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Abstract: Magnesium (Mg) alloys, which have excellrnt biocompatibility and characteristics similar to bone, are 

ideal choices for temporary biodegradable othopedic implants. However, because of their low ductility and fast 

corrosion, their applicability in biological environments is currently limited. Surface properties can be altered by 

surface treatments such as coating, alloying, and mechanical working to make it application friendly. In this 

experimental study, ZE41A Mg alloy was processed with powder mixed wire electric discharge machining 

(PMWEDM) and hydroxyapatite (HA) coating, to analyse their effect on microstructure and micro-hardness. 

Surface microstructure of parent, PMWEDMed, and HA-coated samples was analyzed by using Field emission 

scanning electron microscopy (FE-SEM). The microhardness (MH) of these samples was determined using a 

Vickers micro-hardness tester before and after 14 days of immersion in simulated body fluid (SBF). The results 

show that PMWEDM and HA coating produced surfaces with higher MH. The post-immersion data show a loss 

of MH in all three types of Mg samples, which is attributed to sample degradation in SBF. 
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1. Introduction 

Biodegradable materials with adequate load-bearing capacity and biocompatibility are presently important study 

areas in the biomedical field for temporary implants. The toxic nature of metallic materials such as stainless 

steel, iron-based alloys, titanium alloys, etc., in physiological environments is the most significant constraint, as 

is their fast degradation [1, 2]. Magnesium-based alloys with suitable compositions and surface treatments can 

be employed as implant materials for temporary implants. Magnesium alloys have characteristics that are almost 

identical to natural bone, such as density and Young's modulus, making them more suitable for application as 

biodegradable biomaterials. The characteristics of magnesium alloys also prohibit stress shielding in implants. 

Mg, a vital and inherent element in the human body, may degrade and be absorbed when new bone grows, 

eliminating the need for surgical removal. Mg alloys exhibit excellent osteoinductivity, which promotes bone 

repair through boosting osteoblast activity and bio-mineralization [3-5]. However, implants made up of Mg and 

its alloys degrade faster in physiological environments than the usual healing process, it is because of its strong 

reactivity, Mg is extremely prone to degradation. The porosity and brittleness of the surface oxide layer limit its 

ability to protect against degradation, particularly in physiological/aqueous environment containing chloride 

ions. Nonetheless, the high degradation rate (DR) of Mg alloy in the physiological/aqueous environment is a 

significant obstacle to the successful development of biodegradable implants because it loses the mechanical 

strength necessary for biomedical implant support [6, 7]. Alloying, surface treatment and mechanical working 

are needed to control Mg degradation at a pace that corresponds with tissue growth. Surface coatings can also 

play significant role to reduce the initial rapid degradation rate, preventing early implant failure prior to full 

bone healing [8, 9]. 
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Mg-Zn-RE-Zr alloy is a unique set of magnesium alloys with excellent performance characteristics owing to 

alloying additions. The alloying of Zinc (Zn) in Mg improves both mechanical characteristics and corrosion 

resistance [2]. The solid solution of Zn in Mg can improve corrosion resistance by increasing the electrode 

potential of the 𝛼-Mg matrix, which is higher than pure Mg [10]. Rare earth metals exhibit superior castability, 

fine grain structure, increased strength, and improved anti-corrosion properties [11]. Zirconium (Zr), 

specifically, is added to magnesium because it has the highest effect on grain refinement in magnesium alloys 

[12]. In recent years, more attention has been paid to the ZE41A alloy, which belongs to the aforementioned 

group, because the cast alloy has low micro-porosity, good machinability, and corrosion resistance [13, 14]. 

However, the application of this alloy is limited by its low mechanical properties at room temperature, 

particularly poor ductility caused by the production of a brittle ternary phase on the grain boundaries [15]. Wu et 

al. [16] reported that the addition of a nano-hydroxyapatite coating with friction stir processing on WE43 Mg 

alloy has an improved micro-hardness along with enhanced corrosion resistance. A study of ZE41A Mg alloy 

reported that a coating of WC-Cu powder increased the micro-hardness of the alloy at low compaction load with 

a partially sintered electrode [17]. Another study of ZE41 Mg alloy ball burnished at loads of 40 to 80 N 

revealed that at the load of 60 N, the highest micro-hardness was achieved with an increase of 35.5% as 

compared to the unburnished sample [18]. A mechanical research found that the Mg-2Zn-1Ca (ZX21) alloy has 

good mechanical properties, including an ultimate tensile strength of 283 MPa and a failure elongation of 29% 

due to recrystallization and grain refining by Ca [19]. HA is a significant mineral in the cartilage of bones, and it 

is highly biocompatible and biologically active. HA's intrinsic brittleness and poor fracture toughness prevent it 

from supporting considerable loads, but it can be employed as a covering for other load-bearing biomaterials [9, 

20]. In a degradation investigation of the Mg-1Zn-1Gd (ZG11) alloy, Li et al. [21] observed that the generated 

HA layer efficiently covered the implant surface's microholes and microcracks. In a study of HA-coated pure 

Mg alloy, Kim et al. concluded that HA-coated samples had a reduced corrosion rate compared to pure Mg in 

SBF. HA coating also results in the improvement of in vitro and in vivo biocompatibilities [22]. Kumar et al. 

[23] optimized CNC milling process parameters of ZE41A Mg alloy to investigate their effects on degradation 

rate after 7 days of immersion in SBF and found that at optimized parameter settings surface roughness and 

degradation rate both reduced. 

Non-traditional machining, such as WEDM, is beneficial to improve surface characteristics of Mg alloys at 

optimal parametric settings, hence reducing degradation rate and improving their mechanical characteristics. 

Surface and subsurface properties change during WEDM processing, affecting the mechanical properties and 

degradation rate of Mg alloys [24]. PMWEDM is a hybrid technique that uses powder in the dielectric to 

improve surface smoothness and assist in lowering degradation rate. There was no investigation of PMWEDM 

and HA coatings on ZE41A Mg alloy to determine their impact on microstructure and micro-hardness following 

immersion in SBF. In this experiment, the microstructure and micro-hardness of ZE41A alloy were examined 

before and after 14 days of immersion in SBF. 

2. Materials and Experimental Method 

2.1 Work Material 

Experiments have been conducted on as cast ZE41A Mg alloy samples of size 12×12×4 mm. A fine zinc metal 

powder has been used for the purpose of PM-WEDM. Zinc metal powder with 99% purity and mesh size 300 

has been mixed with de-ionized water. Zn powder was taken with a concentration of 3g/l. Table 1 represents the 

physical, mechanical and thermal properties of ZE41A Mg alloy. The elemental composition of the ZE41A 

magnesium alloy is detailed in table 2. The sample surface was characterized by using a field emission scanning 

electron microscope (FESEM) (JEOL model JSM-7610F Plus). 
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Table 1. Properties of ZE41A Mg alloy 

Properties Value in metric 

Ultimate Tensile Strength (UTS) 205-210 MPa 

Yield Strength 140-145 MPa 

Compressive Strength 340-350 MPa 

Brinell Micro-hardness (as cast) 62-65 HB 

Vickers Micro-hardness (as cast) 65-72 HV 

Elongation  3.50 % 

Modulus of Elasticity 44.12 GPa 

Density 1.84 g/cm3 

Thermal Expansion Coefficient (α) 27 µm/mºC 

Grain Size (as cast) 78-82 µm  

 

 

Table 2. Elemental composition of ZE41A Mg alloy 

Element Zinc (Zn) Zirconium (Zr) 

Rare Earth 

Materials 

(REEs) 

Manganese 
(Mn) 

Copper (Cu) Nickel (Ni) 
Magnesium 

(Mg) 

% content 3.5-5 0.4-1 0.75-1.8 0.15 0.10 0.010 91.5-95 

 
2.2 Experimental Set-Up 

Experiments have been done with ZE41A Mg alloy on the Electronica ELPULS 40A DLX Sprint-cut CNC 

WEDM installed at Guru Jambheshwar University of Science and Technology, Hisar, using a soft brass wire 

electrode with a 0.25 mm diameter. The input parameters taken for PMWEDM were peak current (70 ampere), 

pulse on time (0.15 micro second), pulse of time (26 micro second) and servo voltage (30 volts). The de-ionized 

(DI) water and Zn metal powder mixture was used as a dielectric fluid. Figure 2 (a) & (b) shows the schematic 

diagram of the experimental setup of PM-WEDM and a separate tank of 100-litre capacity, respectively. 

 
Figure 1. Electronica ELPULS 40A DLX Sprint-cut CNC WEDM machine 
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                                        (a) 

 
                                        (b) 

Figure 2. Schematic diagram of the experimental setup of PM-WEDM [32] and separate tank to supply powder-mixed 

dielectric fluid 

2.3 HA Coating and Immersion Study 

The electrochemical deposition (ECD) technique was used to deposit HA coating on ZE41A Mg alloy in an 

aqueous solution, which was subsequently dried at room temperature. Coating was produced using mechanically 

polished samples and abrasive sheets with grit sizes of 200, 400, 600, 1000, 1500, and 2000. The samples were 

then ultrasonically cleaned in acetone at room temperature for 10 minutes before being air-dried. During ECD 

coating, the samples served as the cathode (+ve) and a platinum strip as the anode (-ve) as an inert material. A 

current of 0.2 amps was transmitted at a constant voltage of 3.5 volts, while the electrolyte was constantly 

stirred at 200 rpm. The coating layer developed was di-calcium phosphate di-hydrate, also known as brushite 

(CaHPO₄.2H₂O), a weak and unstable calcium phosphate (CaP) coating [25]. To achieve a more stable phase of 

HA [Ca10(PO4)6(OH)2], an alkaline treatment (acid-base reaction) is necessary, converting brushite to 

hydroxyapatite. The deposited samples were immersed in a 1 M NaOH solution at 80ºC for 2 hours [26, 27]. 

The samples were placed in simulated body fluid (SBF) prepared according to the standard given by Kokubo et 

al. [28], while maintaining a pH of 7.4 [29]. The degradation of Mg alloys is time dependent, with the highest 

corrosion or degradation occurring during the first week of immersion in SBF [30], since after one week, a 

passive layer forms, slowing down the degradation rate. In this experimental study, the parent, PMWEDMed, 

and HA-coated samples were immersed in SBF for 14 days. Experimental set-up of Vickers micro-hardness 

tester and sample mounted on tester is shown in figure 3. Samples were immersed in SBF using polystyrene 

bottles held within the BOD incubator in 95% air, 5% CO₂ at 37 ± 1.5°C for 14 days. The amount of SBF for 

various Mg samples was determined using the SBF-to-surface-area ratio of 0.20 mL/mm² [31]. 

2.4 Microstructure and Micro-hardness 

Microstructure of parent, machined and coated samples was analyzed by using FESEM. Surface geometries and 

properties are important for forecasting the corrosion behavior of magnesium alloys, as surface degradation is 

closely related to mechanical performance. Micro-hardness of samples was calculated with Vickers Micro-

hardness tester (INNOVA TEST FALCON 450) by taking force of 200gm and dwell time of 10 sec.  Set-up of 

Vickers micro-hardness tester and sample mounted on tester table is shown in figure 3. Results were 

automatically drawn by micro-hardness tester after calculating average diagonal. Formula for Vickers micro-

hardness is given below in (1): 

Vickers Micro-hardness – 
1854.4 × F

d ×d
  HV    (1) 

Where, F = force applied in gmf and d = mean diagonal in µm, [d = (d1 + d2) / 2, d1 & d2 are two diagonals] 
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Figure 3. Vickers micro-hardness tester and sample mounted 

3. Results and Discussion 

3.1 Powder Mixed Machining and HA coating influence on Microstructure and Micro-hardness 

FESEM imaging was used to analyze the surface properties and structures of the parent, PMWEDMed, and HA-

coated samples. The images also aid in understanding the degradation behavior of these alloy samples, as 

surface characteristics have a direct impact on alloy degradation. Implant materials with high surface roughness 

have poor degradation resistance, which is caused by high temperature generation on the sample's surface at the 

point of contact with the wire electrode. After the high temperature created during machining, the dielectric 

medium serves as a flushing medium and coolant. This rapid heating and cooling impact increases surface 

roughness [32]. FESEM images of surface microstructure of Mg alloys were shown in figure 4 (a)-(c). Figure 4 

(a) depicts the surface structure of the parent Mg alloy; no microcracks were seen on the surface. A few 

microholes and small craters were found, which might have been generated by temperature changes during the 

WEDM process. Oxide layers were present on the surface of the parent sample as a result of Mg interaction with 

oxygen, as well as abrasive layers formed during sample polishing on abrasive sheets. Figure 4 (b) shows 

presence of large number of microholes and microcracks, again produced due to high temperature difference 

and high spark energies. During WEDM process when trapped gases try to escape from molten metal creates 

large globules finally resulting in large craters after bursting, these craters promotes degradation rate [33, 34]. 

Shiny zinc particles were also visible, as shown in figure 4 (b), which were accumulated while machining with 

PMWEDM. HA-coated samples showed no microcracks and had small craters. The number of microholes was 

also negligible; instead, CaP particles can be seen as shown in figure 4(c). This layer of CaP HA particles filled 

the microcracks and microholes, providing a barrier layer to improve surface finish and inhibit degradation 

rates. 

Table 3 shows the computed Vickers MH values of test samples before immersion, which were performed at 

200 gmf force and a dwell period of 10 seconds. The results show that PMWEDM machining and HA coating 

methods improve the MH of Mg samples as compared to parent samples. The MH of PMWEDMed samples 

rose due to modest heat treatment from heating and cooling reactions. It may also be raised due to the 

accumulation of zinc particles on the sample surface, which improves surface mechanical properties and 

degradation resistance [2, 35]. The HA coating formed a layer of CaP, which increased the MH of the samples 

and, as a result, their degradation resistance. MH of parent, PMWEDMed and HA coated samples (in 2 

numbers) was shown in figure 5. The value of Vickers MH of Mg alloys treated with PMWEDM and HA 

coating increased to a value of (for sample 1/2) 74.67/72.67 HV and 70.67/70.33 HV, respectively, while MH of 

parent samples was recorded as 67/67.33 HV. 
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Figure 4. SEM images of surface microstructure of (a) parent, (b) PMWEDMed and (c) HA coated samples before 

immersion 

Table 3. Vickers Microhardness results before immersion 

Sample 
Name 

Applied Force 
(in gmf) 

Time Interval/Dwell 
time (in sec) 

Vicker’s Hardness (in HV) 
before immersion 

Average Vicker’s Hardness (in 
HV) before immersion 

Parent 1 200 10 67 
67.17 

Parent 2 200 10 67.33 

PMWEDM 1 200 10 74.67 
73.67 

PMWEDM 2 200 10 72.67 

HA Coated 1 200 10 70.67 
70.5 

HA Coated 2 200 10 70.33 
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Figure 5. Vickers Micro-hardness of parent, PMWEDMed and HA coated samples before immersion 

3.2 Microstructure and Immersion Study Influence on Micro-hardness 

Figure 6 depicts samples after 14 days of immersion in SBF. The photos of the samples demonstrate that the 

surface topographies of all three samples were almost identical owing to degradation. Figure 6(b) shows large 

microholes and pits formed by degradation on the surface of the PMWEDMed sample, whereas Figure 6(a) 

shows pits and microholes that are much smaller. HA-covered samples displayed less uneven topography than 

PMWEDMed samples. Vickers MH was then evaluated on the degraded samples using the same settings (force 

- 200 gmf and dwell period - 10 seconds). Figure 7 shows the Vickers Micro-hardness of parent, PMWEDMed 

and HA coated samples before and after 14 days immersion with % loss trend. The MH findings for tested 

samples are shown in table 4 of immersed samples. The MH of parent materials reduced to 57 HV from 67.17 

HV, representing a 14.93 percent decline. This loss is due to surface ruptures in the parent sample during the 

immersion phase. The MH of PMWEDMed samples determined after immersion was 60 HV, compared to 

73.67 HV before immersion. The PMWEDMed sample had the largest loss of MH following immersion, with a 

percentage loss of 19.62. It was because of the high degradation rate of PMWEDMed samples during 

immersion. Large surface irregularities caused SBF to penetrate the alloy's surface more deeply, resulting in 

high weight loss [34]. A loss of 11.79% of MH was recorded for HA-coated samples, whose MH was decreased 

from 70.5 HV to 62.33 HV. The coated sample shows the lowest MH loss after immersion because of its smooth 

surface and the formation of a CaP layer, which controls the degradation of Mg alloy. 
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Figure 6. Images of (a) parent, (b) PMWEDMed and (c) HA coated samples after 14 days immersion in SBF 

Table 4. Vickers Microhardness before and after 14 days immersion with % loss 

Sample 

Name 

Applied Force 

(in gmf) 

Time Interval/Dwell 

time (in sec) 

Vicker’s Hardness (in 
HV) before 

immersion 

Vicker’s Hardness (in 
HV) after 14 days 

immersion 

% loss of 
Microhardness after 

14 days immersion 

Parent 200 10 67.17 57 14.93 

PMWEDM 200 10 73.67 60 19.65 

HA Coated 200 10 70.5 62.33 11.79 
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Figure 7. Vickers Micro-hardness of parent, PMWEDMed and HA coated samples before and after 14 days immersion with 

% loss 

4.   Conclusions 

Experiments were carried out to investigate the effects of PMWEDM and HA coating on the surface 

microstructure and micro-hardness of the ZE41A magnesium alloy. FESEM imaging was used to investigate 

surface microstructures. The parent, PMWEDMed, and coated Mg samples were immersed in SBF for 14 days, 

and the Vickers micro-hardness tester was used to calculate the MH of the Mg samples before and after 

immersion. Vickers' MH findings before immersion demonstrated that the PMWEDM technique and HA 

coating improve the MH of ZE41A Mg samples as compared to the bare parent samples. After immersion in 

SBF, Vickers' findings indicated that PMWEDMed samples display the highest loss of MH as compared to 

parent and coated samples. The computed loss for PMWEDMed samples was 19.65%, whereas that for parent 

and HA-covered samples was 14.93% and 11.79%, respectively. It may be inferred that HA coating may aid in 

increasing the surface and micro-hardness characteristics of Mg alloys. The PMWEDM technique can also be 

used with different parameter settings by taking other powders at varying concentrations. 
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