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Abstract. Biomedical implant can be divided into permanent and temporary employment. The
duration of a temporary implant applied to children and adult is different due to different bone
healing rate among the children and adult. Magnesium and its alloys are compatible for the
biodegradable implanting application. Nevertheless, it is difficult to control the degradation
rate of magnesium alloy to suit the application on both the children and adult. Powder mixed
electrical discharge machining (PM-EDM) method, a modified EDM process, has high
capability to improve the EDM process efficiency and machined surface quality. The objective
of this paper is to establish a formula to control the degradation rate of magnesium alloy using
the PM-EDM method. The different corrosion rate of machined surface is hypothesized to be
obtained by having different combinations of PM-EDM operation inputs. PM-EDM
experiments are conducted using an opened-loop PM-EDM system and the in-vitro corrosion
tests are carried out on the machined surface of each specimen. There are four operation inputs
investigated in this study which are zinc powder concentration, peak current, pulse on-time and
pulse off-time. The results indicate that zinc powder concentration is significantly affecting the
response with 2 g/l of zinc powder concentration obtaining the lowest corrosion rate. The high
localized temperature at the cutting zone in spark erosion process causes some of the zinc
particles get deposited on the machined surface, hence improving the surface characteristics.
The suspended zinc particles in the dielectric fluid have also improve the sparking efficiency
and the uniformity of sparks distribution. From the statistical analysis, a formula was
developed to control the corrosion rate of magnesium alloy within the range from 0.000183
mm/year to 0.001528 mm/year.

1. Introduction

The quality of an implant is important to determine the success of implantation [1]. Biomedical
implant can be divided into permanent and temporary use. A temporary implant should allow
sufficient duration for newly generated tissue to replace the bone defect [2-5]. A second surgery to
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dissemble the temporary implant can be avoided by applying biodegradable implant [6]. Magnesium
and its alloys have been established as being compatible for biodegradable implant [7-10]. Currently,
the same type of implant is applied on both children and adult with only considering the difference in
size. The real situation in the fractured bone healing process is that the different healing rate among
the children and adult requires different corrosion rate of biodegradable implant. A temporary implant
is normally applied to the children aged under six years for up to six months and adult for up to ten
months [11-13]. However, it is difficult to control the degradation rate of magnesium alloy to be
applied for children or adult biodegradable implant application. A method is required to control the
degradation rate of magnesium alloy during the fabrication process. The objective of this paper is
establishing a formula to control the degradation rate of magnesium alloy using the PM-EDM method.
The different corrosion rate of machined surface was hypothesized to be obtained by having different
combinations of PM-EDM operation inputs.

Machining magnesium alloy using conventional methods, such as milling, turning, and drilling,
causes a built-up edge and chatter. The most important precaution needed to bear in mind whilst
machining magnesium alloy is that the formation of fine chips and dust are highly flammable. The
melting point of magnesium is 650°C, and this metal is only stable below its melting point.
Non-traditional machining, such as the EDM process is preferable to machine magnesium based
material, especially to machine the high geometrical accuracy required by bio-medical implants
[14, 15].

Recently, new exploratory research works have been initiated to improve the efficiency of EDM
process using PM-EDM method, a modified EDM process by adding powder in the dielectric fluid
[16]. In PM-EDM, the added conductive particles help to improve the sparking efficiency during the
ignition process. It was found that the addition of conductive particles as shown in Figure 1 led to
increase the gap size between the tool electrode and the workpiece which subsequently ensuing in a
reduction of the electrical discharge power density [17]. The added conductive particles have also
lowered the dielectric strength, creating early and uniform electric discharges at low energy to
improve the machined surface quality. In PM-EDM process, the added particles can be suspended in
the dielectric fluid in the same machining tank or a separate tank. The use of a stirrer and circulating
pump are to ensure the uniform distribution of the conductive particles [18-23].
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Figure 1. Electrical discharge during PM-EDM process [17].

Most of the researchers reported the advantages of PM-EDM in reducing the surface roughness,
material removal rate, tool wear rate, and the modification of the machined surface [24-26]. For
instance, it was found that the added titanium powder in the PM-EDM process on SKD61, SKD11,
and SKT4 die steels improved the material removal rate by 42.1% as compared to conventional EDM
(C-EDM) method [24]. On the other hand, it was suggested that some of the removed materials got
deposited on the machined surface [27]. It was also reported that a significant decreased in surface
crack density on the machined surface with silicon powder PM-EDM [28]. Figure 2 indicates a better
surface quality obtained by the PM-EDM method compared to C-EDM method which possesses
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several micro cracks. This phenomenon will result in reducing the metals’ corrosion rate. Previously,
an investigation indicates that the surface roughness of magnesium alloy processed using the
PM-EDM method has been reduced by 44% [29]. However, there was no study have been done to
investigate the effect of PM-EDM method on the corrosion rate of magnesium alloy. The advantages
of the PM-EDM method deserve deeper clarification in order to meet the needs of high precision
industries, such as the bio-medical and aerospace industries.
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Figure 2. SEM micrographs of the machined surface by C-EDM and PM-EDM [30].

2. Materials and methods

PM-EDM experiments were conducted using Mitsubishi EA8 EDM die sinker with attached to
opened-loop PM-EDM dielectric circulation system. The workpiece material used in this research was
an AZ31 magnesium alloy and the tool electrode was copper. A constant cutting depth of 2 mm was
maintained throughout the experiments. A preliminary experiment was conducted to determine the
value range of the operation inputs. This research was conducted with four operation inputs as shown
in Table 1. Each experiment was repeated diligently three times to ensure data accuracy. Zinc
nanoparticles with an average size of 80 nm with three different concentrations were mixed in the
dielectric fluid. Zinc was selected in this investigation due to the biocompatibility and it was one of the
major components of the AZ31 magnesium alloy. Zinc is an effective alloying element for magnesium
and can assist to improve its corrosion resistance [31]. By the deposition of zinc particles on the
machined surface, the corrosion rate of magnesium alloy is hypothesized to be reduced significantly
because the electrode potential of zinc (-0.76 V) is higher and more protected than magnesium
(-2.37 V) [32].

Table 1. Experimental operation inputs.

Operation Input Value
Zinc powder concentration 1,2 and 3 g/l
Peak current 38,47 and 55 A
Pulse on-time 16, 32 and 64 us
Pulse off-time 128, 256 and 512 us

The in-vitro corrosion tests were conducted with complying the ASTM G59-97 [33] and the
simulated body fluid with components as shown in Table 2 were used. The corrosion rate of the
machined surface was analyzed using the CH1608E electrochemical analyzer. Results from the
corrosion test were analyzed using Design Expert software. Responses from the analysis of variance
(ANOVA) were fitted into quadratic mathematical model.
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Table 2. Hank’s solution chemical composition [34].

Component g/l
Sodium chloride, NaCl 8.00
Potassium chloride, KC1 0.40
Calcium chloride, CaCl, 0.14
Sodium bicarbonate, NaHCO; 0.35
Magnesium chloride hexahydrate, MgCl,.6H,O 0.60
Magnesium sulfate heptahydrate, MgS0O,4.7H,O 0.06
Sodium phosphate dibasic, Na,HPO4 0.06
Potassium phosphate monobasic, KH2PO4 0.60
Glucose.2H,O 1.0
pH 6.8
3. Results and discussion
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Figure 3. SEM images and EDX spectrum of magnesium alloy processed by; A) C-EDM method and
B) PM-EDM method.
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Initially, an experiment has been conducted using both C-EDM and PM-EDM method on the
magnesium alloy specimen by applying the same operation inputs (47 A peak current, 80 V gap
voltage, 16 us pulse on-time and 512 ps pulse off-time). The objective was to evaluate the feasibility
of the PM-EDM method in improving machined surface quality. The zinc particles with 1 g/l powder
concentration were used in PM-EDM experiment. The surface roughness obtained from PM-EDM
experiment was 4.971 um. The result shows a reduction of 10.61% surface roughness compared to C-
EDM method (5.561 pm). The element composition analysis indicates that a higher weight percentage
of zinc was found from the specimen processed by the PM-EDM method which was 1.8% higher than
that from C-EDM method as presented in Figure 3. Some of the zinc particles mixed in the dielectric
fluid get deposited on the machined surface during the experiment due to high localized temperature at
the cutting zone. The suspended zinc particles in the dielectric fluid have also improve the sparking
efficiency and the uniformity of sparks distribution [30].

The morphology disclosed from both machined surfaces was not much different. There were micro
cracks, craters, globules and voids formed on both machined surfaces. From the corrosion test results
as presented in Figure 4, it was found that the specimen processed by PM-EDM method obtained
24.15% lower corrosion rate than the specimen processed by C-EDM method. From this fact, the PM-
EDM method seems promising to improve the machined surface quality and reduce the corrosion rate
of magnesium alloy.

Corrosionrate
(mmfyez

vvvvvvvv

C-EDM PM-EDM

Figure 4. Corrosion rate of magnesium alloy processed by C-EDM and PM-EDM method.

Figure 5 presents the PM-EDM main effects plot of means with data response of means for
corrosion rate. From the response table of means, pulse off-time with the delta value 0.000804
mm/year was identified as the most significant operation input affecting the changes of magnesium
alloy corrosion rate. The results confirmed that the pulse off-time was inversely proportional to the
response. The lower pulse off-time results in higher corrosion rate. The higher pulse off-time results in
lower corrosion rate. This was due to the smoother machined surface obtained by the higher pulse off-
time, hence obtaining the lower corrosion rate and vice versa. The zinc powder concentration with the
delta value 0.000212 mm/year was also significantly affect the corrosion rate, which was more
significant compared to peak current with the delta value 0.000172 mm/year and pulse on-time with
the delta value 0.000157 mm/year. The presence of zinc particles in the dielectric fluid and high
localized temperature at the cutting zone causes some zinc particles to get melted and deposited on the
machined surface, hence improving the surface structure compared to the processed without zinc
particles suspended in the dielectric fluid.
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Figure 5. Main effects plot of means with data response of means for corrosion rate (mm/year).
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Figure 6. Interaction between zinc powder concentration and pulse off-time affects the corrosion rate
of magnesium alloy.

Figure 6 presents the interaction between zinc powder concentration and pulse off-time affecting
the corrosion rate of magnesium alloy machined surface processed by PM-EDM method. Within the
range from 128 ps to 512 s, the lowest corrosion rate has been obtained at 416 ps. Meanwhile, the
highest corrosion rate was obtained at lowest pulse off-time, 128 ps. The higher pulse off-time applied
in the EDM process contributing in better flushes of debris from the cutting area. A longer resting time
allows the reduction of heat on the machined surface and the electrode. This phenomenon results in

smoother machined surface with less formation of the cracks, craters and voids.
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Table 3. ANOVA for response surface quadratic model.

Source Sum of df Mean p-value
squares square

Model 3.51E-06 8 4.39E-07 <0.0001
A-Zinc powder concentration 6.96E-08 1 6.96E-08 <0.0001
B-Peak current 7.22E-08 1 7.22E-08 < 0.0001
C-Pulse on-time 1.1E-07 1 1.1E-07 <0.0001
D-Pulse off-time 2.91E-06 1 2.91E-06 < 0.0001
AN2 5.74E-08 1 5.74E-08 <0.0001
B"2 2.78E-08 1 2.78E-08 <0.0001
Cn2 7.7E-09 1 7.7E-09 <0.0001
D"2 3.25E-07 1 3.25E-07 <0.0001
Residual 2.09E-12 10 1.31E-13

Cor Total 3.51E-06 24

The interaction analysis reveals that there were interactions between all operation inputs during
PM-EDM experiments. All four inputs were depending on each other in influencing the response. An
interaction occurred when the effect of one input changes depending on the level of another input. It
happened because the operation inputs determining the size of discharge energy. However, the
ANOVA explicates that the interactions between two operation inputs were not significant affecting
the machined surface corrosion rate since all the p-values for the interactions were more than 0.1.
They were AB (zinc powder concentration with peak current), AC (zinc powder concentration with
pulse on-time), AD (zinc powder concentration with pulse off-time), BC (peak current with pulse on-
time), BD (peak current with pulse off-time) and CD (pulse on-time with pulse off-time). Therefore,
these measurements were withdrawn from the ANOVA reduced quadratic analysis as presented in
Table 3 to obtain the formula on PM-EDM operation inputs to control the corrosion rate of magnesium
alloy. The model has eight degrees of freedom and total correlations of 24 degrees of freedom. The
determined constants for final equation in terms of actual factors are:

Corrosion rate = -7.81276 x 10*

Zinc powder concentration = -6.62901 x 10*

Peak current = 1.42548 x 10

Pulse on-time = 1.19244 x 10°

Pulse off-time = -9.13054 x 10°®

Squared zinc powder concentration = 1.50184 x 10*
Squared peak current = -1.45265 x 10

Squared pulse on-time = -1.08257 x 107

Squared pulse off-time = 1.09936 x 108

The quadratic mathematical model is given as equation (1). The formula has been elaborated and
the final formula is shown in equation (2) where CR is the corrosion rate, W is the zinc powder
concentration, X is the peak current, Y is the pulse on-time and Z is the pulse off-time.
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With the established formula, the corrosion rate of magnesium alloy can be forecasted by changing
the values of PM-EDM operation inputs as long as the values are within the limits. The range of
values for each operation inputs are:

»  Zinc powder concentration: 1 g/l to 3 g/l
* Peakcurrent: 38 Ato 55 A

»  Pulse on-time: 16 s to 64 ps

*  Pulse off-time: 128 ps to 512 us

The lowest corrosion rate computed by this formula is 0.000183 mm/year from the combination of
2 g/l zinc powder concentration, 38 A peak current, 16 ps pulse on-time and 512 us pulse off-time.
Meanwhile, the highest corrosion rate computed by this formula is 0.001528 mm/year from the
combination of 1 g/l zinc powder concentration, 47 A peak current, 64 ps pulse on-time and 128 s
pulse off-time. To verify the formula, a confirmation test was conducted by applying the combination
of 1 g/l zinc powder concentration, 38 A peak current, 16 s pulse on-time and 128 ps pulse off-time.
The predicted value was 0.0012 mm/year and the actual value was 0.0013 mm/year. It brought to
91.67% similarity between the predicted and actual values.

4. Conclusions

It can be concluded that the pulse off-time was the most significant operation input affecting the
corrosion rate of magnesium alloy with the higher pulse off-time ensuing in lower corrosion rate. The
zinc particles mixed in the dielectric fluid was also found significantly affecting the changes of the
corrosion rate of magnesium alloy. Among the three levels of zinc powder concentration examined,
the 2 g/l zinc powder concentration obtained the lowest corrosion rate. The different combination of
PM-EDM operation inputs was found results in different surface characteristics on the machined
surfaces hence resulting in different corrosion rate. The presence of zinc particles at the cutting zone
contribute into improving sparking efficiency and uniformity of sparks distribution. The deposition of
zinc particles on the machined surface results in lower smoother machined surface with less formation
of micro cracks. These factors influencing the changes of corrosion rate on the machined surface. With
the developed formula, the corrosion rate of magnesium alloy can be controlled by controlling PM-
EDM operation inputs. For future investigation, it is recommended to conduct in-vivo corrosion test
using an implant processed by PM-EDM method.
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