



Production and Characterization of Zn-Cu-Mg-Mn-Ti High Entropy Alloy for Temporary Implant Applications
Abstract 
In this study, Zn47Cu6Mg21Mn19Ti7 high entropy alloy was manufactured for temporary hard tissue implant applications. Zn alloys, which have hexagonal close packed (hcp) lattice structure, are very brittle for the biomedical implant applications. Formation of ductile body centered cubic structured solid solution could enhance the ductility of the Zn. Chemical composition of the Zn-Cu-Mg-Mn-Ti system was optimized by thermodynamic and kinetic calculations in order to obtain high entropy, solid solution, and ductile body centered cubic structure. Zn47Cu6Mg21Mn19Ti7 is the optimum chemical composition of the Zn-Cu-Mg-Mn-Ti high entropy alloy system according to thermodynamic and kinetic calculations. High pressure-powder injection moulding route could reduce the segregation. Zn47Cu6Mg21Mn19Ti7 alloy powder was prepared by high energy mechanical alloying (ball milling) by using pure elemental metal powders. Zn47Cu6Mg21Mn19Ti7 alloy specmens were manufacture by using high pressure power injecton moulding. Polymeric-binder consisted 75% polyethylene, and 25% wax. Feedstock consisted of 45% polymeric-binder and 55% alloy powder. High pressure injection moulding was carried out at 174 ºC. After the injection process, the polmerc binder was removed by heating at 235 ºC. Sintering process was carre out at 315 ºC.
Keywords: Zn alloy; High entropy; Biodegradable; Temporary implant; Injection moulding
1. Introduction
In surgery, metallic permanent hard tissue implants, such as bone fracture screws or bone nails, are manufactured by titanium or stainless steels. Permanent implants are removed by surgical operation after the healing period. Meanwhile, elastic modulus of the titanium or stainless steel permanent implants is higher than cortical bone, which is the reason of stress shielding effect. Biodegradable metals can be used in temporary implant applications without secondary surgery. Zinc, as novel alternative material for biodegradable materials, has attracted attention for its moderate biodegradation rate, and suficient biocompatibility. Zn has achieved usage in several areas, such as stents and implants. Zn alloys are promising biodegradable metal for temporary hard tissue implant applications [1]. 
High entropy alloys have five to eleven principle elements in near-equal atomic contents and tend to forma a solid-solution instead of intermetallic precipitates [2]. When minimum five alloying elements are in near-equal compositions in an alloy system, maximized mixing entropy value leads to formation of a solid solution. Meanwhile, thermodynamic parameters, such as mixing enthalpy and stability parameter must be also in the desired range for solid solution formation and prevention of intermetallics [3]. 
Mechanical alloying (ball milling) is a metal powder processing method in order to obtain a solid solution or amorphous structure. Mechanical alloying includes repeated fracture and welding of metal particles by using hard balls in a ball mill. Supersaturated metal alloys, without solubility limits, could be produced by mechanical alloying [4]. Powder injection molding (PIM) is a metal powder shaping (MIM) or ceramic powder shaping (CIM) method in order to manufacture small-toğmedium sized complex parts for mass production [5]. 
In this study, high entropy Zn47Cu6Mg21Mn19Ti7 alloy was manufactured for temporary hard tissue implant applications. Chemical composition was optimized by thermodynamic and kinetic calculations in order to obtain high entropy, solid solution, and ductile body centered cubic phase. Zn47Cu6Mg21Mn19Ti7 is the optimum chemical composition of the Zn-Cu-Mg-Mn-Ti high entropy alloy system according to thermodynamic and kinetic calculations. Zn47Cu6Mg21Mn19Ti7 alloy powder was prepared by high energy mechanical alloying (ball milling) by using pure elemental metal powders. Zn47Cu6Mg21Mn19Ti7 alloy specmens were manufacture by using high pressure power injecton moulding (HP-PIM). Biodegradable Zn47Cu6Mg21Mn19Ti7 high entropy alloy is novel for the implant applications. There s no any experimental study on the Zn-Cu-Mg-Mn-Ti high entropy alloy system.
2. Experimental

2.1 Alloy Development and Composition Optimization
Initially, chemical composition of Zn-Cu-Mg-Mn-Ti alloy system optimized by thermodynamic and kinetic calculations in order to obtain high mixing entropy, solid solution, and body centered cubic structure. Mg was employed in the alloy system due to its low elastic modulus (close to bone), low corrosion resistance, high biodegradation rate, and high biocompatibility. Ti was employed due to its high biocompatibility, low elastic modulus, and low density. Cu was employed due to its antibacterial effect. Mn was employed due to its solid solution hardening effect.

Mixing entropy (ΔSmix) of alloy system computed by equation (1), by using atomic ratio (C) of alloying elements. Mixing entropy of the alloy system must be in the range of 11 ≤ ΔSmix ≤ 19 (J/K.mol) [6].
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(1)
Atomic radius misfit (δ) of alloy system computed by equation (2), by using atomic radius (r) of metals.  Atomic misfit (lattice strain) of the alloy system must be in the range of 0 ≤ δ ≤ 8.5 [7]. 
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Valance electron concentration (VEC) of alloy system computed by equation (3). Face centered cubic lattice can be obtained, when VEC of the alloy system is higher than 8.0. Body centered cubic lattice can be obtained, when the VEC of the alloy system is lower than 6.8. Dual (bcc-fcc) lattice can be obtained, when the VEC of the alloy system is between 6.8 and 8.0 [8].
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(3)
Mixing enthalpy (ΔHmix) of alloy system computed by equation (4). Mixing enthalpy must be in the range of -10 ≤ ΔHmix ≤ 5 (kJ/mol) [8].
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(4)

Stability parameter (Ω) of alloy system computed by using equation (5). Ω value must be higher than 1.0 in order to obtain suitable negative ΔG value [8].
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 (5)  
Table 1 shows the mass number (ma), atom radius (r), melting point (Tm), valance electron concentration (VEC) of the metals in the Zn-Cu-Mg-Mn-Ti high entropy alloy. In general, VEC values of the copper and zinc are relatively high (11 and 12), which leads to face centered cubic lattice structure formation. VEC value of magnesium and titanium are relatively low (2 and 4), which leads to body centered cubic structure formation. Atomic radius values of the atoms also important. Atomic radius misfit of the alloy system must be suitable (lower than 8.5). As seen from Table 1, atomic radius of the Mg is relatively higher (0.1601 nm). Table 2 shows the binary mixing enthalpies of the binary alloys. Binary mixing entropy value of the titanium is relatively high, which prevent solid solution formation. Binary mixing entropy values of Mg and Fe are also relatively higher.
Table 1. Mass number, atom radius, melting point, VEC values of the atoms [9]
	
	Zn
	Mg
	Mn
	Ti
	Cu

	ma
	65.409
	24.312
	54.938
	47.867
	63.546

	r (nm)
	0.1394
	0.1601
	0.1350
	0.1461
	0.1280

	Tm (K)
	692
	923
	1519
	1941
	1357

	VEC
	12
	2
	7
	4
	11


Table 2. Binary mixing enthalpies (kJ/mol) of the elements [10]

	
	Zn
	Mg
	Mn
	Ti
	Cu

	Zn
	-
	-4
	-6
	-15
	-7

	Mg
	-4
	-
	10
	16
	-3

	Mn
	-6
	10
	-
	-8
	-4

	Ti
	-15
	16
	-8
	-
	-9

	Cu
	-7
	-3
	-4
	-9
	-


Table 3 shows the thermodynamic parameters of the Zn47Cu6Mg21Mn19Ti7 alloy. Ω, ΔSmix, δ, and ΔHmix values of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy confirms formation of a solid solution. Zn47Cu6Mg21Mn19Ti7 is the optimum chemical composition of the Zn-Cu-Mg-Mn-Ti high entropy alloy system according to thermodynamic and kinetic calculations. The VEC value of the Zn47Cu6Mg21Mn19Ti7 alloy is in the range of body centered cubic (bcc) phase formation. Thermodynamic and kinetic calculations, and chemical composition optimization of the Zn-Cu-Mg-Mn-Ti high entropy alloy system was carried out by using MATLAB based HEAPS software (High Entropy Alloys Predicting Software) [11]. 
Table 3. Parameters of the Zn42Cu5Fe9Mg20Mn17Ti7 high entropy alloy

	Composition
	VEC 

(e/a)
	Lattice
	δ

 (%)
	ΔSmix (J/K.mol)
	ΔHmix (kJ/mol)
	Ω

	Zn47Cu6Mg21Mn19Ti7
	6.6
	bcc
	7.6
	11.15
	-0.91
	12.6


2.2 Mechanical Alloying – High-Pressure Powder Injection Moulding (HP-PIM)
Zn42Cu5Fe9Mg20Mn17Ti7 alloy powder was prepared by high energy mechanical alloying (ball milling) by using pure elemental metal powders. Mean diameter of the elemental powders was about 40 μm. 10 mm ZrO2 balls were employed during high energy ball milling. Mechanical alloying (ball milling) duration was 40 hours. 

Polymeric-binder consisted of 75 % PE, and 25 % wax. Feedstock consisted of 45 % of binder and 55 % of metal. Feedstock was injection moulded at 174 ºC. After the injection, polymeric binder was removed by heating at 235 ºC. Sintering was done at 315 ºC in vacuum. Figure 1 shows the Zn47Cu6Mg21Mn19Ti7 high entropy alloy production steps by mechanical alloying-powder injection moulding method.
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Figure 1. Zn47Cu6Mg21Mn19Ti7 high entropy alloy production by powder injection moulding 

2.3. Characterisation of Microstructure and Mechanical Properties

Microstructure of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy sample was investigated by scanning electron microscopy (FEG-SEM) and optical microscopy (OM). Hardness of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy sample determined by using a micro-vickers hardness device. Young’s modulus of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy sample determined by using compression test.

2.4. Electrochemical Corrosion and Biodegradation Tests

Corrosion tests were performed with a corrosion cell (Interface 1000, Gamry) in simulated body fluid (SBF) having pH of 6.5. In the electrochemical impedance spectroscopy (EIS) tests (Nyquist plot), (Rsol(R1C1(R2C2)) type equivalent electrical circuit model was used in order to compute the electrochemical corrosion parameters. During the biodegradation experiments, the Zn47Cu6Mg21Mn19Ti7 high entropy alloy sample was dipped into the SBF with pH 6.5 for time of 35 days. Weight change was measured by gravimetric route.

3. Results and Discussion

3.1 Microstructure 

Figure 2 shows the photographs of Zn47Cu6Mg21Mn19Ti7 high entropy alloy sample after the powder injection moulding (PIM) process. As seen from the Figure 2, rheology of the feedstock was suitable.
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Figure 2. Photograph of injected Zn47Cu6Mg21Mn19Ti7 high entropy alloy sample 
Figure 3 shows the SEM result of the fracture surface of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy sample after powder injection moulding, debinding, and sintering steps. As seen from the Figure 3, there is a suitable sintering between the metal powder particles. 
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Figure 3. SEM image of fracture surface of the Zn47Cu6Mg21Mn19Ti7 high enropy alloy sample
Figure 4 shows the optic microscope (OM) image of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy sample. The microstructure of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy consists of body centered cubic (bcc) matrix phase (bright regions). Also, some porosity, intermetallics, and face centered cubic (fcc) phase could be observed.
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    Figure 4. Optic microscope (OM) image of the Zn47Cu6Mg21Mn19Ti7 sample
3.2 Mechanical Properties 

Table 4 shows the Young’s modulus, yield strength, ultimate tensile strength, and hardness of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy. Mechanical properties of Zn47Cu6Mg21Mn19Ti7 high entropy alloy were higher than traditional Zn alloys. Bayrak et al. [12] studied biodegradable Zn-Ni-Ti-Sc alloy for biomedical applications. Young’s modulus of the sintered Zn-1Ni-1Ti-1Sc alloy was 89 GPa. Shi et al. [13] studied Zn-Mn alloy for biomedical applications. Hardness of the Zn-0.4Mn alloy was 60 HV. Yield strength of the Zn-0.4Mn alloy was 200 MPa, while tensile strength was 240 MPa. Du et al. [14] studied effect of rare erarth element addition, such as Sc, Y, Sm, La, Nd, on the properties of zinc alloy. Zn-RE specimens were prepared by casting. Highest hardness was in the Zn-Y alloy with 60 HV, while hardness of Zn-Sm was 40 HV. Highest yield strength was in the Zn-Y alloy with 210 MPa, while hardness of Zn-Sm was 90 MPa. Highest tensile strength was in the Zn-Y alloy with 406 MPa, while hardness of Zn-Sm was 218 MPa. Hasan et al. [15] studied mechanical properties of Zn-Ni alloys produced by casting. Hardness of the Zn-Ni alloy was 55 HV.
Table 4. Mechanical properties of the Zn47Cu6Mg21Mn19Ti7 specimen
	Young’s Modulus (GPa)
	Yield Strength (MPa)
	Tensile Strength (MPa)
	Hardness (HV3)

	130
	350
	410
	240


3.4 Electrochemical Corrosion Properties 

Figure 5 shows the Tafel curve of the Zn47Cu6Mg21Mn19Ti7 alloy in SBF solution with pH of 6.5. Bayrak et al. [12] studied biodegradable Zn-Ni-Ti-Sc alloy for biomedical applications. Corrosion current density of the sintered Zn-1Ni-1Ti-1Sc alloy was 2.10-4 (A/cm2) according to the Tafel test. Shi et al. [13] studied Zn-Mn alloy for biomedical applications. Corrosion potential of the Zn-0.4Mn alloy was -1.0 V. 
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Figure 5. Tafel curve of the Zn47Cu6Mg21Mn19Ti7 alloy 

Figure 6 shows the (a) EIS results (Nyquist plot) of the Zn47Cu6Mg21Mn19Ti7 alloy in SBF solution with pH of 6.5, and (b) equivalent electrical circuit model. Electrical model containd a surface oxide and interface. Equivalent electrical circuit model was series and parallel structured reap2cpe type (Rsol(R1C1(R2C2)). Rsol is resistance of solution. R1 and R2 are polarization resistance of the film and interface. C1 and C2 are capacitances of film and interface. 
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Figure 6. a) Nyquist plot of the Zn47Cu6Mg21Mn19Ti7 alloy, and b) equivalent electrical circuit model
Table 5 shows the corrosion properties of Zn47Cu6Mg21Mn19Ti7 alloy. Electrochemical corrosion properties of Zn47Cu6Mg21Mn19Ti7 high entropy alloy were higher than traditional Zn alloys. Bayrak et al. [12] studied biodegradable Zn-Ni-Ti-Sc alloy for biomedical applications. Electrochemical corrosion rate of the sintered Zn-1Ni-1Ti-1Sc alloy was 2.4 mm/year. Shi et al. [13] studied Zn-Mn alloy for biomedical applications. (Rsol(R1C1(R2C2)) type equivalent electic circuit was used in order to evaluate Nyquist plot results. R1 of the Zn-0.4Mn alloy was 940 Ω cm2. R2 of the Zn-0.4Mn alloy was 150 Ω cm2. Du et al. [14] studied effect of rare erarth element addition, such as Sc, Y, Sm, La, Nd, on the properties of zinc alloy. Zn-RE specimens were prepared by casting. Corrosion rate of the Zn-Y was 0.11 mm/year.
Table 5. Electrochemical corrosion properties of the Zn47Cu6Mg21Mn19Ti7 alloy

	Corrosion Rate (mm/year)
	R1                          (Ω  cm2)
	C1                           (S sa/cm2)
	R2                          (Ω  cm2)
	C2                           (S sa/cm2)

	1.6
	278
	0.041
	412
	0.066


3.5 Static Immersion Test Results 

Figure 7 shows the effect of static immersion time of 1-5 weeks in SBF solution with pH 6.6 on the Young’s modulus of the Zn47Cu6Mg21Mn19Ti7 alloy. Young’s modulus was decreased with static immersion time. Young’s modulus of the Zn47Cu6Mg21Mn19Ti7 alloy was decreased from 125 GPa to 80 GPa at 5 weeks of immersion in the SBF. Young’s modulus of the hard tissue implants must be close to bone tissue [16], and Young’s modulus of 15 GPa would be enough for hard tissue implants during the bone healing. Young’s modulus of the Zn47Cu6Mg21Mn19Ti7 alloy would decrease to 15 GPa level after 15-20 weeks [17, 18]. Bayrak et al. [12] studied biodegradable Zn-Ni-Ti-Sc alloy for biomedical applications. Young’s modulus of the sintered Zn-1Ni-1Ti-1Sc alloy was decreased from 90 GPa to 60 GPa after 5 weeks of static immersion in SBF solution with pH of 6.5.
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Figure 7. Effect of static immersion time in the SBF solution on the Young’s modulus of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy

Figure 8 shows the effect of static immersion time of 1-5 weeks in SBF solution with pH 6.6 on the compressive yield strength of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy. Compressive yield strength was decreased with static immersion time.
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Figure 8. Effect of static immersion time on the yield strength of the Zn47Cu6Mg21Mn19Ti7 alloy

Figure 9 shows the effect of static immersion time in the SBF solution on the weight loss of the Zn47Cu6Mg21Mn19Ti7 alloy. Weight loss was increased with static immersion time. In general, weight loss of the hard tissue biodegradable implants must be in the range of 25-100 weeks, which is time for healing period of bone [16, 17]. Biodegradation rate (weight loss) of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy was 17% for 5 weeks, which is suitable for hard tissue implant applications. Bayrak et al. [12] studied biodegradable Zn-Ni-Ti-Sc alloy for biomedical applications. Weight loss of the sintered Zn-1Ni-1Ti-1Sc alloy was 13% after 5 weeks of static immersion in SBF solution. Shi et al. [13] studied Zn-Mn alloy for biomedical applications. Mass loss (mg) after 28 days of static immersion was 1.8.
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Figure 9. Effect of static immersion time in the SBF solution on the weight loss of the Zn47Cu6Mg21Mn19Ti7 alloy

Conclusions

In this study, novel Zn47Cu6Mg21Mn19Ti7 high entropy alloy was manufactured for temporary hard tissue implant applications. Initially, the chemical composition of the Zn-Cu-Mg-Mn-Ti high entropy alloy system was optimized by calculating Ω, ΔSmix, δ, and ΔHmix values in order to obtain high entropy, ductile solid solution, and ductile bcc structure. Zn47Cu6Mg21Mn19Ti7 alloy powder was prepared by high energy mechanical alloying (ball milling) by using pure elemental metal powders. Zn47Cu6Mg21Mn19Ti7 alloy specmens were manufactured by using high pressure powder injection moulding.
The summary of main conclusions are as follows;
(1) Zn47Cu6Mg21Mn19Ti7 is the optimum chemical composition of the Zn-Cu-Mg-Mn-Ti high entropy alloy system according to thermodynamic and kinetic calculations. 

(2) Ω, ΔSmix, δ, and ΔHmix values of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy confirms formation of a solid solution. 
(3)  As the VEC was 6.6, the Zn47Cu6Mg21Mn19Ti7 high entropy alloy consited of ductile body centered cubic (bcc) matrix. 

(4) Enthalpy of mixing of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy was within the range of ductile solid solution formation. 
(5) Entropy of mixing of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy was in the range of ductile solid solution formation. 
(6) Biodegradation rate (weight loss) of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy was 17% for 5 weeks, which is suitable for hard tissue implant applications.
(7) Electrochemical corrosion properties of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy were higher than traditional Zn alloys.

(8) Mechanical properties of the Zn47Cu6Mg21Mn19Ti7 high entropy alloy were higher than traditional Zn alloys.
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