sln ki 25

PP o Syl iy s oo S



cogeba glatasiio  Co 5K 8 0 S (ala iy il

YA

SIS s 53 e 5 (605 Ol G5 2 Sl
O 2S5 b sy G S0 Sas S slal ol
Lo 4 @SS iy 50 okd 53K gl S
JA Ll s e s sl A5l s Sl eslind
Gol3 3l oo a3l Sl is ol pskie 428 S
el sl &ly) 50 Sladad S e 51 6 sslas N UM Ges )
33 M200 S5 ol (5 b Calbs) JISE s sl ol
S sa lek 1, CKAB 5N 5 (sl (5 b LallY) Jl
s g0 bl 55K 51 L3 CKAB s M200 clasY 55
Lres s Sl sl o Smeal el
S M200 5V 55 (glas g 31 i3 SN K s Sem sl
GBS 5 B0l Ol Bl Syy 50 w4 el G5
Sl elsl b 53K gla sy 53 Lol amlie 5 aites 2
Dla sy 53 gy JB Ol as &S das e Ol Jasiie
s a0l sl el ool g 4 Slalss ol mlan
33 eld 3K gl ped 5 Calul il slae S

MWJ:; 6)5&})5&\))&‘)@&\»&)‘)

Sl 2b5)

b o3 el bl sl 2) an )l > Ole 055 6B Wb &
o Sslres 55 55,8 515 5 (6 ankd 53K w3
Ol Cud 5 oy 353 00 3 Sy 4 3V 56 S SUS
sl o) » Jele cpl 5 cnl 6B S Jlny anbad (gL
S LY 5l Sl e camal 585 51 el
Tl B 5 G5 e 55 S U el Ol e 4 Klg e
LV 8 35 08058 clajls sl 5 S e
sl 0 03l dLLJMé\SJ}lﬂ Oled .l oS Ko @Lﬁ
03 s se Sl (ga, Ll e SV 055 5w o
g LG bl [19] dal 108 5t of Jksle
o GBS Sllas 5 oY 5 5 ol sl glas o5
gﬁ,qclawqw_ﬂ:»duwﬁﬁyéujumﬁ
\mmJﬁﬁwuxlﬁgfu:@;j:‘@\ﬁgwjg&

[20] 55 5 5V 56 sl s o
9 j;k..u duw S ol sl ey OLES BL.;
PPUCI [ FUIPS A PR R S TS SRR (ERCH PP S LA WO

Phalao = 03¢

SaA=uEs0 am
QK 0T REM Bk 30 Tine di26E

5, ICG

(1))

SpalA=0830
K ¥OT MM Bl o,

it SgWASOED  Cat R
‘|_¢ BHTSZ0O0N WO WEm Bk =2 Ting 15T

—__—-i
S . 1CG

()

0un
P  eemmw W= tom

_IMQL

Sigralh= QB0
Pl o, =334 Time -1130:42

7F'V“‘MJJL«J‘€:;;JWJLJ

o s Sipbn olign &



¥4

LBl oo =g S pees = )y L5,

Sgualh =850 1 sgualks cae
b eeamew s Em et =30 . VDS EM Puiohnsd  Time

5+1CG

JICG

Sqnal
W= Nam Pl

4 ICG 5 ,1CG

SEA=OBSD  Date ot War 020
BCOWDT AN Phom =27 Tine 104

10um S Cale 16 i 2121
] BTEIABIW ¥D: Mmm Phalabe IR0 Tive S5

S ~MQL

SO MM G Gas () /Y MM Ges () /0T MM Ges () /AT MM Ges () 7SS

e S

Bl ahi@;q@;ﬁﬁ\%ﬁwjj&»ﬁjuw)ﬁl{
Ql}:aJSl.x;—&})jagemgj@CK45;V}§5u43}aj
Sty o3 Lol aslis (ol o SIS 5 80,
03 gl LB ol s (et gla el b &)K.M
)l:P.-LM'J‘.i) .)}JJJ& a.,\.aLi.a Ql&w ‘_;il-é-’ ck.w ‘)b}.-l.wﬁ)
o Sl s o el el 53K CKAB 5 55 (slad) gas
U5 sl i o8 et bl [29] 55 e ot
oy 3 el sl S WSSy S S gl
ULSQU)g)‘j_wJ;U}&j)L:qu)bWJ:ﬁé)S&
Tl Sd 5 P Ol a5 5 Sns Sdd gl
SV g sladgad dan 5 S e Onp ol Cle 4
u:.ejf ol Lol pogdle das o olis glas a5 CK4S
[30] 5,05 bLo ) besditens 53K Aol 5

Golaie oal s w bl S 45 el S5 LG

il Lo S S b s e s 5 625 L
3 bl SRl e e 5 s 65 Ol (ol
dal g mlas (525 5 e SRl e 5B ) sl (115
Gles 3l 3V ples 3 a8 S5 3 s ol 56 s
S S5 sles bl s g e 1S5 ol LSS
304 bl s sl Sl e S e
Lol 31 S a |5 a8 5 55 o (sbivatns il 5 VL g0
95 A Sl L;jL:ﬂfaL:.o) Odd 3w S dbos 4 anil
JSi5 VL lales 5o a8 sy culul L) VL ol g s
S5 Fomb gl s )l Sl 5 Gudie
(il Ja 5 45 Mies b Sl 1 olaes s (555 0
Olen [27,28] Wlods i o0s 0 S S5 o sisle by sl
G ekd 3 Sa sladisel 53 s e odalie &S b
QB0 Ol Jolam g5 b anslie )3 pulis 1 (58S
S Ol (mbae S 5 5558 ol sbees g Sl
S ol sl xin e Ol S s 5
(ot S O S e S 0 Wsad ) Sl a oS
5o 0T e oS 5wl Gl bl glaes 5l

o 5 5y lo okige 4 i

’f'r‘w;‘)w:cﬁgjwdlw



cogeba glatasiio  Co 5K 8 0 S (ala iy il A

SquiAzea0  ow netwan
EHTIZMY K= tiam PholoMo.=2854  Time: :2r:e1

SgElAZABR0  Oatets tar
ENTEONN DS iZmm phowMo.<28  Tew e

™ il Date 11 War 2021
|F—— ®rmmmw = 1mm e 0 Tt

m
S»MQL

JICG

()

ity il sgpal SlA Dt 6 ot 021
I—— oramn v itmn T 40192 BTIHMW Wb= fTam BTSN MBS M0 Phaino e Time 2

SQAIAZGESD  Datzif6 M
BMTIMMW 0= Wem oo T

D2 6 Mar 2021

Sl Sgral
ESANN W0 ook =260 ETTAQN  TRTUEM Bk sHH Tneiid

4 ICG 5 ,»MQL

o Sl ez 6 der 2021
‘|_¢ EMTINON WOS 1IN Phamhas2l Tnettsi

e e e SR
< MQL 5.~MQL

50
Phokohe, 205 i 122545

(s

SO MM Gy Gas () /0N MMy Ges () /oY MM Ges () /AT MMy Ges () YIS

e 45 355 o il WSS S5 55 glp gt gl WY Cubhs BIE can l3pesly Ges SRl
ey ol 38 sl sl Culbhs als 34 &H.QCJ:- Sl bilie 53 el sl Sty K3 s

3 s b Llodd St dits b Spy 4 S oladisas Gt el g sl S 65 5 e (il L s s

PP it Sl it 5 o Sl Sso 5 siy o kige o



AR

Jb[(j[wvw_/'ﬁ D gt = o2y Lé')

> 3 M200 (lasVss 55 sols el Ges il axdllas 55 )

Lol s R0 35 2 03 b (25 Ol S5
S5 AT MM G /200 Gas 515505 pesl n Gas 158
gxo 3 loled a4 Dl Gl el il 58 Cjﬂ,w
G0 & e a2 (SHESS g) 50 S L s
Sl 53 b (65 e S0l Ol BBl (oSS
Coew b3l a1 Wls e of s o el anl

L M200 5Y 5 s

3 M200 slasYss v e Qj,aﬂ 3l edel Cwssas @\:J .

GBS gy s B Ol &S sls ol CKA45
Ole Bla= 8K s b oanslie 5o ol 8
S e s ol s el Ssline LSOl

Al o anlllas 5550 SV 53 55 S ankad

g;:'.'))‘.;;jjﬁ‘ g)&j&ﬁjw)‘ohiwsmc.b

S 35 4 edd 53w CK45 5 M200 (slasY 5 (sl »
das e 0L 1y oglize YalS slalitlu g, (o 5
bl s YL ool Joli sl (M200 Y58 s
CKA5 3N 5ty oS ool J 3l 5 ol il
Sl 4y L5 e bty ys O el 1) - 1 b
ol e b 3 i st 3 5 S3UT ol o
Sty e sanis BLI el s 053l S Ty BLS|
ol 53K Tl e 5 55 Ol 5 0l sl

A gl

C e

sl Cubrs fals 5 5y Ges Sl Ll sl el
Al e Gl eds 3K Slalad s e Ol o2
M200 5Y 33 i avylin ;3 CKAB 5V 36 53 45 ool S3 e p3Y
robis 556 Cov Yzl oS il o3ls 55 Jsline 558 S
e 3L D el [31,32] ol s S 03 4 3
o atls o 65 aallls 5)5e SV p 8 s Sl ol

Bl e Ll e 5 el SSUIT olis Ol

& S o
Ol 25 Sl U8 K i ) Sl (Ghasyy pl 0o
2ol 5,5 CK45 5 M200 (slasy s Cjk_.ﬂ S 3 S )
L s ot smee 1 LS] S Soslimal by o 58
sd—d osla ol (/Y MM G /000 D) 3K Ges S
el 33 lse Jeli el s 4 Lol = s ol
slas¥ss gl e 5 Osa3 3l edal C s zt )
G gy 53 g 5 Ol J2alS SOl CK45
JB00s, Oy Blis ()8 ) 0 s rlitens o8
M wodd S5 slawised aan mhaw iS5 o3
s i S o L S S gyl (glas SalS
el 4Bl 5 4
Ll s s &:;\éwlumiﬂe.xﬁfwzq@k});.\‘
LG la o Gos 5o el e b s, b 80
o 03 o e el edalios LB e (6505 0 5
O s e Sl (Y MM G 2eS ) ol gls
slabes 5 il gla o5 55 0l o b < (las 5

J_}.wdo.: odalin OC) -\

e

[1] A. Daneshi, “Microchip formation mechanism in grinding of Nickel-base superalloy Inconel 718, Dissertation,

University of Freiburg, Faculty of Engineering, pp. 10-55, 2019 .https://doi.org/10.6094/UNIFR/149624

[2] S. Malkin, and C. Guo, “Thermal analysis Grinding”, CIRP Annals, vol. 56, no. 2, pp. 760-782, 2007.

https://doi.org/10.1016/j.cirp.2007.10.005

[3] C. Heinzel, J. Solter, S. Jermolajev, B. Kolkwitz, and E. Brinksmeier, “A versatile method to determine thermal limits

in grinding”, Procedia CIRP, vol. 13, pp. 131-136, 2014. https://doi.org/10.1016/j.procir.2014.04.023

[4] D. C. Fricker, T. R. A. Pearce, and A. J. L. Harrison, “Predicting the occurrence of grind hardening in cubic boron

nitride grinding of crankshaft steel”, Proceedings of the Institution of Mechanical Engineers, Part B: Journal of

A5 5 sln ki 25

’f‘r‘wabwgcg_}wd[w


https://doi.org/10.6094/UNIFR/149624
https://doi.org/10.6094/UNIFR/149624
https://www.sciencedirect.com/science/article/abs/pii/S0007850607001564
https://doi.org/10.1016/j.cirp.2007.10.005
C.%20Heinzel,%20J.%20Solter,%20S.%20Jermolajev,%20B.%20Kolkwitz,%20and%20E.%20Brinksmeier,%20
C.%20Heinzel,%20J.%20Solter,%20S.%20Jermolajev,%20B.%20Kolkwitz,%20and%20E.%20Brinksmeier,%20
https://doi.org/10.1016/j.procir.2014.04.023
D.%20C.%20Fricker,%20T.%20R.%20A.%20Pearce,%20and%20A.%20J.%20L.%20Harrison,%20
D.%20C.%20Fricker,%20T.%20R.%20A.%20Pearce,%20and%20A.%20J.%20L.%20Harrison,%20

e (slatasiio o o 5K Ay s () SSt gl gy YY

Engineering Manufacture, pp. 1339-1356, 2004. https://doi.org/10.1243/0954405042323577

[5] L. Judong, Y. Wei, H. Songwei, and X. Zhilong, “Experimental Study on Grinding-hardening of 1060 Steel”, Energy
Procedia, vol. 16, pp. 103-109, 2012. https://doi.org/10.1016/j.egypro.2012.01.019

[6] H. Li, K. Gai, L. He, C. Zhang, H. Cui, and M. Li, “Non-isothermal phase-transformation kinetics model for evaluating
the austenitization of 55CrMo steel based on Johnson—-Mehl-Avrami equation”, Materials Design, vol. 92, pp.731-
741, 2016. https://doi.org/10.1016/j.matdes.2015.12.110

[7] L. Ling, L. Luo, and F. Liu, “Effects of grinding treatment on surface properties and deformation microstructure in
alloy  304L”, Surface and Coatings Technology, vol. 408, pp. 126850, 2021.
https://doi.org/10.1016/j.surfcoat.2021.126850

[8] D.C. Fricker, T. R. A. Pearce, and J. L. Harrison, “Predicting the occurrence of grind-hardening in cubic boron nitride
grinding of crankshaft steel”, Proceedings of the Institution of Mechanical Engineers, Part B: Journal of Engineering
Manufacture, vol. 218, no.10, pp.1339-1356, 2004. https://doi.org/10.1243/0954405042323577

[9] K. Salonitis, T. Chrondros, and G. Chryssolouris, “Grinding wheel effect on grind-hardening process”, International
Journal of Advanced Manufacturing Technology, vol. 38, no. 1, pp.48-58, 2008. https://doi.org/10.1007/s00170-007-
1078-9

[10] U. Alonso, N. Ortega, J.A. Sanchez, 1. Pombo, B. Izquierdo, and S. Plaza, “Hardness control of grind-hardening and
finishing grinding by means of area-based specific energy”, International Journal of Machine Tools and
Manufacture, vol. 88, pp. 24-33, 2015. https://doi.org/10.1016/j.ijmachtools.2014.09.001

[11] G. Manimaran, and M. Pradeepkumar, “Influence of Cryogenic Cooling on the Surface Grinding of Stainless Steel
316”, Cryogenics, vol. 59, pp. 76-83, 2014. https://doi.org/10.1016/j.cryogenics.2013.11.005

[12] A. Rezaei, S. H. Kheyrandish and A. O. Esfahani, “Effect of cooling rate on microstructure and mechanical properties
of micro alloyed medium carbon steel”, International journal of industrial engineering and production management,
vol. 16, no. 3, pp.125-132, 2005 (In Persian).

[13] Z. Ding, G. Sun, M. Guo, X. Jiang, B. Li, and S. Y. Liang, “Effect of phase transition on micro-grinding-induced
residual stress”, Journal of Materials Processing Technology, vol. 281, pp. 116647, 2020.
https://doi.org/10.1016/j.jmatprotec.2020.116647

[14] S. Zhang, B. Hallstedt, C. Broeckmann, S. Barth, D. Trauth, and T. Bergs, “Numerical prediction of the
microstructure and stress evolution during surface grinding of AISI 52100 (din 100cr6)”, Integrating Materials and
Manufacturing Innovation, vol. 7, pp. 2020213, 2018. https://doi.org/10.1007/s40192-018-0122-y

[15] C. Sharma, S. Ghosh and P. Talukda, “Finite Element Analysis of Workpiece Temperature during Surface Grinding
of Inconel 718 Alloy”, 5" International & 26", All India Manufacturing Technology, Design and Research
Conference (AIMTDR 2014), IIT Guwahati, Assam, India, pp.420-420, 2014.

[16] Y. Hamedi, A. R. Kiani-Rashid, H. R. Shishegar, and H. R. Azaat-Pour, “The influence of different heat treatment
cycles on controlled surface graphitization in CK45 steel”, Journal of Alloys and Compounds, vol. 492, no. 1-2, pp.
739-744, 2010. https://doi.org/10.1016/j.jallcom.2009.12.036

[17] Z. H. Xie, R. J. Moona, M. Hoffmana, P. Munroea, and Y. B. Cheng, “Role of microstructure in the grinding and

VPP s Sl =y s o S e 5 gy lie poige 4o


D.%20C.%20Fricker,%20T.%20R.%20A.%20Pearce,%20and%20A.%20J.%20L.%20Harrison,%20
https://doi.org/10.1243/0954405042323577
L.%20Judong,%20Y.%20Wei,%20H.%20Songwei,%20and%20X.%20Zhilong,%20
L.%20Judong,%20Y.%20Wei,%20H.%20Songwei,%20and%20X.%20Zhilong,%20
https://doi.org/10.1016/j.egypro.2012.01.019
H.%20Li,%20K.%20Gai,%20L.%20He,%20C.%20Zhang,%20H.%20Cui,%20and%20M.%20Li,%20
H.%20Li,%20K.%20Gai,%20L.%20He,%20C.%20Zhang,%20H.%20Cui,%20and%20M.%20Li,%20
H.%20Li,%20K.%20Gai,%20L.%20He,%20C.%20Zhang,%20H.%20Cui,%20and%20M.%20Li,%20
H.%20Li,%20K.%20Gai,%20L.%20He,%20C.%20Zhang,%20H.%20Cui,%20and%20M.%20Li,%20
https://doi.org/10.1016/j.matdes.2015.12.110
https://www.sciencedirect.com/science/article/abs/pii/S0257897221000232
https://www.sciencedirect.com/science/article/abs/pii/S0257897221000232
https://doi.org/10.1016/j.surfcoat.2021.126850
D.%20C.%20Fricker,%20T.%20R.%20A.%20Pearce,%20and%20J.%20L.%20Harrison,%20
D.%20C.%20Fricker,%20T.%20R.%20A.%20Pearce,%20and%20J.%20L.%20Harrison,%20
D.%20C.%20Fricker,%20T.%20R.%20A.%20Pearce,%20and%20J.%20L.%20Harrison,%20
https://doi.org/10.1243/0954405042323577
K.%20Salonitis,%20T.%20Chrondros,%20and%20G.%20Chryssolouris,%20
K.%20Salonitis,%20T.%20Chrondros,%20and%20G.%20Chryssolouris,%20
U.%20Alonso,%20N.%20Ortega,%20J.A.%20Sanchez,%20I.%20Pombo,%20B.%20Izquierdo,%20and%20S.%20Plaza,%20
U.%20Alonso,%20N.%20Ortega,%20J.A.%20Sanchez,%20I.%20Pombo,%20B.%20Izquierdo,%20and%20S.%20Plaza,%20
U.%20Alonso,%20N.%20Ortega,%20J.A.%20Sanchez,%20I.%20Pombo,%20B.%20Izquierdo,%20and%20S.%20Plaza,%20
https://doi.org/10.1016/j.ijmachtools.2014.09.001
G.%20Manimaran,%20and%20M.%20Pradeepkumar,%20
G.%20Manimaran,%20and%20M.%20Pradeepkumar,%20
https://doi.org/10.1016/j.cryogenics.2013.11.005
https://sid.ir/paper/65590/en
https://sid.ir/paper/65590/en
https://sid.ir/paper/65590/en
https://www.sciencedirect.com/science/article/abs/pii/S0924013620300613
https://www.sciencedirect.com/science/article/abs/pii/S0924013620300613
https://doi.org/10.1016/j.jmatprotec.2020.116647
S.%20Zhang,%20B.%20Hallstedt,%20C.%20Broeckmann,%20S.%20Barth,%20D.%20Trauth,%20and%20T.%20Bergs,%20
S.%20Zhang,%20B.%20Hallstedt,%20C.%20Broeckmann,%20S.%20Barth,%20D.%20Trauth,%20and%20T.%20Bergs,%20
S.%20Zhang,%20B.%20Hallstedt,%20C.%20Broeckmann,%20S.%20Barth,%20D.%20Trauth,%20and%20T.%20Bergs,%20
https://www.semanticscholar.org/paper/Finite-Element-Analysis-of-Workpiece-Temperature-of-Sharma-Ghosh/31907c9beeee6173279384c908a048364604d90c
https://www.semanticscholar.org/paper/Finite-Element-Analysis-of-Workpiece-Temperature-of-Sharma-Ghosh/31907c9beeee6173279384c908a048364604d90c
https://www.semanticscholar.org/paper/Finite-Element-Analysis-of-Workpiece-Temperature-of-Sharma-Ghosh/31907c9beeee6173279384c908a048364604d90c
Y.%20Hamedi,%20A.%20R.%20Kiani-Rashid,%20H.%20R.%20Shishegar,%20and%20H.%20R.%20Azaat-Pour,%20
Y.%20Hamedi,%20A.%20R.%20Kiani-Rashid,%20H.%20R.%20Shishegar,%20and%20H.%20R.%20Azaat-Pour,%20
Y.%20Hamedi,%20A.%20R.%20Kiani-Rashid,%20H.%20R.%20Shishegar,%20and%20H.%20R.%20Azaat-Pour,%20
https://doi.org/10.1016/j.jallcom.2009.12.036
Z.%20H.%20Xie,%20R.%20J.%20Moona,%20M.%20Hoffmana,%20P.%20Munroea,%20and%20Y.%20B.%20Cheng,%20

Yy Jb[(j[wvw—Jﬁ.ﬁ}w—ﬁjléj

polishing of a-sialon ceramics”, International Journal of Machine Tools & Manufacture, vol. 23, no. 13, pp. 2351-
2360, 2003. https://doi.org/10.1016/S0955-2219(03)00046-3

[18] A. B. Chattopadhyay, A. Bose, and A. K. Chattopdhyay, “Improvements in Grinding Steels by Cryogenic Cooling”,
Precision Engineering, vol. 7, no. 2, pp. 93-98, 1985. https://doi.org/10.1016/0141-6359(85)90098-4

[19] G. Manimaran, and M. Pradeep kumar, “Influence of Cryogenic Cooling on the Surface Grinding of Stainless Steel
3167, Cryogenics, vol. 59, pp. 76-83, 2014. https://doi.org/10.1016/j.cryogenics.2013.11.005

[20] G. Manimaran, and M. Pradeep kumar, “Effect of Cryogenic Cooling and Sol-Gel Alumina Wheel on Grinding
Performance of AISI 316 Stainless Steel”, Archives of Civil and Mechanical Engineering, vol. 13, no. 3, pp. 304-
312, 2013. https://doi.org/10.1016/j.acme.2013.03.002

[21] W. Stachurski, J. Sawicki, B. Januszewicz, and R. Rosik, “The Influence of the Depth of Grinding on the Condition
of the Surface Layer of 20MnCr5 Steel Ground with the Minimum Quantity Lubrication (MQL) Method,” materials,
vol. 15, no. 4, pp. 1336-1344, 2022. https://doi.org/10.3390/mal15041336

[22] G. C. Wang, J. Chen, G. Y. Xu, and X. Li, “Influence of Cooling Condition on the Performance of Grinding Hardened
Layer in Grind-hardening”, 10P Conference Series Materials Science and Engineering, 2018.
https://doi.org/10.1088/1757-899X/307/1/012080

[23]J. R. Miller, M. J. LaLama, R. L. Kusnic, D. E. Wilson, P. M. Kiraly, S. W. Dickson, and M. Zeller, “On the nature
of calcium magnesium acetate road deicer”, Journal of Solid State Chemistry, vol. 270, pp. 1-10, 2019.
https://doi.org/10.1016/j.jssc.2018.10.041

[24] K. Salonitis, and A. Kolios, “Experimental and numerical study of grind-hardening-induced residual stresses on
AISI 1045 Steel”, International Journal of Advanced Manufacturing Technology, vol 79, pp. 1443-1452, 2015.
https://doi.org/10.1007/s00170-015-6912-x

[25] A. Heydari, M. Pour, and M. R. Gharib, “Improvement of steel alloys using indirect cooling grinding (I.C.G.)”,
Heliyon, vol. 9, no. 12, pp. 1-16, 2023. https://doi.org/10.1016/j.heliyon.2023.e22738

[26] A. Saberi, A. R. Rahimi, H. Parsa, M. Ashrafijou, and F. Rabiei, “Improvement of surface grinding process
performance of CK45 soft steel by minimum quantity lubrication (MQL) technique using compressed cold air jet
from  vortex tube”, Journal of Cleaner  Production, wvol. 131, pp. 728-738, 2016.
https://doi.org/10.1016/j.jclepro.2016.04.104

[27] Z. G. Yang, and H. S. Fang, “An overview on bainite formation in steels”, Current Opinion in Solid State and
Materials Science, vol. 9, no. 6, p. 277-286, 2005. https://doi.org/10.1016/j.cossms.2006.06.005

[28] O. Seppala, A. Pohjonen, J. Mendonga, V. Javaheri, R. Podor, H. Singh, and J. Larkiola, “In-situ SEM
characterization and numerical modelling of bainite formation and impingement of a medium- carbon, low-alloy
steel”, Materials and Design, vol. 230, pp. 111956, 2023. https://doi.org/10.1016/j.matdes.2023.111956

[29] S. E. Offerman, L. J. G. W. van Wilderen, N. H. van Dijk, M.Th. Rekveldt, J. Sietsma, and S. van der Zwaag, “Cluster
formation of pearlite colonies during the austenite/pearlite phase transformation in eutectoid steel”, Physica B:
Condensed Matter, vol. 335, no. 1-4, pp. 99-103, 2003. https://doi.org/10.1016/S0921-4526(03)00216-3

[30] T. Tawakoli, M. J. Hadad, and M. H. Sadeghi, “Investigation on minimum quantity lubricant-MQL grinding of

A[,»jd))jlkadw.up@fij ’f'V‘wijLo.ﬁ;C.gijLﬂ


Z.%20H.%20Xie,%20R.%20J.%20Moona,%20M.%20Hoffmana,%20P.%20Munroea,%20and%20Y.%20B.%20Cheng,%20
Z.%20H.%20Xie,%20R.%20J.%20Moona,%20M.%20Hoffmana,%20P.%20Munroea,%20and%20Y.%20B.%20Cheng,%20
https://doi.org/10.1016/S0955-2219(03)00046-3
A.%20B.%20Chattopadhyay,%20A.%20Bose,%20and%20A.%20K.%20Chattopdhyay,%20
A.%20B.%20Chattopadhyay,%20A.%20Bose,%20and%20A.%20K.%20Chattopdhyay,%20
https://doi.org/10.1016/0141-6359(85)90098-4
G.%20Manimaran,%20and%20M.%20Pradeep%20kumar,%20
G.%20Manimaran,%20and%20M.%20Pradeep%20kumar,%20
https://doi.org/10.1016/j.cryogenics.2013.11.005
G.%20Manimaran,%20and%20M.%20Pradeep%20kumar,%20
G.%20Manimaran,%20and%20M.%20Pradeep%20kumar,%20
G.%20Manimaran,%20and%20M.%20Pradeep%20kumar,%20
https://doi.org/10.1016/j.acme.2013.03.002
W.%20Stachurski,%20J.%20Sawicki,%20B.%20Januszewicz,%20and%20R.%20Rosik,%20
W.%20Stachurski,%20J.%20Sawicki,%20B.%20Januszewicz,%20and%20R.%20Rosik,%20
W.%20Stachurski,%20J.%20Sawicki,%20B.%20Januszewicz,%20and%20R.%20Rosik,%20
https://doi.org/10.3390/ma15041336
https://iopscience.iop.org/article/10.1088/1757-899X/307/1/012080
https://iopscience.iop.org/article/10.1088/1757-899X/307/1/012080
https://www.sciencedirect.com/science/article/abs/pii/S0022459618304742
https://www.sciencedirect.com/science/article/abs/pii/S0022459618304742
https://doi.org/10.1016/j.jssc.2018.10.041
https://link.springer.com/article/10.1007/s00170-015-6912-x
https://link.springer.com/article/10.1007/s00170-015-6912-x
A.%20Heydari,%20M.%20Pour,%20and%20M.%20R.%20Gharib,%20
A.%20Heydari,%20M.%20Pour,%20and%20M.%20R.%20Gharib,%20
https://doi.org/10.1016/j.heliyon.2023.e22738
https://www.sciencedirect.com/science/article/abs/pii/S0959652616303912
https://www.sciencedirect.com/science/article/abs/pii/S0959652616303912
https://www.sciencedirect.com/science/article/abs/pii/S0959652616303912
https://doi.org/10.1016/j.jclepro.2016.04.104
Z.%20G.%20Yang,%20and%20H.%20S.%20Fang,%20
Z.%20G.%20Yang,%20and%20H.%20S.%20Fang,%20
https://doi.org/10.1016/j.cossms.2006.06.005
O.%20Seppala,%20A.%20Pohjonen,%20J.%20Mendonça,%20V.%20Javaheri,%20R.%20Podor,%20H.%20Singh,%20and%20J.%20Larkiola,%20
O.%20Seppala,%20A.%20Pohjonen,%20J.%20Mendonça,%20V.%20Javaheri,%20R.%20Podor,%20H.%20Singh,%20and%20J.%20Larkiola,%20
O.%20Seppala,%20A.%20Pohjonen,%20J.%20Mendonça,%20V.%20Javaheri,%20R.%20Podor,%20H.%20Singh,%20and%20J.%20Larkiola,%20
https://doi.org/10.1016/j.matdes.2023.111956
S.%20E.%20Offerman,%20L.%20J.%20G.%20W.%20van%20Wilderen,%20N.%20H.%20van%20Dijk,%20M.Th.%20Rekveldt,%20J.%20Sietsma,%20and%20S.%20van%20der%20Zwaag,%20
S.%20E.%20Offerman,%20L.%20J.%20G.%20W.%20van%20Wilderen,%20N.%20H.%20van%20Dijk,%20M.Th.%20Rekveldt,%20J.%20Sietsma,%20and%20S.%20van%20der%20Zwaag,%20
S.%20E.%20Offerman,%20L.%20J.%20G.%20W.%20van%20Wilderen,%20N.%20H.%20van%20Dijk,%20M.Th.%20Rekveldt,%20J.%20Sietsma,%20and%20S.%20van%20der%20Zwaag,%20
https://doi.org/10.1016/S0921-4526(03)00216-3
T.%20Tawakoli,%20M.%20J.%20Hadad,%20and%20M.%20H.%20Sadeghi,%20

s (slatasiio o K [ s 5 sla iy Sl A

100Cr6 hardened steel using different abrasive and coolant-lubricant types”, International Journal of Machine Tools
and Manufacture, vol. 50, no. 8, pp. 698-708, 2010. https://doi.org/10.1016/j.ijmachtools.2010.04.009

[31] M. Shah, S. K. Das, and S. G. Chowdhury, “Effect of Alloying Elements on Microstructure and Mechanical
Properties of Air-Cooled Bainitic Steel”, Metallurgy and Materials Transaction A, vol. 50, pp. 2092-2102, 2019.
https://doi.org/10.1007/s11661-019-05177-1

[32] C. Hofer, H. Leitner, F. Winkelhofer, H. Clemens, and S. Primig, “Structural characterization of “carbide-free”
bainite in a Fe-0.2C-1.5Si-2.5Mn steel”, Materials Characterization, vol. 102, pp. 85-91, 2015.
https://doi.org/10.1016/j.matchar.2015.02.020

VPP s Sl =y s o S e 5 gy lie poige 4o


T.%20Tawakoli,%20M.%20J.%20Hadad,%20and%20M.%20H.%20Sadeghi,%20
T.%20Tawakoli,%20M.%20J.%20Hadad,%20and%20M.%20H.%20Sadeghi,%20
https://doi.org/10.1016/j.ijmachtools.2010.04.009
https://link.springer.com/article/10.1007/s11661-019-05177-1
https://link.springer.com/article/10.1007/s11661-019-05177-1
https://www.sciencedirect.com/science/article/abs/pii/S1044580315000571
https://www.sciencedirect.com/science/article/abs/pii/S1044580315000571
https://doi.org/10.1016/j.matchar.2015.02.020

s
Ferdowsi University
of Mashhad

l \ Journal of Metallurgical and Materials
rw Engineering

$

Iron&Steel
Society of Iran

Preparation of a Bilayer Coating of Hydroxyapatite/Poly (lactic-co-glycolic) acid on Mg and
Investigation of Corrosion Properties and Biocompatibility

Research Article
Mina Mohammadi Bardizadeh !, Neda Aboudzadeh >

, Alireza khavandi 3, Alireza Eivani *

1. Introduction

The similar mechanical properties of magnesium and its
alloys to natural bone, along with their appropriate
biodegradability, make them promising candidates for
orthopedic implant applications. However, there are
concerns regarding their poor corrosion resistance.
Purification, alloying, and surface coating are among the
measures taken to control the corrosion rate of magnesium.
Among these methods, one of the simplest and most
practical ways is by modifying the surface and applying a
coating. Bioceramics and biopolymers have been widely
recognized as the most effective coatings in recent years.
However, it should be kept in mind that each material has
its own set of pros and cons. Therefore, in order to
effectively control the degradation of magnesium and
enhance its biocompatibility and bioactivity, two-layer or
composite  ceramic-polymer coatings have been
developed. These coatings aim to combine the superior
bioactivity of ceramics with the flexibility of polymers.
Few research have been conducted in this regard, for
example, Diez et al. reported that HA/PLLA dual coating
could protect the WE43 substrate from corrosion and
provide better biological performance than the substrate.
However, there are few reports on the surface modification
of Mg alloys through double-layered bioceramic
polymers, especially coating by electrochemical
deposition method. In this research, we created a bilayer
nHA-PLGA coating on pure magnesium. HA, as a
bioactive layer, is electrodeposited on Mg to protect the
surface. Afterward, PLGA is applied to prolong the
integrity of the HA coating. The aim of this study is to
decrease the rate of magnesium degradation and enhance
its biocompatibility by developing nHA-PLGA coating
using the pulsed electrodeposition technique, followed by
immersion in the polymer solution.

2. Experimental
The Mg samples were cut into cylindrical shapes. Then,

they were ground and cleaned using ultrasonic. Afterward,
the samples were immersed in a solution of nitric acid. In
the end, they were rinsed and dried. To prepare the
electrolyte, 0.025 mol/L of NH4H2PO4and 0.042 mol/L of
Ca(NOs3)2-4H,0 salts were added to distilled water as
sources of calcium (Ca) and phosphorus (P). Additionally,
0.1 mol/L NaNOs solution was used as a conductive agent.
The pH of the final solution was adjusted to five. The
current density, duty cycle, and plating time (ton) Were set
to 40 mA/cmz, 0.1, and 10 milliseconds, respectively. The
pulse electrodeposition was carried out using the
electrochemical workstation (SL10/120PRCT) at 75°C for
30 min. After the coating process, the samples were
removed, rinsed and air-dried.

To apply a polymer coating on top of the HA coatings,
PLGA was dissolved in DCM. The samples coated with
hydroxyapatite (Mg-H) were dip-coated for one min and
the double-coated samples (Mg-HPL) were prepared.
Several uncoated Mg samples were also coated with a
PLGA layer (Mg-PL) for further testing.

Phase characterization of the coating was identified using
XRD. The surface morphology and coat thickness were
analyzed using SEM.

Potentiodynamic polarization test was conducted to
compare the corrosion behavior of samples. The test was
performed in SBF. For this purpose, a conventional three-
electrode system was used. The test was conducted at a
scan rate of 1 mV/s and within a potential range of -200 to
500 mV, relative to the OCP value. The corrosion current
density, corrosion potential, and anodic and cathodic Tafel
slopes were obtained from the polarization curves.

For biocompatibility studies, the indirect contact
method was used in the MTT assay. The extraction process
was conducted by the ISO 10993-12 standard. MC3T3
cells were cultured in cell culture plates and then their
medium was completely replaced with extracts. After the
specified culture period, the medium was removed and
MTT was added to each well and incubated for 4 hours.
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Then the medium was removed from the cells and
isopropanol was added to dissolve the purple crystals. The
absorbance was obtained with an ELISA plate reader.

3. Results and discussion

The XRD patterns of pure Mg and Mg-H are shown in Fig.
1, indicating the successful formation of HA coatings on
Mg. HA coating was deposited on Mg according to the
equations (1) and (2).

2H,0 + 26— 20H + H2 1 (D)

10Ca?* +6P0O,* + 20H" — Cai0(PO4)s(OH>) (2

SEM surface micrographs, element compositions, and
elemental mapping of the HA coating are shown in Fig. 2.

The coat demonstrated complete coverage of the metal.
Fig. 2 show the porous and blade-shaped morphology of
the coating. According to Park et al., this morphology is
suitable for bone growth.

The uniform coating of PLGA on Mg and Mg-H is
shown in Fig. 3. As can be seen in Fig. 3 (a, b), the entire
surface area of the substrate is covered by PLGA without
any cracks.

Fig. 4(a) reveals that the thickness of the HA coating is
approximately 22.29 pm. Fig. 4 (b) displays the
appropriate connection between the HA and PLGA layers,
with a thickness of 31/58 pum. It has been proven that the
corrosion resistance of a coating is directly related to its
thickness and density.

HA o
Mz »

2000-
1500—
1000—{

500—

Fig. 2. SEM images of HA coating, (a) 500%, (b) 1000x, (c) EDS spectrum of HA coating, and
(d) Elemental map of P and Ca on HA coating.
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Fig. 3. SEM images of the surface of (a) Mg-PL sample (500x) (b) Mg-HPL sample (500x)

(c) elemental distribution map of Mg-HPL sample.
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Fig.4. Cross section of (a) Mg-H (b) Mg-HPL samples.
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Fig.5. Potentiodynamic polarization curves of Mg, Mg-H and
Mg-HPL samples in SBF solution.
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TABLE 1: Electrochemical parameters of samples calculated from polarization curves.

Specimen cuﬁgr:rtojé%gity (;:J?)rt?rftlig? Cathodic Slope | Anodic Slope
=1 -1
name icorr (uA/cmZ) Ecor (V) ol FRPHES)
Mg 2.3 -1.82 0.39 0.38
Mg-H 2.19 -1.71 0.41 0.39
Mg-HPL 0.37 -1.4 0.37 0.1

Potentiodynamic polarization curves of samples are

shown in Fig. 5. The values of I and Ecor have been
listed in Table 1. It can be seen that the corrosion current
density of Mg (2.3 pA/cm?) was higher compared to Mg-
H (219 pA/cm?) and Mg-HPL (0.37 pA/cm?). The
corrosion potential of Mg-HPL was found to be shifted to
a nobler value (-1.4 V) compared to Mg-H (-1.71 V) and
Mg (-1.82 V). This shift indicates a significant
improvement in the corrosion resistance of Mg-HPL.
The cell viability percentages for MC3T3 in the vicinity of
different sample extractions after 24 hours, compared to
the control sample, are shown in Fig. 6. It can be seen that
the biocompatibility of pure Mg, Mg-H, and Mg-HPL is
close to 70%, 89%, and 99%, respectively. According to
ISO 10933-5, if the percentage of cell viability is higher
than 70%, the material is considered biocompatible.

120
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m Contro

=]
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1 day
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Fig.6. Absorbance results of MC3T3 proliferation in the
vicinity of Mg, Mg-H and Mg-HPL extractions.

4. Conclusions

In this research, a double-layer coating of HA and PLGA
was applied to Mg using electrodeposition and dip coating
methods in order to enhance its corrosion resistance and
biocompatibility. The samples underwent phase and
structural analysis. Polarization test was conducted and
according to the results, applying a double-layer coating
on Mg increases the corrosion resistance of the substrate
by up to 15 times. The MTT test also showed that there
was no toxicity in the extract prepared from the samples.
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Preparation of a Bilayer Coating of nHydroxyapatite/Poly(lactic-co-glycolic)acid on Mg and
Investigation of Corrosion Properties and Biocompatibility

Mina Mohammadi Bardizadeh Neda Aboudzadeh Alireza khavandi Alireza Eivani

Abstract In this study, intending to control the corrosion of magnesium and its clinical application, a double-layer
coating of Hydroxyapatite- Poly lactic-co-glycolic acid was applied on Mg by means of electrodeposition and dip method,
respectively. X-ray diffraction (XRD) and scanning electron microscopy (SEM) are used to characterize the phase and
morphology of the coatings. The results show a homogeneous coating with a thickness of 20-30 um. Potentiodynamic
polarization of the samples revealed that the double-layer coating exhibited a significant increase in corrosion potential,
ranging from -1.82 to -1.4 V, and a decrease in corrosion current, ranging from 2.3 to 0.37 pA/cm?. Moreover, the MTT
assay of the samples revealed that the amount of cell proliferation in the vicinity of the 48-hour extract of magnesium
samples with double-layer coating had increased, indicating a decrease in the amount of ions released from the surface
of magnesium by applying this coating.

Keywords Magnesium, Hydroxyapatite, Poly lactic-co-glycolic acid, Double-layer coating, Corrosion, Biocompatibility.
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1- Introduction

Carbides of Group V-V transition metals have very high
melting points (3000-4000 °C) and are rated as refractory
carbides. Zirconium diboride (ZrB2) is one of the most
stable borides that has a hexagonal structure and is made
of two-dimensional networks of atoms and includes B-B,
Zr-Zr and Zr-B bonds. In recent years, densification of
ZrB2 without reducing the desired mechanical properties
has been very much considered. This research is designed
to investigate the effect of the addition of ZrC on the

microstructure and mechanical properties of ZrB2
composites reinforced with graphene nanosheets (gnp).
For this purpose, three composites were separated by spark
plasma sintering (SPS) at a temperature of 1900°c for 7
minutes and a pressure of 40 MPa. The sintering behavior,
microstructure and mechanical properties of the resulting
composite were also evaluated.

2- Experimental procedure

In this research, Zirconium Diboride (with size <10
micrometers, northwest institute for non-ferrous, metal
research, china), Zirconium Carbide (with size <20
micrometers, alfa company) and Graphene (with diameter
<4-12 pm thickness: 2—-18 nm, research grade Graphene
nanoplatelets powder, usa, was used as raw materials.

According to the test design, ZrB2 and ZrC powders
were mixed together in the presence of ethanol for two
hours at a speed of 200 rpm. To prevent the accumulation
of graphene particles, they are dispersed separately in a
solution of about 70 cc of ethanol for 20 minutes by
ultrasonic method. Then the powders obtained from the
grinding process are placed in a mortar at a temperature of
110°C for 24 hours. Sintering was done with plasma spark
using the device at a temperature of 1900 °C.

Bulk density and theoretical density of sintered
samples were determined by Archimedes method and
mixing law, respectively. X-ray diffraction method (XRD:
philips, pw 1730) with monochromatic cu-ko radiation in

the 20 range of 10°-80° was used to determine the phase
composition of the powders. FESEM, (vegaltescan)
equipped with eds detector (oxford instruments) was used
to evaluate the microstructure and elemental distribution.
Three-point bending test machine (santam stm-20, iran)
was used to measure the mechanical properties. Vickers
hardness was measured using akashi-mvk-h21 macro
hardness tester (japan) with an applied load of 30 kg and a
dwell time of 5 seconds.

3- Results and discussion

In figure 1, the stratified FESEM image of ZrB2-c
composite containing different ZrC functionalities (0, 10,
20 and 30% by volume) is presented. The gray background
belongs to the ZrB2 phase and the black areas belong to
pores and graphene and the light gray color belongs to ZrC.

Figure 1, FESEM images of polished surfaces of pure zrb2
ceramics and zrb2-g ceramics with different amounts of
ZrC (10, 20 and 30% by volume)

To ensure the identification of the phases formed in the
microstructure, the XRD results of ZG30ZrC sample are
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presented in figure 2. It is known that the microstructure
only includes ZrB2, ZrC, and graphene phases and during

Table 1. Relative density, hardness, bending strength and
fracture toughness of samples with pure zrb2

the sintering process, no reaction between the raw
materials was done and no new phase was formed. Result
- 282y Composite
zc® T 7 § S
C . — o X —~ - E T II
B2z | 95| 522 558
S5 | Tg |~z 5 23
ZRB:> 81 16.6 290 2.9
ZG 94.7 10.6 515 3.1
v 2G10zrC 100 23.2 577 4.05
I 2G20zrC 100 255 597 49
b Siccsiath ! Rt ZG30ZrC 997 | 1764 | 588 4.46
0 10 20 30 40 50 60 70 80 9

It can be clearly shown that graphene has been able to
function well as a sintering aid and has increased the
bending strength. In the amount of 20% by volume of ZrC,
the bending strength has increased and reached 597 MPa,
and in the higher amount of 30% by volume of ZrC, the
bending strength is equal to 588 MPa, which shows that
the bending strength has decreased slightly.

Figure 2, XRD pattern of ZG30ZrC sintered composite

figure 3 and table 1 show the effect of adding ZrC on the
mechanical properties. The addition of 5% by weight of
graphene in the ZrB: field has had significant effects in
increasing the relative density in the zg sample of about
94.7% compared to the pure ZrB; sample (81%).
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Figure 3, The effect of adding 10, 20, 30 ZrC on the mechanical properties of zrb2 base ceramics

By adding 10, 20, and 30 percent by volume of ZrC,
the fracture toughness of 4.05, 4.9, and 4.46 has been

obtained, respectively. In the values of 10%, the fracture
toughness increased by about 20% compared to the zg
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sample, which shows that addition of ZrC along with
graphene increased the fracture toughness by activating
the toughness mechanisms. Figure ¢ shows the crack
propagation path of all composite samples containing
different amounts of ZrC. It is clear that in these samples,
especially samples containing 10 and 20% of ZrC, the

Crack Deflection
A

activation of toughness mechanisms (crack deflection and
branching) has increased the fracture toughness.

The fracture surfaces of ZrB,-ZrC-gnp composites can
be seen in figure °. In all samples, the fracture is mainly
intergranular. It can also be seen that the graphene sheets
are placed at the boundary between the grains (indicated
by the arrow).

ZRB2-10% TAC-GNP |

Figure 5, FESEM images (BSE mode) of fracture surfaces of zrb2-zrc-gnp composites with different amounts of ZrC: a) 10
vol%, b) 20 vol%, and c) 30 vol%.

4- Conclusion
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The effect of addition of ZrC on the microstructure,
density and mechanical properties of ZrB, composites
reinforced with graphene nanoplatelets (GNP), were
investigated by fabrication of three composite groups
through spark plasma sintering (SPS) at a temperature of
1900°c for 7 minutes under a pressure of 40 MPa. The
sintering behavior, microstructure and mechanical
properties of the resulting composite were also evaluated.
The results showed that the presence of gnp alone and
together with ZrC greatly increased the relative density
(full density). Maximum hardness, bending strength and
fracture toughness of 25.5 GPa, 597 MPa and 4.9 MPa. 0.5
m was obtained for the ZrB2-GNP composite doped with
20% by volume of ZrC, respectively.
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The Effect of adding Zirconium Carbide and Graphene Nanoplatelet on The Microstructure and
Mechanical Properties of ZrB2-Base Composite

Milad kheyrolahzadeh Zohre Balak Mahdi Azizieh Mehdi Shahedi Asl

Abstract In this research,, in order to investigate the effect of adding ZrC on the microstructure and mechanical
properties of ZrB2 composites reinforced with graphene nanoplates (GNP), three composites were sintered through
spark plasma sintering (SPS) at a temperature of 1900°C for 7 minutes under a pressure of 40 MPa. The sintering
behavior,, microstructure and mechanical properties of the resulting composite were also evaluated. The relative density
was measured by the Archimedes method. XRD and EDS analysis were used to check the chemical composition and phase
identification. Field emission scanning electron microscope (FE-SEM) was used to evaluate the microstructure (grain
size and porosity). Bending strength,, hardness and fracture toughness were determined by three-point bending test,,
Macro Vickers and Single Edge Notch Beam (SENB) respectively. The results showed that the presence of GNP alone
and together with ZrC increases the relative density significantly (99.7%).In addition, full densification was achieved by
adding 10 and 20% by volume of ZrC compared to pure ZrB2 ceramics with a relative density of 81%. The maximum
hardness, bending strength and fracture toughness of 25.8 GPa, 597 MPa and 4.9 MPa m0.5 were obtained, respectively,
for the ZrB2-GNP composite reinforced with 20% by volume of ZrC.

Keywords ZrB, ceramic, microstructure, Hardness, Fracture Toughness, Spark Plasma Sintering.
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1- Introduction

Due to the rising demand for oil and natural gas, energy
companies have been compelled to explore these resources
in harsh and cold environments such as Arctic climate. In
this regard, High-strength low-alloy (HSLA) steels due to
their high strength, desirable toughness, and good
weldability are considered as the best options for use in
sour gas environments, such as natural gas pipeline. These
pipeline steels characterized by their low carbon bainitic
microstructures, consisting of bainitic ferrite phase and
martensite and/or austenite microconstituents (MA
islands). However, when these steels are exposed to
hydrogen atoms generated during the corrosion process,
they can undergo failure through mechanisms known as
hydrogen-induced cracking (HIC). The HIC susceptibility
in all pipeline steels is influenced by some factors such as
the types of presented phases, texture, distribution of
misorientation angles, and the nature of grain boundaries.
To the best of our knowledge, the majority of research has
concentrated on investigating the influence of hot and
warm rolling (various TMCP schedules) on microstructure
and texture evolution of an industrially-manufactured
pipeline steel. Therefore, the objective of our current study
is to examine the effects of cold rolling on the
microstructure and texture evolution of APl 5L X70
pipeline steel across two different surfaces.

2- Experimental

In this study, experiments were conducted on API 5L X70
pipeline steel with an initial thickness of one inch and the
chemical composition of table 1.

Table 1. Quantometer results. The chemical composition of
the “as-received” API 5L X70 steel

C 0.166
Si 0.435
Mn 1.676
P 0.009
S 0.005
Cr 0.094
Mo 0.309
Ni 0.270
Nb 0.040
Ti 0.012
V 0.005

The prepared samples were subjected to an 80% reduction
in thickness through cold rolling at room temperature.
Another set of samples was subjected to solution annealing
for texture-related calculations (texture parameters). These
samples were heated to 1200°C for one hour and then air-
cooled. Subsequently, laboratory equipment such as X-ray
diffraction (XRD) equipped with a goniometer, field
emission scanning electron microscope (FESEM), and
optical microscope were used to examine the
microstructural and texture changes of the samples in two
sections: the normal surface and the surface at a 45° angle.
These two sections were selected to demonstrate the angle
between two important crystallographic planes, (100) and
(110), as shown in figure 1 (a) to (c).
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Figure 1. Cutting directions. A) cut from the normal surface,
B) cut from twice-tilted cross section with 45° angles relative
to the normal surface, and C) the important
crystallographic planes of {001} and {011} are associated
with the dominant {100}<110> texture component when it is
present in the surface.

3- Result and discussion

FESEM and optical microscopy analyses revealed that the
initial sample had a fine-grained microstructure
comprising a ferritic matrix phase with a banded
morphology of secondary phases of upper bainite, along
with retained martensite/austenite islands. Additionally,
the initial microstructure predominantly consisted of
equiaxed grains, which transformed into a microstructure
with elongated grain morphology in the normal surface,
and especially in the 45° surface, after cold working.
Crystallographic texture changes analysis by X-ray
diffraction (XRD) indicated that the density of {100}
crystallographic planes decreased on the surface as a result
of the applied cold work, while the density of {110}
crystallographic  planes increased  simultaneously.
Moreover, the results demonstrated that {100}
crystallographic planes on the 45° section of the sample
replaced the {110} crystallographic planes (as shown in
figure 2).

Texture parameter calculations for the initial sample
showed that its normal surface had a predominant cube or
rotated cube texture components of {100} crystallographic
planes with a relatively high texture parameter. The 45°
section of the initial sample exhibited a strengthened Goss
or rotated Goss texture components of {110}
crystallographic planes, confirming the surface texture.
However, for the cold-worked sample, it was shown that,
contrary to the normal surface texture, the 45° section
exhibited a dominant cube texture component and a
weakened Goss texture component, while the amount of
Goss texture component weakening being significantly
greater than the amount of cube texture components
strengthening (as shown in table 2).

1-0-XRD 1-45-XRD C-0-XRD C-45-XRD

| (200)
211)

1-45

Cc-0

30 40 50 60 70 80 90
Position [°26]

Figure 2. Comparison of the X-ray diffraction results of the
initial and cold work samples in two surface cutting
sections.

Table 2. Texture parameters for each peak in each sample

Sample name Texture Parameter
T.P. {110} | T.P. {200} | T.P. {211}
1-0 0.468 1.879 0.653
I-45 1.921 0.821 1.164
Cc-0 1.167 0.980 0.852
C-45 0.346 1.464 1.190

4- Conclusions

The important results of this research could be summarized

as follows:

1) FESEM and optical microscope images showed that the
microstructure of the primary steel includes granular
ferrite, upper bainite and residual martensite/austenite
islands.

2) FESEM and optical microscope images also confirm the
formation of elongated grains in the 45° tilted surface
of the sample due to cold working.

3) The {100} crystallographic planes changed to {110}
crystallographic planes on the surface as a result of
cold work, and this phenomenon was observed in
reverse order in the 45° tilted surface sample.




O
g0 95398l (weigo “‘%

& 4 e ol 1 3Y g3 g AT oyl
K5 A

"OT 4> 58 FO alaiio § gt 33 APTSL X70 (55Y 9 $39 (Sl 5 b 9 yUisbuy s 9 3wy W0
g Al
Ous Gl Vel o Duge slademe D e dhas V(g5 e e e e
DOI: 10.22067 /jmme.2024.87104.1146

S So 5 (FESEM) ilo ot sy oS s S o oSOl iy Ay i 3 IUT (sl S oS 7 il anflles > O
b s A Caalins 2l 4 peio 45 Ayl 3 peu IS s (6 O s 4 APISLXT0 W) Lot 5Ygs Mooy 1S b 5 Ul i) Syl ens o (Sl 5080
b mhde 53 ol (s 3 o plon] mha 4 S ro° it lods g b fold pad Cilisis bds 33 (o) Lo plad A o3lite] S disad 3
30 OLE (5 58 oo s FESEM (sl ol 5 07 tins OLE Ly (110) 5 (V00) g 31 olloes oS aomdes 33 oy sl 45 Wlookid Aol (i o7
O o Sols el se boliledl Cotal/y sisle pliz ol e 4 o Vo Gty w50 (o 5 8 ain U fold il s (ol (Sl 4ol 4 ga
bl 0 o 125 Comd 38,8 )15 3 55 3 s SIS Slasl Sl g 45 350y somems L3ST (Slaiils fold ol Jltlos sy (5555550 pizmat 20 OF
ey e S 5SS Dl ol 5 e 2 pd e Lk KOO sl b w0 st w5 oy b 0 o 0liS (sladil (55555 0
Slomio S Ol s oo 0 5 458l 2L el > St 5 e SIS T 1 D1eef 1S ey S Colomin S ol O oSOl i il ik
Slodio Kl FO° o 1 tigei 515 o {100 LS o S Sl 3,5 Sl forl sl iemis Al oo 53] s 65 {110 5SS
ik {110} S e S
335 (23l bty o S XT0 Y5 (Souls” Sy 05lg

The Effect of Cold Rolling on the Microstructure and Texture Evolution of API SL X70 Steel in
Normal and 45°-Tilted Cross Sections

Seyed Hossein Hosseini Mortazavi, Mostafa Mirjalili, Mohammad Hadi Moayed, Gholamreza Ebrahimi, Ghasem Barati Darband

Abstract In the present study, a combination of analytical methods including X-ray diffraction spectroscopy, field emission scanning
electron microscopy (FESEM), and optical microscopy was employed to investigate the microstructural and crystallographic texture
changes in API 5L X70 pipeline steel following a severe cold-working process that resulted in an 80% thickness reduction in the
sample. All examinations were conducted on two distinct sections of the sample: the surface and a 45° inclined section relative to the
surface. These two sections were selected specifically to demonstrate the angle between two important crystallographic planes, (100)
and (110). FESEM and optical microscopy analyses indicated that the initial sample exhibited a fine-grained microstructure comprising
a ferritic matrix phase with upper bainite phases and residual martensite/austenite islands with a banded morphology interspersed
within. Additionally, the primary microstructure displayed predominantly equiaxed grains, which, upon exposure to severe
deformation, transformed into a structure characterized by elongated grains on both the normal surface and particularly the 45° inclined
section. X-ray diffraction analysis of the crystallographic orientation changes revealed that the density of {100} crystallographic planes
decreased on the surface due to the applied cold work, while the density of {110} crystallographic planes simultaneously increased.
Furthermore, the results confirmed that the {100} crystallographic planes on the sample from the 45° inclined section were replaced
by {110} crystallographic planes.

Keywords X70 steel, Cold rolling, Microstructure, Texture, Grain boundary.
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1- Introduction

Due to their high strength-to-weight ratio, good
formability, and high corrosion resistance, aluminum
alloys are widely used in the aerospace, shipbuilding, and
railway industries. Friction stir welding is one of the solid
state welding methods, which is mainly used for welding
metal alloys such as aluminum and magnesium alloys, and
now it can also be used for welding polymers. This method
has advantages such as low welding temperature, less
deformation, less welding defects (eg less porosity, less
cracking) and welds with high mechanical properties.
Some industries such as automotive and aviation have paid
great attention to this process. For example, in the
automotive industry, AI/AIMMC has been used to replace
cast iron components such as pistons, engine blocks,
cylinder heads, brake calipers, and rotors. Recently,
several studies have investigated the feasibility of FSW of
aluminum matrix composites and it has been found that
FSW is successful in producing high-quality welds with no
visible defects and homogeneous distribution of
reinforcements and improved joint efficiency. To better
strengthen the welding area, different nanoparticles can be
used to improve the strength of the welding area. If the
alloy undergoes heat treatment after welding at a high
temperature, the presence of scattered particles inhibits
grain growth and even prevents abnormal grain growth.
Therefore, the presence of reinforcing particles not only
prevents grain growth, but also increases mechanical and
tribological properties. In this research, the optimal
conditions for producing welds by adding WS2 nanosheets
have been investigated. For comparison, a plate with
constant welding parameters without adding nanoplates
was welded. Mechanical and microstructural properties
were evaluated. FSW was performed on AA5083
aluminum alloy, which is a solid solution
strengthened/strain hardened Al-Mg-Mn alloy that is
widely used due to its special properties.

2- Experimental
In this study, aluminum alloy plate 5083 with dimensions
of 160x70x5 mma3 in annealed condition was used. The

chemical composition of the alloy is presented in Table 1.
The WS2 nanosheets used in this research have purity of
99% with an average particle size of 70 nm. To apply the
powder, a groove with a depth of 0.5 mm and a width of 1
mm was created. The plates were put together to form a
perfect square.

Rotation speeds of 300, 500 and 700 rpm and advance
speed of 14 and 28 mm/min have been used. Then, the
sample with the highest tensile strength was selected as the
optimal sample, and in this combination, the rotation speed
and the forward movement speed were obtained. The
effect of passes was also evaluated. The tool was made of
hot work steel (H13) with a hardness of HRC 52, shoulder
diameter of 20 mm, pin diameter of 6 mm, and pin height
of 4.6 mm. To facilitate the material flow during the
process and improve the quality, the tilt angle of the rotary
tool relative to the z-axis of the milling machine was
chosen to be 3 degrees for all samples.

In order to evaluate the microstructure of the weld
samples in the cross-section perpendicular to the weld
zone, standard metallographic method ASTM E3-01 was
used. The samples were metallographed by No. 2000
sandpaper and polished to make the sample surface
smooth, and then etched by a solution containing 82 mL of
H20, 15.5 mL of HNOs3, and 0.5 mL of HF. Unione model
optical microscope and scanning electron microscope
(SEM) were used to study the microstructure of the
samples. In addition, grain size measurements were
performed using image analysis. Vickers microhardness of
the samples was measured using Buehler equipment by
applying a load of 200 grams for 15 seconds. The tensile
test was performed at ambient temperature by a SANTAM
150 tensile machine with a strain rate of s-10.003. The
dimensions of the tensile test samples were based on the
ASTM-EB-04 standard. Figure 1 shows the size and
configuration of the welded tensile specimen.
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Figure 1- Welded sample and wire cut tensile sample
from the welding site.

3- Results and Discussion

Figure 2 shows the light microscope image of the cross-
section of the welded surface after four passes that
distinguishes the different regions. The intense plastic
deformation and heat generated by friction during the
friction stirring process produce a recrystallized
microstructure with very fine grains in the SZ. This region
is commonly known as the dynamically recrystallized
region. The stirred zone is shown in Figure 2-b. There is
usually a low dislocation density in the recrystallized
grains.

Figure 3 shows the microhardness profile along the
mid-thickness of the FSW cross-section for different
samples. The maximum hardness of 135 Hv was observed
in a 10 mm wide area around the center line of the weld for
the sample with four passes and with WS2 nanoparticles.
This hardness corresponds to the end of the SZ zone and
the beginning of the TMAZ zone. Figure 4 shows the
tensile test results for the base sample.

Fig. 2 Cross-sectional image of the specimen FSW with four
pass (a) base metal, (b) stir zone (SZ), (c) and (d) thermo
mechanically affected zone (TMAZ).
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Figure 3- Hardness profile of the sample after friction stir welding.
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Figure 4- Tensile test result for the base sample.

4- Conclusion
In this study, the effects of the number of welding passes
on the microstructure and mechanical properties of butt
weld joints of aluminum alloy 5083 by friction stir welding
with the addition of WS2 nanoplates to the weld groove
have been investigated. The microstructure and
mechanical properties such as tensile strength and
microhardness were investigated and the following results
were obtained:

1. The maximum hardness value in the whole sample is
assigned to the mechanically deformed area, which
increases as the grain size decreases.

2. In the welding samples without reinforcing powder, the
minimum amount of hardness and strength is obtained,
but with the addition of reinforcing nanoparticles, the
mechanical properties are improved.

3. The amount of hardness and tensile strength increases
with the increase in the number of welding passes and
is higher than the sample that was welded without nano
powder. The reason is a more uniform distribution of
particles in the field and locking conditions, which
reduces the grain size. The best result is attributed to
the sample welded by four welding passes.
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Investigating the Effect of Adding WS2 Nanosheets on the Microstructure and Mechanical Properties
of 5083 Aluminum Alloy Welded by Friction Stir Welding (FSW) Method

Mohammad Alipour

Abstract This study aims to investigate the number of passes and the addition of WS2 nanoplates to friction stir welding
(FSW) joints of aluminum alloy 5083 on the microstructure, strength and hardness properties. At first, the combination
of the two factors of rotational speed and forward speed was used and the optimal state was selected in the absence of
surface and metallurgical defects and the maximum value of the final tensile strength. Then FSW was performed with or
without the addition of WS2 nanoplates for different pass humbers. Microstructural observations showed that the grain
size in the stirred area decreased with the increase in the number of welding passes and a uniform distribution of particles
was obtained. Also, the use of continuous four-pass welding with a rotational rotational speed of 700 rpm and forward
speed of 14 mm/min increases the tensile strength by 52 MPa and 35 Hv in the hardness value compared to the sample
without the addition of nanoplates.

Keywords Friction stir welding, Weld pass numbers, Mechanical properties, Microstructure.
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