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ABSTRACT

Ternary amorphous alloys in the magnesium (Mg)- zinc (Zn)- calcium (Ca) and the iron (Fe)- Mg- 

Zn systems are promising candidates for use in bioresorbable implants and devices. The optimal 

alloy compositions for biomedical applications should be chosen from a large variety of available 

alloys with best combination of mechanical properties (modulus, strength, hardness) and biological 

response (in-situ degradation rates, cell adhesion and proliferation). As a first step towards 

establishing a database designed to enable such targeted material selection, amorphous alloy 

composition libraries were fabricated employing a combinatorial magnetron sputtering approach 

where Mg, Zn, and Ca/Fe are co-deposited from separate sources onto a silicon wafer substrate. 

Composition analysis using energy dispersive X-ray spectroscopy documented a composition 

range of ~15 – 85 at. % Mg, ~6 – 55 at. % Zn, and ~5 - 60 at. % Ca for the Mg-Zn-Ca library and 

~26 – 84 at. % Mg, ~10 – 61 at. % Zn, and ~7 - 55 at. % Fe for the Fe-Mg-Zn library. X-ray 

diffraction measurements established that amorphous alloys (i.e., glasses) form in almost the entire 

range of composition at the high cooling rates during sputtering for both alloy libraries. Finally, 

the effective material modulus, the Oliver-Pharr hardness, and the yield strength values obtained 

using nanoindentation reveal a wide range of mechanical properties within both systems. 

KEYWORDS

bioresorbable alloys, bulk metallic glass, nanoindentation, yield strength. 
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1. INTRODUCTION

Magnesium (Mg), zinc (Zn), calcium (Ca) and iron (Fe) based alloys have attracted considerable 

attention in recent years as bioresorbable materials for implant and coating applications due to 

their ability to provide necessary mechanical support for the tissue reconstruction process and 

resorb into the body over time without being toxic. For example, Mg is an activator of many 

enzymes, coregulator of protein synthesis and muscle contraction, supports neurological and 

digestive function, promotes growth of human bones, and is a stabilizer of DNA and RNA 1, 2. 

Like Mg, Zn is a very important element for proper functions of human body. In trace amounts it 

supports the immune system and the synthesis of enzymes, proteins etc. 3. The biocompatibility of 

pure Mg and pure Zn in general both in vitro tests with cell cultures and in vivo tests with animals 

is very good 3, 4. Magnesium alloys also have low density (~2.0 gm.cm-3) and low elastic modulus 

(25 - 45 GPa) 5, 6, which is closer to that of the human bones (10 - 40 GPa) 7 in comparison with 

other metallic biomaterials. 

Despite this potential, currently available Mg- or Zn-based alloys feature several 

drawbacks with respect to their suitability for clinical applications. Microgalvanic corrosion 8-11, 

e.g., is observed in crystalline Mg alloys due to the electrochemical potential differences between 

the secondary phase and the magnesium matrix 12, which causes the Mg alloys to have a faster 

corrosion rate than desired and results in a rapid loss of mechanical strength along with evolution 

of hydrogen at a rate faster than can be dissolved in the surrounding tissue 13. Detachment of the 

secondary phase in the form of particulates due to localized corrosion has also been previously 

documented 14. In addition, research by Gu et al. 2 on the biocompatibility and mechanical and 

corrosion properties of cast Mg alloys with 1 wt.% of nine different alloys elements revealed that 

adding Al, Zn, or Zr improved the strength and the corrosion resistance compared to pure Mg 
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while the addition of Si and Y had negative effect on corrosion properties 2. Finally, studies on 

bioresorbable Mg alloys for stents 4, 15, which focused on degradation rates, biocompatibility, and 

the effect of the alloys on vascular endothelial cells and smooth muscle cells, showed that the 

excessive degradation rate of Mg alloys also restricts its large-scale clinical application. 

Moving forward, the question arises how to discover and fabricate alloys that are non-toxic 

but otherwise feature all characteristics required for use in implants or coatings, such as the 

mechanical properties needed to support the forces acting on them combined with their ability to 

fully resorb after the body has healed enough to support these forces on its own. Ideally, one should 

be able to choose the material from a database to match the exact specifications needed to optimize 

their intended performance. Towards this goal, one strategy to minimize excessive degradation 

rates and other negative effects in bioresorbable alloys is microstructure engineering of these 

alloys, such as grain boundary refinement or adding additional phases. As an alternative approach, 

several other studies have used the addition of alloying elements like Ca and rare earth metals 

elements to Mg- and Zn-based alloys 16 to create bi- and poly-phase alloys with improvements in 

mechanical properties and reducing degradation rates. However, although generally these alloys 

progressively degrade with no allergic reactions, their long-term clinical results are still not 

completely clear. Alloying materials and concentration must therefore be carefully selected 

keeping mechanical strength, cytotoxicity, and hemocompatibility into consideration. 

In this work, amorphous metallic alloys (glass) are used instead of crystalline metallic 

alloys. Since Mg- and Zn-based alloys represent the only group of materials that have already been 

applied in pre-clinical tests with human patients, this research focuses on the Mg-Zn-Ca and Fe-

Mg-Zn alloy systems. To establish an ability to rapidly screen a large number of different alloy 

compositions, we utilize a high-throughput approach for alloy creation, structural analysis, and 
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mechanical property testing. Combining the data then allows to identify trends in the complex 

interplay of composition, structure, and mechanical properties.  

Background

To be able to produce implants of adequate size, candidate materials need to feature dimensions 

of at least several centimeters. When an amorphous metal-based alloy (i.e., a ‘metallic glass’) 

satisfies this requirement, it is referred to as bulk metallic glass (BMG). Compared to their 

crystalline counterparts, BMGs typically exhibit higher strength, good fatigue endurance, and 

excellent wear and corrosion resistance, but also lower Young’s moduli 17, 18. Furthermore, BMGs 

can be readily patterned, and such patterns can be used to functionalize the material by, e.g., 

programing a desirable cellular response through imprinting specific nanopatterns at the implant’s 

surface 19-22. A number of different BMG compositions, such as platinum-, zirconium-, iron-, or 

magnesium-based alloys, have already been evaluated for their biocompatibility and 

biodegradability 23-25, and some show great potential as biomaterials for hard tissue, devices, and 

sensors. However, these previously studied alloys have not been optimized or specifically selected 

for specific biomedical applications considering mechanical compliance with the host tissue. 

More generally, bioresorbable BMGs based on the elements Mg, Zn, Ca, and Fe have great 

potential as bone implants or fillers, cardiovascular implants, sutures, and dental fillers due to their 

attractive mechanical and electrochemical properties. In 2005, Gu et al. 26 reported the first Mg-

Zn-Ca-based BMGs, and since then Mg-based BMGs have been widely studied for bioresorbable 

implant and coating applications. Senkov et al. 27 studied a range of compositions in the Mg-Zn-

Ca system and concluded that the glass forming ability for these alloys is very sensitive to 

compositional changes. Zberg et al. 28 did a comparative study of Mg-Zn-Ca crystalline and 

amorphous (BMG) alloys in-vitro and in-vivo and found that while the strength and the elastic 
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limit of the BMGs was orders higher, it was lower in plasticity, which is not ideal for vascular 

applications like stents. They concluded that Zn is the key for reducing the hydrogen evolution in 

Mg and increasing the tissue healing; as a consequence, Zn-rich Mg60+xZn35−xCa5 (0 ≤ x ≤ 7) 

glasses may represent ideal candidates for bioresorbable implant applications. Ramya et al. 29 

studied partially amorphous and fully crystalline samples of both Mg66Zn30Ca4 and Mg60Zn35Ca5 

glasses. Their research provided two important conclusions: First, the corrosion resistance doubled 

with a 5% increase in Zn, and second, the corrosion rate of amorphous samples was two orders 

less than their crystalline counterparts. 

In contrast, few researchers have studied Zn-based BMGs as bioresorbable implant 

materials. Jiao et al. 30 studied Zn-based BMGs with different compositions and found that the 

composition of Zn40Mg11Ca31Yb18 with properties comparable to that of a human bone along with 

a low glass transition temperature is suitable for thermoplastic processing. In a review of Mg-

based, Fe-based, and Zn-based bioresorbable metallic alloys, Li et.al 31 concluded that while Mg-

based alloys have had clinical trials, Zn-based alloys hold the most promise. Other researchers 

found that the corrosion potential decreases for lower Ca-content glasses 32 and that an increase in 

the Zn concentration improves the glass forming ability of the alloy 33. Table 1 lists the mechanical 

properties of a few of the Mg-Zn-Ca BMG compositions as reported by previous studies. 

Preliminary examination on the Mg-Zn-Ca34 alloy system with 12 different elemental 

compositions ranging from 35.9–63 at.% for Mg, 4.1–21 at.% for Ca, and 17.9–58.3 at.% for Zn 

complementary to these mechanical characterizations has shown that while there is a clear 

relationship between Zn content and the corrosion rate of the Mg-Zn-Ca BMG, a higher Zn content 

was also observed to have poor cell viability.
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But even though the Mg-Zn-Ca metallic glass system has been studied for biomedical 

applications and has been of great interest within the last decade, the optimal composition of the 

Mg-Zn-Ca system for specific biomedical implant and coating applications considering 

mechanical strength, degradation rate, and cell viability continues to elude researchers. In addition, 

Fe-Mg-Zn alloys, which have been called the ‘trifecta of bioresorbable alloys’ 35, have never been 

previously tested. Much of this deficiency results from the fact that current processing routes are 

not efficient for optimizing these new alloys. 

The ability to choose the right alloy for a particular bioresorbable implant depends on the 

following three key properties: 

1. Mechanical: Hardness, modulus, friction, and wear (especially for orthopedic implants);

2. Biological: Degradation rate (tunable depending on use; e.g.: vascular vs. orthopedic, young 

vs. old patients, etc.), excellent cell viability, and low toxicity;

3. Manufacturability: Cheap, alloys easy to produce and form (ideally 3D printable on-site or 

thermoplastically formable 36, 37, potentially also foams and cellular structures 38, 39).

Metallic glasses are a material class that lack grain boundaries and as a consequence exhibit a 

much lower degradation rate. As an example, the degradation of mechanical properties of bones 

and the healing rates of bones over time with age has been well studied considering orthopedic 

implant applications 40, 41. For such use, it is necessary that the implant takes up most of the 

mechanical load to facilitate healing during the initial stages and then slowly degrade over time to 

avoid stress shielding 42, 43. It is therefore important to consider the degradation rates (release of 

metallic ions and degradation of mechanical properties) of bioresorbable implants in the body, 

which might be significantly different for children, adults, and the elderly. As another example, 

BMG’s as thin film coatings on current biomedical implants based on Ti-alloys or stainless steel 
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may be ideally suited due to their higher wear resistance, cell adhesion, and improved degradation 

characteristics when compared to conventional crystalline bioresorbable alloys.

From the discussion above, we see that an experimental approach is missing that is able to 

rapidly identify good glass formers with suitable chemical composition that are optimized for the 

intended application with respect to the three key properties listed above. Towards this end, this 

research employs a high-throughput approach based on creating materials libraries with 

combinatorial sputtering that are then characterized in a rapid and highly automated fashion. 

Combinatorial sputtering as a tool for rapid materials discovery and characterization is, of course, 

not new; however, while it has been widely applied to discover new materials, to identify 

mechanisms, and to optimize for a plurality of properties 25, 44-50, an application to the discovery 

of bioresorbable materials has not yet been reported. Thereby, we focused on material libraries in 

the Mg-Zn-Ca/Fe system with composition ranges that have not been previously explored. Out of 

the above-listed three key property families, this initial paper screens mechanical properties using 

nanoindentation, which allows us to correlate them with composition and atomic structure. Further 

studies will then be required to relate the uncovered trends to other important materials 

characteristics such as degradation rates, electrochemical properties, and cell viability.

2. EXPERIMENTAL SECTION

The combinatorial libraries were produced using a confocal DC magnetron co-sputtering system 

(AJA International, model ATC 2200), whose general geometric setup is sketched in Fig. 1a. The 

sputtering guns are arranged tetrahedrally around the substrate, pointing at it at an angle of 29.8° 

towards the normal axis, which enables the deposition of compositionally graded films by varying 

either the sputtering power applied on the targets or by changing the target-to-substrate orientation. 

Sputtering targets of purities 99.95% or better, purchased from Kurt Lesker Company, were used 
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with exception of the Ca target, which featured a purity of 99.5%. The elastic properties, densities, 

and melting temperatures of the individual elements Mg, Zn, Ca and Fe are shown in Table 1 in 

the supplementary section. The substrates were 100 mm diameter, 550 μm thick, single-side 

polished Si wafers purchased from WRS Materials (San Jose, CA). The substrates were masked 

with 100 mm diameter and 0.01” thick steel masks that pattern the library into individual circular 

patches with a diameter of 3 mm each on a square grid with 6 mm center-to-center spacing in order 

to independently evaluate the mechanical properties. Before sputtering, the processing chamber 

was evacuated to a base pressure level of less than 5  10-7 Torr. The films were then processed in 

flowing ultra-high purity argon (TechAir Connecticut) at a pressure of 5.8 mTorr. For the Mg-Ca-

Zn alloy library, a film with a total thickness of 1 µm was co-sputtered at powers of 89 W, 116 W, 

and 28 W for Mg, Ca, and Zn, respectively. For the Fe-Mg-Zn alloy library, a film with similar 

thickness (i.e., 1 µm) was co-sputtered, but now at powers of 37 W, 38 W, and 30 W for Mg, Fe, 

and Zn. 

X-Ray diffraction (XRD) was conducted using a Rigaku Smartlab with Cu Kα radiation 

and a 2 mm beam mask. The system was automated yielding an XRD pattern for each library 

patch. Similarly, an Oxford Instruments X-Max detector attached to a Zeiss Sigma VP field 

emission scanning electron microscope with an automated method was used to analyze the 

elemental composition of each patch by energy dispersive X-ray spectroscopy (EDX).  

Nanoindentation testing was carried out on the combinatorial sputtered wafers using an iNano 

system (Nanomechanics Inc., Oak Ridge, TN), which allows applying forces up to 50 mN with a 

resolution of 0.2 nN. A Berkovich tip calibrated on standard fused silica samples for contact area 

with respect to the indentation depth51 was used, and experiments were run in the continuous 
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stiffness measurement mode 52, 53 with the peak depth of the indentation set to 100 nm to make 

sure that results are not (or at least only minimally) affected by substrate effects.

  In the 1970’s, Bulychev, Alekhin, Ternovskii, Shorshorov and coworkers 54-57 developed 

an equation to relate the stiffness S (with S = dP/dh, where P is the load on sample and h is the 

displacement into the surface) to the reduced modulus E* of the material using the load and 

displacement measured during an indentation test

,       (1) 
π
A*2E

dh
dPS 

where the reduced modulus or Hertz modulus E* = ((1 – νm
2)/Em + ((1 - νi

2)/Ei)-1 is obtained from 

Young’s modulus and Poisson’s ratio of the sample (Em, νm) and the indenter material (Ei = 

1141 GPa, νi = 0.07 for diamond), respectively. Extending on this approach, Oliver and Pharr 

demonstrated in 1992 51 that Eq. (1), which was originally developed for spherical and cylindrical 

indenters, is valid for any axisymmetric indenter with an infinitely smooth profile and can therefore 

be used to determine the elastic properties of a material. While the loading segment in a 

nanoindentation experiment for a majority of materials is elastic-plastic, the unloading stage is 

purely elastic. Overall, the method proposed by Oliver and Pharr 51, which uses the unloading 

curve to estimate the modulus and hardness of a material, is one of the most widely used methods 

to calculate elastic properties of a material in most commercial nanoindenters. Since BMGs can 

be assumed to be elastically isotropic materials, the effective modulus for the material during 

indentation is given by 58-60 

  .                                                                                                          (2)Em
Effective =  Em / (1 - ν2

m)
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As the amount of pile up or sink-in during indentation is unknown, the Oliver-Pharr hardness, 

which assumes sink-in behavior, is reported. Tabor 61 observed that when the strain e is 0.08, 

which corresponds to the average plastic strain for a Vickers indenter regardless of the initial state 

of strain hardening 62-64, the hardness is approximately three times the yield strength σy. For non-

strain hardening materials, it has been theoretically and experimentally shown that the hardness H 

is related to the yield/flow stress σy by the equation H  2.9σy 62-64. Based on Tabor’s findings, 

various researchers have also observed a good correlation between H, σy, and the fracture strength 

for BMGs, respectively 33, 64. 

3. RESULTS AND DISCUSSION

Figure 1b shows a typical Mg-Zn-Ca materials library fabricated using combinatorial sputtering 

containing 177 alloy patches of 3 mm diameter each. Due to the geometric setup of the sputtering 

sources, a thickness variation of less than 20% is observed from center to edge. In addition, the 

high cooling rates in sputtering allow us to obtain amorphous/glassy structure at compositions that 

are often not accessible through bulk processing methods. The results of the materials 

characterization by EDX, XRD, and nanoindentation are shown in Figures 2 and 3 for the Mg-Zn-

Ca and the Fe-Mg-Zn alloy library, respectively, and will be discussed in following three sections.

Composition analysis by energy dispersive X-ray spectroscopy

The composition gradient of the Mg-Zn-Ca and the Fe-Mg-Zn alloy library was chosen to include 

a range of compositions that has not been studied previously. Energy dispersive X-ray 

spectroscopy (EDX) composition analysis indicates that the Mg-Zn-Ca sputtered wafer (Figure 

2a) covers a composition range of ~15 – 85 at.% Mg, ~5 – 55 at.% Zn, and ~5 - 60 at.% Ca, while 

the Fe-Mg-Zn library (Figure 3a) features a composition range of ~26 – 84 at.% Mg, ~10 – 61 at.% 

Zn, and ~7 - 55 at.% Fe. In-patch variations, which can arise depending on the patch area, are 
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found to be minimal. Therefore, the compositions determined at the center of each patch are used 

for the following analyses.

Structural analysis by X-ray diffraction

Automated X-ray diffraction analysis is used to identify the structure (crystalline vs. amorphous) 

in the alloy systems following similar procedures as introduced in previously reported research 47. 

As mentioned earlier, the Mg-Zn-Ca system has been of interest as a bio-resorbable alloy but not 

been well studied since most of the alloys in the system have been manufactured using casting or 

other traditional manufacturing methods. X-ray diffraction analysis data displayed in Figures 2b 

and 3b reveal that most of the patches on the combinatorial sputtered wafers in both the Mg-Zn-

Ca and the Fe-Mg-Zn system show diffusive patterns without any apparent Bragg peaks associated 

with crystalline structures, which suggests a glassy nature. A representative XRD of one of the 

rows in each system is shown in Figure S1 in the supplementary section. Generalizing these 

findings to compositions not explicitly covered in the library, one can expect that the high cooling 

rate during deposition by combinatorial sputtering (~108 K/s 65) will result in a glassy state over 

an even broader composition range 66, allowing alloy compositions with marginal glass forming 

to be used for coating applications as well. 

Mechanical property analysis by nanoindentation

Figures 2c/2d and 3c/3d show the results of the nanoindentation testing on the Mg-Zn-Ca and the 

Fe-Mg-Zn material libraries as function of composition. Thereby, the effective material modulus 

 and the Oliver-Pharr hardness H are mapped as a function of the at.% composition. To Em
Effective 

better reveal trends, it is then instructive to plot the yield strength σy calculated using Tabor’s 

equation as a function of their composition instead, which is shown in Figures 4a and 4b for the 

Mg-Zn-Ca and the Fe-Mg-Zn systems, respectively. When presented in this representation, an 
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obvious dependence of the mechanical properties on the concentration of Zn in the alloys for the 

Mg-Zn-Ca system can be identified. An increase in H and σy coincides with an increase in the Zn 

content, which has also been reported by other researchers 33 for alloys in the Mg-Zn-Ca system. 

For alloys in the Fe-Mg-Zn system, an increase in the Zn or the Mg content improves the yield 

strength up to a certain limit (~35 at.% Zn and ~50 at.% Mg), after which the mechanical properties 

deteriorate. Comparing these results with our previously developed guidelines for material 

selection while considering only mechanical properties, it can be seen that almost the entire 

bioresrobable alloy library of Mg-Zn-Ca and Fe-Mg-Zn investigated here has the potential to be 

employed in either vascular or orthopedic applications, replacing the currently used non-resorbable 

materials (stainless steel and titanium). Note, however, the hardness and the elastic modulus values 

reported in Figures 2 and 3 do not take the increase in contact area due to pile-up into account, 

which means that actual values could be significantly lower 67. It is also important to note that the 

hardness and modulus measurements of magnetron sputtered thin films can be affected by residual 

stresses (compressive or tensile) that may arise due to energetic particle bombardment, 

film/substrate lattice misfits, and deposition parameters (substrate bias, working pressure, etc.) as 

shown by Chiang et al. for Zr-based (Zr47Cu31Al13Ni9) magnetron sputtered thin films 68.   

Experimental and theoretical modulus comparison

In composite mechanics, an upper and lower bound for the elastic modulus of a material with 

known volume fraction of its constituents is estimated based on either a uniform stress or a uniform 

strain assumption 69. When the stress is uniform, we obtain E from , which represents the 𝐸 =  
1

∑
𝑥𝑖
𝐸𝑖

lower bound. If, however, the strain is presumed to be uniform, we obtain an upper bound using 

. In both cases, the sum is taken over all constituent elements, xi is the volume fraction 𝐸 =  ∑𝑥𝑖 𝐸𝑖
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of the constituent element, and Ei is elastic constant of the corresponding constituent element of 

the material. Previous researchers 70-72 found that when assuming a uniform atomic volume (i.e., 

using the atomic fraction instead of the volume fraction) in the equation that assumes uniform 

stress, the ratio of calculated elastic modulus to experimental results was found to be in the range 

of 0.93 to 1.2 based on results from 21 different BMG systems.

To provide a check on how estimates for the modulus calculated from the uniform stress-

based model compare to the experimental results obtained with nanoindentation, the theoretical 

estimates were plotted in Figure 5 in the same way as the experimental data was plotted in Figures 

2c and 3d. Comparing the figures, it can be seen that although the trends are similar, the theoretical 

values for the Fe-Mg-Zn system are much closer to experimental values obtained, than the 

theoretical values for the Mg-Zn-Ca system, which are found to be much lower than the 

experimental values. This discrepancy may be due to the fact that the atomic volumes of the 

constituent elements are not the same (cf. Table 2 – Supplementary section). 

Material selection for implants and coatings

Materials used for implants and coatings on implants must be able to encourage cell attachment 

(endothelial for vascular73, 74, osteoblasts and osteoclasts for orthopedic 75-77), maintain mechanical 

integrity during the remodeling period (>6-12 months for vascular 78, >6 months for orthopedic 

79), reduce stress shielding (mechanical compliance)15, 23, 35, 41, 78, and feature appropriate 

degradation rates so as to reduce hydrogen evolution (<10 uL.cm-2.day for both vascular and 

orthopedic applications 3, 79). All of the above parameters vary with physiology, age, gender, and 

other numerous factors, making the choice of an appropriate material difficult. 

For example, if a material needs to exactly match the properties of the surrounding tissue 

in  vascular applications, the implant would have to exhibit a yield strength of at least 200 MPa 
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and a low elastic modulus of <10 GPa, but be stiff enough to maintain the necessary radial strength 

needed to support the artery or vascular tissue over at least 107 fatigue cycles 3-6, 15. For orthopedic 

applications, the yield strength would have to be greater than 230 MPa with a modulus of 10-

40 GPa, which is meant to approximately equal the mechanical properties of human bones 7, 13, 40-

42. However, current commonly used materials for implants such as stainless steel- and titanium-

based alloys have much higher moduli on the order of 200 GPa and 100 GPa, respectively. This 

is because directly after surgery, a mechanical compliance mismatch is necessary to allow the 

implant to take up most of the load and let the tissue heal. However, after the tissue has healed and 

remodeled, this initially favorable property choice presents a drawback as the implant still takes 

up most of the mechanical load and causes stress shielding. As an example, for an implant or 

coating application with a requirement of modulus from 50-60 GPa, the Mg-Zn-Ca system studied 

has ~15 different compositions with modulus within that range, however the compositions vary 

from ~ 25 at. % - ~ 85 at. % Mg. This range of compositions would result in varying biological 

response (compatibility, cell viability, degradation rate, etc.) with the same starting mechanical 

compliance,  thus allowing researchers to choose the most appropriate composition based on the 

implant requirements. 

Depending on the intended application, the composition space for the Mg-Zn-Ca and the 

Fe-Mg-Zn alloy systems that are suitable for clinical applications may therefore include a wide 

range of alloy compositions, starting from those exhibiting mechanical properties that replicate the 

ones encountered in the surrounding tissue or bones to alloys featuring properties that mirror the 

ones of titanium alloys and stainless steel. At the same time, alloys with similar mechanical 

properties may further distinguish by offering a variety of different degradation rates, thereby 
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enabling surgeons to choose the right composition keeping in mind the various physiological 

constraints. 

4. CONCLUSIONS

In this work, combinatorial sputtering was used to identify alloy compositions of potential interest 

as bioresorbable implant or coating materials. Mg-Zn-Ca and Fe-Mg-Zn alloy thin film libraries 

were created with graded compositions and characterized using energy dispersive x-ray 

spectroscopy, x-ray diffraction, and nanoindentation to scan through the composition, structure, 

and selected mechanical properties. The data reveal that the Mg-Zn-Ca system shows a strong 

dependence of hardness on the Zn content. In addition, hardness, effective moduli, and yield 

strength increase in both systems with an increase in Mg at. % up to a certain point (~40-50 at. %), 

after which the values reflecting these properties start to decline. Considering just mechanical 

compliance, most of the alloy compositions analyzed in both the Mg-Zn-Ca and the Fe-Mg-Zn 

composition space, which are all expected to be bioresorbable, were found to be promising 

candidate materials to replace existing non-bioresorbable materials like stainless steel and titanium 

alloys in clinical applications.  

More generally, the advent of new processing methods and manufacturing techniques for 

bulk metallic glasses such as additive manufacturing, thermoplastic forming, and 3D printing 

opens up new avenues to make alloys such as the ones presented in this research available for 

clinical applications. This research provides a first step towards establishing a library of 

bioresorbable materials from which to choose when selecting alloys for artificial implants. 

Towards this end, the above trends and data for the mechanical properties are to be used in 

conjunction with other relevant properties such as time dependent degradation of mechanical 

Page 16 of 26Journal of Materials Chemistry B



17

properties in simulated body fluids, electrochemical properties, cell viability, etc., to identify alloys 

best suited for patient- and application-specific purposes.

SUPPORTING INFORMATION

Original data sets for the modulus and hardness measurements are available from the author upon 

request. All combinatorial data will be publicly available in our online data repository “MAP” 

(http://materialsatlasproject.org/).
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FIGURES

Figure 1: (a) Schematic illustration of the combinatorial sputtering setup; (b) photo of a 
fabricated Mg-Zn-Ca alloy library.
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Figure 2: Mg-Zn-Ca alloy library. (a) EDX compositional analysis; (b) XRD analysis; and (c) and 
(d) effective material modulus  and hardness H (Oliver-Pharr), respectively, obtained by Em

Effective 
nanoindentation using a Berkovich tip. In both panels (c) and (d), data measured in this work is 
marked by triangles (), while stars () indicate modulus and Vickers hardness data taken from 
previous research (cf. Table 1), which is plotted for comparison. In this context, note in particular 
that modulus data represented by stars () is calculated using various methods.
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Figure 3: Graphs analogous to the ones in Fig. 2, but now representing the Fe-Mg-Zn alloy 
library. (a) EDX compositional analysis; (b) XRD analysis; and (c) and (d) effective material 

modulus  and Oliver-Pharr hardness H obtained by nanoindentation using a Berkovich Em
Effective 

tip.
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Figure 4: Yield strength σy of the different compositions in the (a) Mg-Zn-Ca and (b) Fe-Mg-Zn 
alloy system, respectively, calculated from the hardness values reported in Figures 2 and 3 using 

Tabor’s relation.

Figure 5: Theoretical modulus calculations based on rule of mixtures for compositions in the (a) 
Mg-Zn-Ca and (b) Fe-Mg-Zn alloy libraries. 
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TABLES

Table 1: Mechanical properties of some previously studied Mg-Zn-Ca BMGs.

Mg Ca Zn
Young’s
Modulus 

(E)

Vickers 
Hardness 

(HV)

Reference

[at.%] [at.%] [at.%] [GPa] [GPa]
15 65 20 20 1.42 80

15 57.5 27.5 36.5 0.9
17.5 52.5 30 44 1.4
17.5 55 27.5 36 0.9
20 50 30 46 0.7
20 52.5 27.5 39 1.4

22.5 52.5 25 43 0.8

81

70 5 25 47.6 2.16 26, 82

60 6 34 - 2.96
73 4 23 - 2.12

33
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