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Ti-6Al-4V alloy due to high mechanical properties and high corrosion resistance is widely used in the
manufacture of biomedical devices, including hip articulations, screws and dental implants. For proper
implant performance in the long run, a rapid reaction between the bone and implant should be performed,
which depends on the surface properties of the layer doped on the surface of the implant. The surface
coating is therefore considered to be the underlying factor in the attenuation of such occurrences. This
research aims to assess the modified surface of Ti-6Al-4V by the mixed electric discharge (EDM) process of
B-tricalcium phosphate powder to detect potential bioimplants. One of the features of this coating process is
the location of the base titanium layer containing B-tricalcium phosphate, thereby improving the substrate
properties. For investigating the surface morphology, distribution and dispersion of elements on the
modified surface, field emission scanning electron microscope (FE-SEM), energy-dispersive x-ray spec-
troscopy (EDS) and x-ray diffraction (XRD) tests were used. Morphological features have shown that
porous surface topography just like natural bone is coated on the surface of Ti-6Al1-4V alloy using the AM-
EDM process. EDS and XRD examinations showed the coated layer compositions from Ti ka, V, Al, Ca and
P and also formation of the biocompatible phases such as Ca,P,0,andCa(OH), on the surface of Ti-6Al-
4V, which caused the better biocompatibility of the alloy, creation of an antibacterial agent for periodical
injuries and also improvement of the bone formation on the alloy surface. The results also showed that the
size of the resin thickness was 35 micrometers, which contained nanoparticles of tricalcium phosphate, as
well as an excellent metallurgical substrate with a strong bond between the substrate and the coating. In
this research, the effects of input parameters, such as spark energy and powder concentration on output
parameters, including material removal rate, surface roughness and surface hardness, were studied. The
results showed that this method has a positive effect on the reduction in the material removal rate,
roughness and hardness of the surface of the workpiece. Due to the dispersion of B-tricalcium phosphate
particles, the surface roughness diminishes during the electric discharge process. Also, the highest material
removal rate occurred in 21 A, the pulse duration of 50 is and the concentration of 8 g/L, and minimal
surface roughness occurred in 6 A, the pulse duration of 100 us and the concentration of 4 g/L. The
hardness of the surface deposited with p-tricalcium phosphate powder is 348 VH, which is 1.75 times more
than the original surface. The reason is that the hard oxide is deposited on the surface of the workpiece.
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1. Introduction

Titanium and its alloys are used to provide implants and
tools used in clinical applications such as plates, screws and
pins, which always come under repeated load conditions and
fail to fatigue and corrosion. Biomedical implants, when
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exposed to the pervasive environment of the body, present
deficiencies and holes in corrosion. Fleck and Eifler reviewed
the fatigue performance of airborne titanium alloys and
Ringer’s solution. The fatigue efficiency of the buzzer solution
is lower than that of air. The fatigue performances of the Ti-TiO
6AI-7ND (o + B) and Ti-6Al-4V types are significantly superior
to those of the CP-Ti alloy (Ref 1). The function of fatigue
depends on the microstructure of titanium alloys, the manu-
facturing process and the heat recovery method (Ref 2-4).
Williams and Chowola recently reported that in the neck region
of the hip implant Ti-6Al-4V alloys show abrasion and
corrosion cracking due to reduced fatigue resistance (Ref 5).
The electrical discharge machining (EDM) method is based on
the principle of material removal by local melting followed by
evaporation using sparks formed in the insulating dielectric
liquid without applying any mechanical force. Many parame-
ters such as the type of dielectric liquid, electrode, part
materials, pulse current and pulse time determine the properties
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of the modified surface (Ref 6, 7). The growth of fatigue cracks
occurs by the acid liquid in the body, resulting in an
improvement of the corrosion crack that results from the
failure of the joint. The reason for the early breaking of the
implant is due to several reasons such as imperfect mechanical
properties of the implant, the development of unintended tissue
integrity between the living and artificial bones, and the weak
surface of the implant, as well as the weak resistance to
corrosion and wear of the implant. An alternative method of
implant surface modification is offered. Enhancing the surface
of a key change process is the density properties of materials by
removing or adding materials to the implant surface (Ref 8). In
other words, the improvement of the surface required to repair
the bones. Previous research has shown that surface properties
play an essential role in the formation of new bones as well as
in tissue growth (Ref 9, 10). Surface properties such as surface
roughness (Ref 11), surface topography (Ref 12), surface
porosity (Ref 13), surface chemistry (Ref 14) and surface
energy (Ref 15, 16) have a significant effect on the formation of
new tissue and protein and collagen absorption during in vivo
and in vitro studies (Ref 17, 18). Some of the different methods
to improve the implant function surface include physical vapor
deposition, chemical vapor deposition, laser ionization and
coating. The use of these methods as a surface treatment for
titanium alloys in the long term was not satisfactory due to
weak adhesion, low strength in physical bonding and inability
to bear load in a corrosive environment. Recently, the
importance of using the electric discharge machining process
(EDM) has been widely recognized in the construction of a
biocompatible surface with a nanostructure that has a favorable
effect on the biological dependence of human osteoblasts (Ref
19). In the process (EDM), the materials of the electrode tools
and additives are transferred to the dielectric fluid on the
surface of the workpiece. Material transfer through AM-EDM
is thought to change the chemical content, mechanical prop-
erties and metallurgical surface of the machined surface. As a
result, different layers are created on the surface of the
workpiece. The characteristics of these layers are mainly related
to electrode type, powder particles, dielectric fluid and
machining parameter settings (Ref 20). Due to the acidity of
the body fluid and the immune system’s response to the foreign
body, a solid and porous surface of the implant should be
created to prolong the implant’s long-term life span and to
establish a strong bond between the bone and implant surfaces.
The increase in surface hardness is reflected in corrosion and
abrasion resistance between implants and bones (Ref 21).
Surface roughness control: Due to the wear and tear caused by
the production of spark in the process of electrical evaporation
machining, the surface of the oxide, which contains a rich base
of base alloy, oxygen and carbon, is produced. Studies have
shown that roughness of the surface causes bone tissue
formation, and for the stabilization of the bone with improved
surface roughness, Ra = 7.8 um is required (Ref 22). For long-
term grafting, the biocompatibility and bioavailability of
implants are key aspects of medicine. A strong mechanical
link between implants and bone tissue regarding biological
physics and the biological chemistry response called biologi-
cally active. The different biomedical materials of the interface
differ in terms of adhesion, resistance and adhesion thickness
(Ref 21). Biologically active glass, ceramic and calcium
phosphate are the most widely used biochemical and biological
agents. A good environmental layer that has bone-like structure
and mechanical properties that cause tissue to grow and adhere
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should be produced. Biocompatibility and biological activity of
the implant depend not only on the properties of the material,
but also on the implant production and the coating technique
that the implant tolerates depends. AM-EDM is a novel
sedimentation method that can be used to place a biocompatible
and biological layer on the implant surface. The fixed oxide
surface has a high hardness and reasonable biocompatibility
and has medical applications, particularly in orthopedics and
dentistry. The purpose of the present study is to use the AM-
EDM process for deposition of B-tricalcium phosphate powder
on Ti-6Al1-4V alloy for orthopedic and dental applications. The
mechanical properties and biocompatibility, the coated materi-
als on the surface of the implant and the results of the non-
power tests will be compared. Input parameter variables in
these experiments include spark energy (as a function of pulse
current and pulse on time), different concentrations of -
tricalcium phosphate powder and production parameter vari-
ables including material removal rate, surface roughness,
surface porosity, surface hardness and compounds. The ele-
ments and phases formed on the surface are improved.

Chow and colleagues investigated the effect of adding
silicone powder to water as a dielectric fluid in the microslit
machining process at EDM. They used water for dielectricity to
prevent environmental problems. They concluded that adding
powder would increase the space between the tool and the
piece. Water and powder can disperse electrical discharges,
thereby improving both surface roughness and loading rates
(Ref 23).

Xie and his collaborators studied the improvement of the
surface of carbon-45 using electrodes produced by powder
metallurgy and the addition of graphite powder in the dielectric
oil of the EDM process. The results showed that at the modified
surface, the TiC-rich layer was formed which has a high surface
hardness of 1360-14920 HV and excellent corrosion resistance
properties, which ultimately prevents mechanical corrosion and
oxidation. They also stated that by increasing the amount of
powder in the dielectric fluid, electrical discharges were
randomly generated, ultimately reducing surface cracks (Ref
24).

Prakash et al. studied the effect of the EDM process with
increasing powder on the titanium alloy of the beta phase (Ti-
35Nb-7Ta-5Zr). They stated that a discontinuous reduction in
surface cracks at a concentration of 4 g/lit may be observed by
machining silicon powder. Also, in improving the Ti-f alloy at
a current rate of 15A and a long pulse duration at a
concentration of 8 gr/lit of powdered Si particles, a uniform
surface porosity with openings of 200-500 nm was observed.
At a concentration of 2 gr/lit of powder Si at 4 gr/lit, the
amount of a recast layer from 8 micrometers to 2 to 3
micrometers, respectively. Elemental analysis in the PMEDM
process shows that due to chemical reactions, the process is
formed at the alloy, carbide and oxide surface, which results in
increased biocompatibility as well as improved machining
performance in increasing the material removal rate (MRR) and
reduces the tool wear rate (TWR) (Ref 25).

Sahu et al. (Ref 26) examined Inconel 718 superalloys under
SiC mixed EDM which resulted in a lower crack density of the
machined surface, better surface morphology due to reduced
surface irregularities and significant grain refinement. However,
the powder concentration was not evaluated in the study and
the researcher suggested an urgent need for the study based on
different powder concentrations on the surface roughness (Ref
26).
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Ndaliman and colleagues investigated the effect of two
dielectric fluids on the increase in the superficial properties of
the Ti-6Al-4V alloy by the EDM process. Urea and distilled
water were treated as a dielectric fluid and Cu-TaC alloy as the
electrode. The results show that when distilled water is used as
a dielectric fluid, the roughness is higher than that of the urea
solution, which is R a; = 14.45 ym and R a, = 19.05 um,
respectively. They argued that machining with a urea solution
would increase the surface hardness of the machine with a
distilled water solution (Ref 27).

The literature has exposed that powder. Mixed EDM has a
wider reach in changing the surface of different materials
compared to other machining process (Ref 28). Ti-6A1-4V ELI
(grade 23) is an alloy specifically designed for biomedicine
implants requiring surface modification to enhance biocompat-
ibility in vitro and vivo environments. The strength of the work
was in deepening the surface characteristics produced by the
process (EDM) which is used simultaneously for processing
and surface modification. Furthermore, powder mixed EDM
modification of the surface of Ti-6Al-4V ELI (grade 23) is
explored to assess the impact of powder concentration,
pulsation, current as well as a pulse on rest time on surface
integrity for specialized applications in the biomedical field/
industry. In addition, the work focuses on improving the quality
of the surface of the said material for the improvement of
mechanical behavior and bioactivity (Ref 28).

Opoz et al. (Ref 29) assessed surface roughness, deposited
particles and surface topography. Ti-6Al-4V microhardness in
SiC composite EDM. The study evaluated the pulse current, the
pulse in the timeframes and concentration of powder using the
electrode aluminum 6081 T6. The study shows only the
concentration in powder was the most influential factor in the
responses and RLT decreased by increasing the powder level,
whereas the hardness of the layer increased as a result of
material migration (Ref 29).

Alavi and Jahan (Ref 30) studied the effect of electrode
coating (uncoated tungsten carbide, TN-coated tungsten car-
bide), servo voltage, capacitance and rotational speed on MRR,
TWR, microhardness and crater size on Ti-6Al-4V. The study
revealed that stress was an important factor for integration time
and crater machining while capability was found to be
significant on microhardness and TWR (Ref 30).

Mughaln et al. (Ref 31) investigation surface change for
osseointegration of Ti-6Al-4V ELI using PMEDM. Pulsed
current, on/off time and various levels of silicon carbide
powder (SiC) are used as input parameters to understand the
desired surface changes. The results showed powder concen-
tration is considered as the most important factor to control
surface roughness and recast layer depth and also oxides and
carbides enriched surface improved the microhardness of the
re-solidified layer from 320HV to 727HV (Ref 31).

Andreas et al. (Ref 32) were involved in the development in
the confliction mechanisms and the effects of powder mixed
EDM main machining conditions such as powder and electrical
parameters on improving mechanical and antibacterial proper-
tied as well as biocompatibility of the surface have been
discussed. It has been shown that the material transfer of the
powder suspension in the dielectric fluid significantly changed
the functionalization of the surface. Depending on the selected
powder material and material composition of the modified
layer, the surface properties such as microhardness, corrosion
resistance wear resistance, fatigue performance, biocompatibil-
ity and antibacterial have been significantly improved (Ref 32).
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2. Materials and Method

2.1 Workpiece and Tools

The workpiece used for the tests is a titanium rod (Grad V)
in size @6 x 40 mm (Ti-6Al-4V). This grade of alloys is a
lightweight component.

For the tests, the electrode in pure titanium of size
D12 x 35 mm was used. The surface of the workpiece and
tool electrodes is sized with a forearm by turning machining,
and before coating process using silicon carbide emery papers
of grade 1000 and eventually cleans up by acetone solution.

2.2 Synthesized Powder

According to the research conducted in the field of coating
by EDM process in this study, p-tricalcium phosphate
(B — TCP; Ca3(POy4),) powder was used to sedimentation the
workpiece surface. The B-TCP was prepared by heating a
mixture of 2 moles of Monetite and 1 mole of calcium
carbonate in the electric furnace. The product was crushed into
the crusher to decrease particle size. Median B-TCP particle
sizes determined by laser particle size and powder size analysis
were prepared in granulation from 1 to 5 um (Ref 33) and (Ref
34).

2.3 Dielectric and Tank

Deionized water was used as a dielectric in this project; to
perform the coating process, a two-liter reservoir was used. The
Tehran Ekram electrical discharge machining 304A (TE EDM
304A) was used to perform the coating tests. The detailed
experimental characterization for the AM-EDM process is
shown in Table 1. In addition, Fig. 1(a) shows a schematic of
the electric discharge process with an additive mixed with f3-
TCP powder used in this study and Fig. 1(b) shows the actual
photograph of EDM and separate experimental setup of
additive mixed EDM technique.

2.4 Constant and Variable Parameters
In EDM process, the discharge energy are defined as:

1,
E; = fdu(t).i(t)dt =~ Uglyty
0

(Eq 1)

Table 1 Parameters of experiments

Name of parameter Range of parameter

Polarity of tools Positive
Polarity of workpiece Negative
Generator type Iso-Pulse

deionized water and 2 Liter
B-tricalcium phosphate

0, 4, 8, 12 (gr/lit)

250 (V)

35,50,100 (us)

Dielectric type and dielectric volume
Powder type

Powder concentration

Source voltage

Pulse-on time

Pulse-off time 8 (us)
Machining time 15 (min)
Surfactant-SDS 2 (gr)

Calcium chloride 0.1 (mol/lit)
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where the discharge voltage, current and time are indicated
by Uy, I4 and t4, respectively; and u(z) and i(f) are the
instantaneous voltage and current. From equation (1), it can be
indicated that higher spark energy is generated by an increase in
either Uy, 14 or t4, which influences the surface modification. In
our EDM, it can be selected only two values of 60 V or 250 V
for Uy. The preliminary experiments showed that with the
voltage of Uy = 250 V the roughness of the surface increases
and the deposition of powder on the surface of the alloy is done
to a more extent. Therefore, in this paper 2 parameters of /4 and
tq have been considered as variable parameters and the third
parameter of Uy was selected as constant value 250 V.

Increasing the T, causes more the energy and number of
sparks, which eventually increases the light duration of the
pulse. By adding powder, bridging phenomenon occurs, and
with the increase Ton, the gap between two electrodes increases
and causes a disruption in the performance of the process, and
the surface of the alloy is less damaged. This phenomenon
causes a decrease in resistance to the gap and ultimately leads
to a better washing of the pollution and the displacement of the
powders instead of the plasma channel.

_rL

R, Y

(Eq 2)

In this relationship, R, is the gap resistance, p is the fluid
density, A is the cross-sectional area between the tool and the
workpiece, and L is the length of the gap between the tool and
the workpiece.

As T, increases, the rinsing of the molten material
improves considerably due to the increased time interval
between two consecutive electric shocks, thereby improving the
surface quality (Ref 35). However, MRR decreases because of
the low spark intensity at high Toff. Conversely, smaller Toff
values tend to increase the intensity of the spark which melts
and vaporizes a larger amount of material in the machining
area, thus increasing the MRR (Ref 35). However, there is a
critical Toe value characterized by inadequate rinsing of the
melted material. This causes the formation of craters and
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Fig. 1 (a) General scheme of the process (AM-EDM) 1. (b) Experimental setup of B-TCP mixed EDM process

microdefects on the machined surface, thereby increasing the
roughness of the Ra surface (Ref 36).

In this study, for every experiment, an optimum machining
time (15 minutes) is needed to form a stable plasma channel.
Less than this time, the coating is done incompletely and more
than this time will cause material removal rate form the surface
and the formation of large pores and the roughness of the
surface will increase.

Duty cycle is the ratio between the on time and the total
pulse time that is represented as the following equation:

T,

D=—"__x100

Eq3
Ton+T0ff (q )

In high D, the applied spark energy results in a higher
processing efficiency. Therefore, for applying the different duty
cycle, the constant parameter of T, = 8 us and different values
of Ty, = 35, 50 and 100 us were selected for achieving the duty
cycles of 81.4, 86.2 and 92.6%, respectively. Tables 1 and 2
show the process parameters.

2.5 Method of Testing

Furthermore, to determine the effect of the powder concen-
tration on the output parameters in a separate experiment, 12 g/
ml of powder was used. First push the start button. The test
takes 15 minutes to complete, and the duty cycles are 18.6, 13.8
and 7.4%, respectively. We choose the pieces at random to
determine the order of execution of 9 tests using a table with the
encoded values and the number of pieces recorded. The coded
values represent parameter changes within a specified range of
3 minimum, average and maximum surfaces. Also, Table 3 for
conducting experiments is considered in accordance with the
Taguchi experimental design with three surfaces of regulation
for each input variable, with the parameters settings and the
number of tests required by the Minitab software.

After performing each test and finishing the coating
operation, we first cleaned the workpiece with a solution of
acetone; then, we re-weighed and weighted the amount of MRR
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Table 2 Regulatory parameters and their values in experiments.

Encoded values

Minimum surface (1) — 1

Medium surface (2) 0 Maximum surface (3) + 1

Real values (Low) (Medium) (High)
A: Current intensity I(A) 6 12 21
B: Pulse Clear Time T,,(us) 35 50 100
C: Concentration of B-TCP powder (g/ 0 4 8

lit)

Table 3 Designed experiments in accordance with the Taguchi test design for three input parameters in three surfaces of

regulation.

C1 C2 C3 C4 C5
Run A B C Al B, ton C (Powder concentration)
1 1 1 1 6 35 0
2 1 2 2 6 50 4
3 1 3 3 6 100 8
4 2 1 2 12 35 4
5 2 2 3 12 50 8
6 2 3 1 12 100 0
7 3 1 3 21 35 8
8 3 2 1 21 50 0
9 3 3 2 21 100 4

Table 4 Encoded values of the input parameters along
with the MRR values for each experiment.

C1 C2 C3 C4 C5
Run A B C Miw Mfw MRR
1 -1 -1 -1 6.965 6.822 2.11
2 —1 0 0 7.102 6.875 3.363
3 -1 1 1 6.841 6.790 0.756
4 0 —1 0 7.024 6.833 2.83
5 0 0 1 6.994 6.687 3.511
6 0 1 -1 6.763 6.657 1.57
7 1 -1 1 7.117 6.915 2.993
8 1 0 —1 7.035 6.753 4.178
9 1 1 0 6.905 6.768 2.03

for each individual piece. These values, as well as the
regulatory requirements of each test, are presented in Table 4.

In order to study the surface morphology of the parts,
including surface microcracks, surface cavities, porosity and f3-
tricalcium phosphate particles determination, a scanning elec-
tron microscope model (FE-SEM, GEOL 7600F) was used.
Surface element distribution has been improved through the use
of EDS sensors. The thickness of the deposited layer was
examined using cross-sectional morphology. Cross sections of
the specimens were prepared by assembly and polishing. To
determine the phase composition, an x-ray analysis with CuKao.
radiation at 45 KV, 40 m_A was used at an angle of 20. The
improvement of surface micropropagation of powdered f-
tricalcium phosphate was investigated by the microarray
hardness model (HMV-G21ST). The microhardness is mea-
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sured at 0.2 N times in a 15-second period. To reduce the error,
each test was repeated on two occasions.

3. Results and Discussion

3.1 Effect of AM-EDM Process Parameters on Material
Removal Rate (MRR)

3.1.1 Statistical Tests. The variance analysis results
showed that the contribution of input parameters such as
discharge current, pulse time and powder concentration was 20,
30 and 40%, respectively. MRR is most affected by the powder
concentration. Figure 2 depicts the signal-to-noise ratio for the
incidence rate or effect of input parameters on the MRR. As
shown, it increases with an increase in the discharge current of
the MRR. The optimum mode takes place at the highest rate (3,
2, 3). This includes a 21A current, a pulse duration of 50 us and
a powder concentration of 8 g/lit.

3.1.2 Effect of Pulse Duration on MRR. Figure 3 shows
the effect of pulse duration on the removal rate of Ti-6Al1-4V
alloy materials under powdery and powdery conditions (8 gr/
lit). In either case, it is shown that with an increase in pulse
time, the amount of MRR increases in the period from 35 to
50 us. But after that, the MRR is gradually goes down. The
reason for this is that in pulse times less than 100 microseconds
(<100 us), the pulse width increases, and in other words, it can
be said that the time needed to transfer the discharge energy to
the place. It is well thought out that this creates uniform spark
frequencies work at the surface of the piece and the incisions
are carried out uniformly. In ratios of more than 100
microseconds (> 100 us), the energy density of the discharge
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Fig. 3 Effect of pulse duration time on MRR in powdered and
non-powdered mode

decreases due to the expansion of the plasma channel, which
means that MRR is not done well. Although the extended
channel can still melt part of the surface of the workpiece, it
cannot produce the right explosive pressure to remove the
spray. In addition, the temperature of the workpiece decreases
because of the heat transfer from the surface of the workpiece
and the expansion of the plasma channel.

In non-powder mode, the amount of spark energy increases
as the pulse time increases. In fact, when the pulse’s clear time
increases, the machine operation time and the number of sparks
between the tool and the workpiece will increase, which will
increase the loading rate, and this increase will be reduced until
the plasma channel is not stable. In conjunction with the
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powder, initially, by adding particles to the dielectric circuit, the
electrical discharge boost increases which causes better clean-
ing of locks in the area between tools and sparks do better with
stored energy. By increasing the pulse duration, the plasma
channel is expanded and the sparks need to store more energy
to evacuate it to be cut, but due to the presence of particles in
the dielectric, there is a process malfunction which results in
less harvesting at the workpiece surface.

3.1.3 Influence of the Intensity of the Current
on the MRR. Figure 4 shows the diagram of the variations
in the rate of jet propagation from the surface of the Ti-6Al-4V
alloy in terms of the two parameters of the discharge current (4)
and the pulse duration (B). In this case, the third parameter, the
powder concentration, is not efficient and is considered to be 4
grams per liter (C = 4 gr/lit). As indicated on the figure, with an
increasing discharge current, the MRR value is high. However,
as the present rate increases, the energy of sparks also increases.
As the current increases, more electric energy is converted into
thermal energy, and therefore, more energy is applied to the
workpiece, tool and dielectric fluid. This energy is high through
the plasma channel to the surface of the workpiece and is
transmitted, which exacerbates the melting of the workpiece
and evaporates the dielectric material, and as a result, the
amount of material will be removed from the workpiece and the
MRR will increase.

3.1.4 Impact of Powder Concentration on MRR. Fig-
ure 5 shows the development of the powder density in the
dielectric on the material removal rate of the Ti-6Al-4V alloy
surface. This shows that there is an optimal value for the lowest
material removal rate and that the removal rate is increasing.
The influence of the addition of phosphate calcium powder on
the removal rate of the material is studied by the extent of the
gap and the voltage current variations. According to Schu-
macher, by adding the powder to the dielectric discharge

Volume 33(17) September 2024—8707
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Fig. 5 Effect of powder concentration on MRR in constant current
and pulse on time

process, a phenomenon known as bypass will occur (Ref 37).
This phenomenon presents different degrees, which can
enhance the process if its value is low. The presence of powder
particles in the dielectric leads to a reduction in the specific gap
resistance and the apparatus increases the gap between two
electrodes in order to adjust the resistance. Using electrical
conductive particles such as silicon, graphite, titanium and
aluminum increases gap distance, these powder particles cause
the ions to be transferred better and create a uniform electrical
discharge energy, which eventually increases the material
removal rate. However, given that calcium phosphate powder
does not have conductivity properties, the distance between the
two will be reduced and the electrical discharge will not be
uniform. As a result, the system produces a small electrical
discharge space for dielectric failure which causes a reduction
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Interaction diagram of the effect of two current parameters (A) and a pulse (Ton) duration on the MRR

in the material disposal rate. When the powder density
increases, there is a significant decrease in the gap distance,
and due to the high accumulation of particles on the alloy
surface, due to electrical discharge the system must save more
spark energy. In this case, the spark will be created with higher
blast power on the surface, and hence, the rate of material
removal is increased.

3.2 Effect of AM-EDM Process Parameters on Surface
Roughness (SR)

3.2.1 Effect of Spark Energy on Surface Rough-
ness. Figure 6 shows the main effect of the spark energy on
surface roughness (SR) in powder and non-powdered state in
the process of electrical discharge.

As the chart shows, the surface roughness increases overall
as a function of energy. The reason for this is the increase in the
energy of the electric discharge transferred to the tool and the
workpiece and the separation of the larger cuttings, thereby
creating deeper holes and depressions and increasing surface
roughness. When the peak current rises from 6 to 12 A, the
surface roughness rises from 6.4 to 8.6 to 2.2 um. This
condition happens when no powder is present. When we use a
concentration of 4 g/lit in a process, the surface roughness
increases from 5.1 to 5.3 per 0.2 um. In conjunction with
powder, due to the dispersion of particles in deionized water,
the uniformity of the ignition areas is reduced and the electrical
evacuation chip increases to some extent from the non-powdery
state, resulting in the generation of thermal energy from electric
sparks in Dielectric solution. As a result, small sizes and pitting
are developed on the machining surface and the amount of
surface roughness decreases with respect to the non-wet state.

3.2.2 Impact of pulse duration on surface roughness

Figure 7 shows the main effect diagram of the Ton period on
the surface roughness (SR) in powderless and powdered state in
the process of electrical discharge.

As illustrated in the graph, the surface roughness increases
as a function of energy. This is due to the increased discharge
capacity as well as the increased power of electric sparks and
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the deep penetration in the workpiece. As a consequence, the
size of the cavities generated by the sparks increases, making
the surface of the part more rigorous and increasing the
roughness parameter (Ra). When the pulse time is 35 to 100 us,
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the surface roughness changes from 6.4 to 8.4 to 2 um. This
condition happens when no powder is present. When using a
4 g/lit concentration during the process, the surface roughness
decreased from 5.1 to 4.8 per 0.3 um. In the case of powder,
because of the dispersion of particles in deionized water, the
distance between the two electrodes is increased and the
washings are better. It also increases the heterogeneity of
frequencies and sparks, which reduces the expanses and pits at
the surface. With pulse duration between 50 ps and 100 us,
surface roughness also increases. The reason for this is the
reduction in the electrical discharge, the increase in the plasma
channel and the accumulation of particles on the surface of the
workpiece, in which the sparks require a large amount of
energy to get rid of the surface, which also causes sudden
discharge with severity of degradation heating up, and a lot of
heat moves to the surface. Due to the fact that there is no good
rinsing in the process, the surface heat transfer is reduced,
which reduces the resistance to erosion sparks.

3.2.3 Impact of powder concentration on SR

Figure 8 shows the main effects graph of input parameters
on surface roughness (SR) in powder and non-powdered state
in the process of electrical drainage if two other input
parameters in each graph are assumed to be constant according
to Table 2.

As the graph shows, the roughness of the surface is reduced
by first adding the powder. The reason is that the effect of the
collision of electric sparks on the surface and sparks are not
evenly distributed among powder particles. As a result, less
electrical discharge occurs, and loading from the workpiece
surface is irregularly done so that the device creates a gap
between the two electrodes to compensate for this. As a result, a
better thaw is carried out and, lastly, holes with a shallow depth
are created. This will make it possible to improve the surface
quality. However, when the powder concentration increases, the
heat energy of the workpiece surface increases as the solution
warms. This is due to the reduction in machining chains and the
high energy consumption on the surface of the cutting part. The
appliance starts to oscillate and produces an uneven discharge
with a high intensity effect. As a result of this, mold pans are
formed wider and deeper at the workpiece surface, which
ultimately leads to the quality of the lower surface of the
workpiece.

3.3 Examination of Surface Properties Improved
by the Process of Discharging with an Additive Mixed
EDM (AM-EDM)

3.3.1 Morphology of the Modified Surface. Figure 9
shows the surface morphology enhanced by the removal
process in deionized water in the presence of powder-free [3-
TCP. In this shape, the volcanic craters created by the electrical
discharge of the sparks are visible on both surfaces. Figure 9(a)
and (b) shows the EDM surface in non-powdered condition. As
shown in the figure, fused materials, surface cracks and cavities
are observed. With a magnification of 1500 times the surface of
the EDM, the quality of the lower surface is visible. The reason
for this is the increase in the thermal energy at the surface of the
workpiece, which causes the depleted materials to be deposited
on the surface and the formation of deep and wide openings in
the sedimentary boundaries. Figure 9(c) and (d) shows the
surface of AM-EDM processed with B-tricalcium phosphate
powder at a concentration of 4 g/lit in deionized water. On the
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AM-EDM-enhanced surface, the number and diameter of
cavity openings are less than the EDM surface. The reason
for this is the short circuit and also the creation of abnormal
(non-uniform) frequencies in a dielectric containing P-trical-
cium phosphate powder, which, as a result, reduces the number
of electrical discharge and increases the surface quality.
Moreover, a small amount of microcracks and dust particles
deposited is clearly visible. Due to the presence of particles in
dielectrics and failure of water transfusion due to chemical
reactions during the process of AM-EDM, it forms at the
surface of the oxide and carbide sample. By adding the powder
to the EDM process, we can see a spectacular reduction in
surface cracks.

3.3.2 Impact of the Concentration on the Morphology
of the Surface. Figure 10 shows the morphology of the
surface enhanced with AM-EDM at concentrations of 8 g/l and
12 g/l under similar working conditions according to Table 3.2.
Figure 10(a) shows the precipitation of B-TCP powder at a
concentration of 8 g/l and without striation. In Fig. 10(b), with
the exception of particles created at the surface of B-TCP
deposition, a significant amount of oxide in high ratios is
clearly seen on surface layers at a magnification of 5000 times.
It is common knowledge that porosity plays an important role
in cell activity and improves the functioning of implants. In
Fig. 10(c), when the concentration of B-TCP powder increases
(12 g/1), a denser, more even layer of oxide and hydride will
precipitate onto a layer of B-TCP. In Fig. 10(d), due to the
increase in the concentration of B-tricalcium phosphate powder,
nanoporosity is observed with a lower density at an improved

particle low density
and rugged surface

surface at a magnification of 12000 times. During the AM-
EDM process, due to the production of water vapor and
hydrogen gas, B-TCP boundaries and superficial nanoporosity
are generated which can increase surface energy and wettability
and improve cell adhesion performance. During the coating
process, due to the thermal energy generated, a large amount of
water vapor is generated, which leads to a chemical reaction
between the metals and B-TCP powder elements, which can
produce hydrogen gas.

3.3.3 The Thickness of the Modified Layer. Figure 11
shows a thin layer of B-TCP powder at various strengths (4 g/1,
8 g/l and 12 g/l). Figure 11(a) measures the thickness of the
deposited layer at a concentration of 4 g per liter at approx-
imately 3.73 microns. This is a thin layer not uniform with
abundant deposition. The deposited layer depends on the spark
discharge energy and the evaporation space (chip) is increased
due to the presence of powder particles in the deionized water.
As a result, because of the reduced energy of spark discharge,
less material is removed evenly from the surface of the
workpiece. As a result, by increasing the discharge chute,
proper washing occurs at the debris formation site, which
reduces the deposition of material on the machining surface. In
Fig. 11(b) and (c), the thickness of the deposited layer increases
with increasing concentrations of p-tricalcium phosphate
powder. The thickness of the deposited layer at concentrations
of 8 g/l and 12 g/l is measured at around 15.33 and 35 um,
respectively. The thickness of the deposited layer depends on
the phenomenon of transportation of the material by electro-
static forces. Increasing the concentration of B-TCP powder in

INano porosity

wDa 2

B-TCP deposition : .4

‘S.80rm

Fig. 10 SEM micrographs of the surface enhanced by AM-EDM in the display of B-TCP and nanoporosity in a concentration of 8 g/L: (a)
magnification of 250 times, (b) magnification of 12,000 times and 12 g/L, (c) magnification of 250 times and (d) magnification of 12,000 times
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Fig. 11 Micrographic transverse section of the layer deposited in the AM-EDM process at different concentrations of B-TCP powder ((a) 4
grams per liter, (b) 8 grams per liter, (c) 12 grams per liter) under operating conditions, intensity of 6 amps and clear time pulse 35

microseconds

the distance between the small chip and the absorbed particles
of the powder together with the depleted remains of the
electrodes, which is displaced by the phenomenon of transfer of
materials and electrostatic forces toward the workpiece, which
ultimately causes precipitation and increase in the thickness
reset.

3.3.4 Morphology of Improved Surface (Elemental)
Compounds. Figure 12 clearly illustrates the AM-EDM
enhanced interface line and the EDM surface. In Fig. 12(a),
on the surface of the EDM, the microstructure of the surface
shows defects such as cracks and the lack of PB-tricalcium
phosphate particles. The presence of surface defects decreases
the adhesion resistance of the connection line. As a result, the
EDM surface creates a low bond between the substrate and the
coating, resulting in long-term corrosion and fracture fatigue.
As shown in Fig. 12(b), on the surface of the AM-EDM, the
undersurface coating is clearly visible, indicating a strong
adhesion between the substrate and the coating. The relation-
ship between the underlying line and the coating line depends
upon the beginning of the chemical binding in the process. In
case of surface porosity, bone marrow adhesion and bone tissue
integrity are helpful to create a strong bond between substrate
and porous coating.

Figure 13 depicts the sample models, the EDM performed
and the EDM-AM performed on the EDS spectrometers. In
Fig. 13(a), the EDS spectrometer shows the surface of the EDM
surface of the Ti, Al and V elements on the surface, which is
one of the basic elements of Titanium Grade 5 alloy. In
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addition, the O2 element is also visible at the surface. Oxygen
appears to produce oxides during the EDM process. This is due
to the evaporation of high water temperatures due to the
generation of thermal energy in the plasma canal. In Fig. 13(b),
from the EDS surface diagram in the AM-EDM process, along
with B-tricalcium phosphate powder, the elements O, Ca, P and
also a part of Ti, Al and V elements are seen. The presence of
O, Ca and P eclements at the sample surface improved by the
AM-EDM process is due to the decomposition of B-tricalcium
phosphate powder in the deionized water. As a result of the
chemical reaction of the elements O, Ca and P in the molten
pool formed on the surface of the workpiece, oxides and
hydrides are formed. Reports have shown that the formation of
O, Ca and P components should produce a good chemistry
surface for bone formation and implantation.

In Fig. 14(a) in the model obtained from the EDM surface
XRD spectrometer, the Ti-o and Ti-p phase. Apparently, the
EDM process causes changes in surface chemistry as a result of
the chemical reaction of the fusion elements with the dielectric
fluid. In Fig. 14(b), the XRD scheme is modeled on the surface
of the AM-EDM and shows the formation of biocompatible
phases on the enhanced surface. The oxide and hydride phases
predicted on the surface of the AM-EDM are
Ca,P,07andCa(OH),, respectively. Variations in the TCP
composition can lead to various precipitation phases such as
calcium pyrophosphate (Ca,P,0,) and calcium hydroxide
(Ca(OH)z) as both are interesting for bone replacement. The
Constitutional the chemical reaction of 3-TCP powder, surfac-
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tant, oxygen and hydrogen produced from water vapor and the
main elements of the alloy. As a result, those phases stimulate
the bioavailability of the alloy to the bone formation (strong
bond) between the alloy and the natural bone tissue.

3.3.5 Improved Surface Microhardness. In Fig. 15, the
microlayer AM-EDM sample is made of B-TCP on the surface
of the Ti-6A1-4V alloy. By measuring the undeveloped surface
microhardness (EDM), the amount of 240HV is achieved.
While the microenvironment enhanced with B-TCP (AM-EDM
Made), 348 HV were featured, which is approximately 2.5
times more than the non-machine alloy. After the EDM process,
the surface hardness of the workpiece is 1.75 times, since the
hard oxide phase is formed on the seam. Likewise, after the
surface has been improved by the AM-EDM process, the
surface hardness of the workpiece is 2.5 times. This may be due
to the formation of the solid phase Ca,P,0;andCa(OH), on the
upgraded surface of the grade 5 alloy titanium layer. This
coating can increase the resistance to corrosion and abrasion
many times the alloy used in medical implants. Moreover, due
to the biomimetic hydrides and oxide formed on the alloy
surface, it can increase the fatigue resistance and improves the

8714—Volume 33(17) September 2024

Fig. 15 Effect of Vickers’ microhardness probe on the surface
modified by AM-EDM

compatibility of the alloy for long-term use. In Fig. 15, the
effect of the microtreatment vice is observed in the re-gluing
line and the subsurface layer.
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4. Conclusion

In this study, AM-EDM was used to cover surfaces of Ti-
6Al-4V alloy, which was successfully applied to the coating
powder for the B-tricalcium phosphate coating. Results from
this study have shown:

¢ Formation of a B-TCP layer, the porosity of which is rela-
tively uniform with the quantity of 10 to 21 micrometers
deposited. To continue deposition, B-tricalcium phosphate
coatings can be better obtained by increasing the concen-
tration of particulate matter in deionized water.

e At a concentration of 12 g/L of powder, a very thick and
dense layer of B-TCP with a size of 35 um was deposited
on a Ti alloy surface. The chemical reaction of the Ti-
6Al1-4V alloy elements, water vapor, glycerin, B-TCP and
calcium chloride consisted of Ca, P, O, Ti, H and Al

e The XRD diagram shows the development of biomimetic
phases, such as (Ca,P,0;. Ca(OH),) in coated nanopor-
ous layers.

e With increasing current and pulse duration, the amount of
surface roughness (SR) increases, but this amount is low
in the process of improving the surface along with the
powder compared to the process without powder, with the
lowest SR measured to be 4.3 micrometer.

e The B-TCP coating increases the microhardness of the
grade 5 titanium substrate by 348 HV, 1.75 times that of
the untreated surface.

e The layer containing B-TCP, the properties of corrosion
resistance and biomimetic oxidation improve the biologi-
cal properties of the surface and reduce the degradation of
the alloy surface against the immune system or prevent
the release of toxic elements in the body, and the failure
of the treatment prevents re-implant-related surgeries.
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