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ABSTRACT 
 

This research aims to improve the mechanical properties and corrosion resistance of magnesium-based 
composites with addition of zinc, manganese and Sr as alloying elements. Mg-Zn-Mn-Sr composites with pure Mg 
as control have been fabricated through powder metallurgy route. Alloying elements was added into magnesium 
matrix. The composites were prepared by mechanical alloying followed by compaction under 650 MPa and 
sintering at 400°C. The results showed that with addition of alloying elements improve micro-hardness and 
compressive strength significantly while corrosion resistance of composites is significantly enhanced compared with 
pure Mg. The Mg-Zn-Mn-Sr composite showed the best properties after coating by niobium nitride compared to 
pure Mg and Mg-Sr alloy, which show more improvement with micro-hardness, compressive strength and 
electrochemical test in simulated body fluid showed highly significant improvement in corrosion resistance after 
coating. 
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INTRODUCTION 
 

There is high importance in realizing that even though the 
implant material was considered as important factor, the 
way that the material is utilized is more important to 
effective dental implants1. The most commonly used 
implant materials are made from metallic biomaterials; it 
also differs in the nature of their surface condition. Some 
implants are machined and finished while others are coated 
with different types of biomaterials2. 

Mg is 11th major abundant element by mass in the 
body of humans and it is of high importance to the cells and 
300 enzymes. The ions of Mg are interacting with the 
polyphosphate compounds like RNA, DNA and ATP. A lot 
of enzymes are requiring Mg ions to function properly3. Mg 
as well as its alloys are differing from other bio-materials 
through providing compatible physical and mechanical 
characteristics to the human bones. Also, their elastic 
modulus and densities were somewhat close to one 
another and thus removing elastic mismatches between the 
bone and implants4,5. Furthermore, the Mg present 
naturally in bone structure, and it is essential metal for 
metabolism6.  

The major issue of magnesium-based implants is that 
their corrosion resistance is low leading to unwanted rapid 
and unanticipated degradations in living system. A lot of 
researches focused on alloying Mg to enhance the 
corrosion resistance and offering industrially-applicable Mg 
based bio-degradable implants. The implant materials are 
required to have comparable mechanical characteristics 
with the bones. Yet, in present practices, the majority of 
metals utilized in biomedical applications are showing 
considerably high mechanical properties compared to 
bones7.  

The nature of Mg corrosion inside body fluids is a 
dynamic interface that emerges mostly at the early stages 
of corrosion process due to the increase of pH, Mg and/or 
Ca containing corrosive products, and H emission8,9. The 
fundamental aim behind the development of an alloy, is 

improving the mechanical characteristics, resistance to 
corrosions and reducing the costs of the production10. The 
coating also results in increasing the materials’ resistance 
to corrosions, particularly those which are exposed to the 
physiological environments, and the alloys of magnesium 
aren’t an exception9,11,12,13.  

This study attempts to find biocompatible implant 
material made from Mg based alloy with high corrosion 
resistance and optimum mechanical properties by alloying 
with Sr, Zn and Mn, then coated by NbN to increase 
corrosion resistance and improve mechanical properties. 
 

MATERIALS AND METHOD 
 

Specimen Design: Cylindrical specimens of Mg alloy were 

prepared with (15mm) diameter and (15mm) height for 
compression and corrosion test; other specimens were 
prepared with (10mm) diameter and (10mm) height for 
SEM, EDS and Vickers hardness test. 
Mold design: The mold was made from steel tool material, 

it was consisting from four parts; die, base, punch guide 
and punches. The three punches were used made from a 
steel solid rod with the dimensions of this rod (10,15mm) 
diameter and (25mm) length. These rods used for 
compaction of alloy powder inside die and for ejecting the 
specimen outside the die. 
 Mixing and Ball Milling: A sensitive accurate electronic 

balance type OHAUS-model 250g-USA with 0.1 mg 
accuracy was used to weight Mg powder that was dried at 
120 °C before mixing. Sr, Mn, Zn and Mg powder have 
been utilized as raw materials. Also, the Mg is considered 
as the base and matrix in composite material, whereas Sr, 
Mn and Zn were utilized as elements for alloying. An 
organic material (n-heptane solution) has been added as 
process control agent or surfactant in the mixture to 
prevent agglomeration throughout the mechanical alloying 
procedure. The stainless-steel milling balls with fixed 5:1 
ball/powder weight ratio (BPR) are put with powders, while 
the argon gas is applied in vial for preventing powders from 
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contamination or oxidation. Also, the rotational speed of the 
milling is 300rpm for 2hours. Milling duration and intervals 
of 30mins milling and 30mins rest has been fixed, high-
milling speed have an ability of producing high 
characteristics of the Mg-alloy, whereas the short milling 
time with low ball/powder ratio is set to avoid the extreme 
heat generation at high speed of the milling14. 

To produced green composite cold compaction was 
performed in uniaxial way by hydraulic press (KWP 80-Ton 
Knuth-Germany) supplied by digital gage, under pressure 
of 650MPa for holding time of 2 minutes at 25°C before 
releasing the load to overcome any spring-back effect, after 
that compacted composites were sintered for 1 hour, at a 
temperature of 400°C under continuous argon flow. 
Heating and cooling rate (5 °C/min) was utilized for both 
cycles14. The sintered composites were gradually ground 
with SiC paper starting from 1500, 2000 then 3000 grit 
under cooling water flow then polished with 1.0 μm 
diamond suspension. After that ultrasonically cleaned in 
acetone bath for 15 minutes then washed by ethanol and 
dried in the electric oven at 120 oC for 10 minutes. The 
SEM utilized for identifying the inter face of three materials 
used in alloying.   
Vickers microhardness test: It was done according to 

ASTM (E92-82) for well finished and polished specimens. 
At least five measurements for each sample were 
measured in order to obtain the accurate average hardness 
number.  
Diametral tensile test: was indicated as the diametral 

compression test. The tensile stress was directly 
proportional to compressive load applied. The applied load 
of 1000N and crosshead speed 1mm/min utilizing Instron 
universal testing machine. 
Corrosion test:  the open circuit potential (OCP) as well as 

the curves of the potentio dynamic polarization for the 
samples which are soaked in electrolytes like simulated 
body fluid (SBF) (15). Potentiostate utilized with scan rate is 

1Mv/sec. for thirty minutes for each sample. All 
experiments are conducted in thermostat at 37°C. 
Corrosion density current (Icorr), open circuit potential 
(OCP), and corrosion rate are estimated. 
Specimen coating: The NbN films were deposited through 

radiofrequency (Rf) reactive magnetron sputtering utilizing 
Nb as sputtering target, the reactive gas nitrogen and 
argon as sputtering gas. The flow rates of Ar (3 SCCM) and 
N2 (9SCCM), target substrate distance was 5cm and the 
deposition time was 2 hours at temperature 150°C. Then 
the samples were examined by XRD, SEM equipped with 
EDS, mechanical properties and corrosion test, the open 
circuit potential (OCP) as well as the curves of the potentio-
dynamic polarization for the samples which are soaked in 
electrolytes like simulated body fluid (SBF) (15) were 
conducted and compared to determine the effect of NbN 
coating.  
 

RESULTS 
 

The cross-section image of FE-SEM shows a uniform and 
dense film as well as a good interface between the 
fabricated film and the substrate. At the same time, no 
obvious pinhole and micro-defects were observed (Figure 
1).  

Figure 1: FE-SEM images show the cross section of sample and 
NbN coat (white arrow) under magnification force (A) 5Kx, (B) 
200Kx 

 
 
α-Nb was made up nearly completely of the Nb in addition 
to very small Mg, Mn, Sr and Zn, amounts. Secondary 
phases with various appearances have shown similar 
elemental structures. The secondary phases Zn, Mg, Sr 
and Mn elements, were in Figure 2. 
 
Figure 2: EDS shows phases of NbN coating and another 
elemental of Mg alloy component. 

 
 
XRD of coated samples shows one main peak of diffraction 
that is related to the FCC phase orientation of an α-
NbN16,17. The phase of the Mg from substrate has been 

detected as well due to the fact that thickness of the 
coating film is less than the depth of the detection (18). 

Another peak related to the β-NbN phase has been found 
from nitride-coated sample of the glass thereby, providing 
evidences that NbN films are produced on the substrate of 
the Mg alloy.  
 
Figure 3: XRD of coated Mg alloy sample 
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Microhardness test after coating: The microhardness 

(Vickers hardness) test of sintered specimens showed the 
higher microhardness value in coated group as compared 
to other groups.  ANOVA test has exhibited a statistically 
high significant difference at P-value < 0.001 of coated 
group as compared to other groups, as can be seen in 
table 1 and figure 4. 
Multiple Comparisons among all groups were done by 
using the Post hoc/Tukey test, this test showed a 
statistically highly significant difference among all groups 
as shown in table 2. 
Diametral tensile test after coating: present study 

showed that the specimens coated by NbN had the highest 
diametral tensile strength followed by the specimens of Mg-
Sr alloy, while the specimens of pure Mg had the lowest 
one. The quality of means between all groups of specimens 
that tested was analyzed by ANOVA test. This test has 
exhibited a statistically high significant difference at P-value 
< 0.001.  The statistical analysis for the diametral tensile 
strength values of three different groups shown in table 3 
and figure (5).  
Multiple Comparisons among all groups were done by 
using the Post hoc/Tukey test, this test showed a 
statistically highly significant difference among all groups 
as shown in table 4.  
Electrochemical corrosion test after coating: The 
results revealed that the current density (Icorr) value of the 

samples that have been obtained from curves have shown 
increase with Mg alloy than that of pure Mg, but after 
coating with NbN the Icorr decreased significantly. 
Furthermore, it can be seen that the Mg alloy had obviously 
bigger cathodic Tafel slopes in comparison with the ones 
that are in anodic Tafel.  The value of the current density of 
the corrosion, Icorr (µA/cm2), was directly proportion to the 
rate of the corrosion (CR) (mm/year). The quality of means 
between all groups of specimens that tested were analyzed 
by ANOVA test. This test has exhibited a statistically high 
significant difference at P-value < 0.001 as can be seen 
from table 5 and figure 6.  

Then multiple Comparisons among all groups were 
done by using the Post hoc/Tukey test, this test showed a 
statistically highly significant difference among all groups 
as shown in table 6. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Bars chart for microhardness (Kg/mm2) value of all test 
group (Means ±2SE) 

 
Figure 5: Bars chart for diametral tensile (N/mm2) value of all test 
groups     (Means ±2SE) 

 
Figure 6: Bars chart for current density Icorr (µA/cm2) value of all 
test groups (Means ±2SE) 

 

Table 1: ANOVA-test Vickers hardness (Kg/mm2) for all tested groups 

Alloys N 
Mean Std. 

Deviation 
Std. Error 

95% Confidence Interval for Mean 
Minimum Maximum 

Kg/mm2 Lower bound Upper bound 

Pure Mg 10 40.4200 1.75556 0.78511 38.2402 42.5998 38.60 42.50 

Mg-Sr alloy 10 50.5400 0.95289 0.42615 49.3568 51.7232 49.70 52.00 

Coated 10 57.8360 1.79541 0.80293 60.0653 60.0653 55.78 59.70 

P value <0.001 
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Table 2: Post hoc/Tukey HSD test among different tested groups 

 Comparison Mean Difference Std. Error P value 95% Confidence Interval for Mean 

Alloys     
Lower 
Bound 

Upper 
Bound 

Pure Mg Group IX + Coated 
-10.1200* 
-17.4160* 

0.98071 
0.98071 

<0.001 
<0.001 

-12.7364 
-20.0324 

-7.5036 
-14.7996 

Mg-Sr 
alloy 

Pure Mg + Coated 
10.12000* 
-7.29600* 

0.98071 
0.98071 

<0.001 
<0.001 

7.5036 
-9.9124 

12.7364 
-4.6796 

Coated Pure Mg + Group IX 
17.41600* 
7.29600* 

0.98071 
0.98071 

<0.001 
<0.001 

14.7996 
4.6796 

20.0324 
9.9124 

Table 3: ANOVA-test of diametral tensile strength (N/mm2) for all tested groups 

Alloys 
N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean 

Minimum Maximum 
 N/mm2   Lower bound Upper bound 

Pure Mg 10 10.8000 0.90554 0.40497 9.6756 11.9244 9.80 12.10 

Mg-Sr alloy 10 14.0200 0.36332 0.16248 13.5689 14.4711 13.70 14.50 

Coated 10 16.9260 0.90221 0.40348 15.8058 18.0462 15.43 17.78 

P value <0.001 
 
Table 4: Post hoc/Tukey HSD test among different tested groups 

Alloys Comparison Mean Difference Std. Error P value 

95% Confidence Interval for Mean 

Lower 
Bound 

Upper  
Bound 

Pure Mg Group I + Coated 
-3.22000* 
-6.12600* 

0.48525 
0.48525 

<0.001 
<0.001 

-4.5146 
-7.4206 

-1.9254 
-4.8314 

Mg-Sr Alloy Pure Mg + Coated 
3.22000* 
-2.90600* 

0.48525 
0.48525 

<0.001 
<0.001 

1.9254 
-4.2006 

4.5146 
-1.6114 

Coated Pure Mg + Group I 
6.12600* 
2.90600* 

0.48525 
0.48525 

<0.001 
<0.001 

4.8314 
1.6114 

7.4206 
4.2006 

*The mean difference is significant at the 0.05 level. 
 
Table 5: Mean current density Icorr (µA/cm2) for all tested groups and ANOVA test 

 N Mean Std.Deviation Std. Error 95% Confidence Interval for Mean Minimum Maximum 

Alloys  Icorr µA/cm2   Lower bound Upper bound   

Pure Mg 10 125.3333 2.08167 1.20185 120.1622 130.5045 123.00 127.00 

Mg-Sr Alloy 10 169.7633 6.86470 3.96334 152.7105 186.8162 163.05 176.77 

Coated 10 31.4833 10.55037 6.09126 5.2748 57.6919 20.47 41.50 

P value <0.001 

 
Table 6: Post hoc/Tukey HSD test among different tested groups 

Alloys Comparison Mean Difference Std. Error P value 

95% Confidence Interval for Mean 

Lower 
Bound 

Upper 
Bound 

Pure Mg Group IX + Coated 
-44.43000* 
93.85000* 

6.01420 
6.01420 

<0.001 
<0.001 

-62.8832 
75.396 

-25.9768 
112.3032 

Group IX Pure Mg + Coated 
44.43000* 
138.28000* 

6.01420 
6.01420 

<0.001 
<0.001 

25.9768 
119.8268 

62.8832 
156.7332 

Coated Pure Mg + Group IX 
-93.85000* 
-138.28000* 

6.01420 
6.01420 

<0.001 
<0.001 

-112.3032 
-156.7332 

-75.3968 
-119.8268 

*The mean difference is significant at the 0.05 level. 
 

DISCUSSION 
 

The main problem of Mg-based implant is their low 
corrosion resistance resulting undesirably fast and 
unexpected degradation within a living system. Research 
investigations have been aimed to enhance the mechanical 
properties and corrosion resistance to offer industrially 
applicable Mg-based biodegradable implants. 
XRD spectra: the NbN-coated Mg alloy, NbN coated a 

glass slide, and uncoated Mg alloy samples. The nitride-
coated Mg alloy sample shows one primary diffraction peak 
associated with the FCC phase of δ-NbN. The Mg phase 
from the substrate is also detected because the film 
thickness is smaller than the detection depth. Another peak 
related to the δ-NbN phase is detected from the nitride-

coated glass sample thus furnishing evidence that the NbN 
film is produced on the Mg alloy substrate. This result will 
agree with previous researcher16,17,18.  
EDS analysis: this study showed the diffusion of alloying 

elements with Mg alloy were dominant at almost all after 
sintering at (400°C) and coating. This diffusion of alloying 
elements may be resulted from atomic and molecular 
interactions at the interface. These interactions derived 
from the differences in co-ordination between the atoms at 
the interface of the different metallic materials. The 
development of a diffusion bond in the solid state depends 
on both thermally activation and diffusion-controlled mass 
transfer. Mass transfer and surface diffusion involve the 
elimination of interfacial voids, while an adhesion process 
gives the interface boundary strength19. 
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Microhardness: Microhardness of Mg-based composites 

increases as alloying elements are added into the Mg-
based composite. The microhardness of Mg-Zn-Mn-Sr 
composite with ratio (94%, 4%,1% and 1%wt) respectively 
shows the highest value among the alloyed Mg-based 
composites and pure Mg. Alloying elements usually elevate 
the strength of the alloy either by grain refinement (grain 
boundary strengthening or Hall–Petch strengthening) which 
improves both strength and      ductility20.  

Mechanical interlocking of powder particles occurs 
when the surface of the powder particles become 
enmeshed. During plastic deformation the contact areas 
between adjacent particles grow and interparticle bonding 
can occur. Generally, as the compaction pressure 
increases, so does the degree of interlocking, although 
other factors, such as the type of powder and particle 
shape are also important21. Solid bridges or cold welding 
occurs when the interparticle loads become sufficient to 
break down the surface oxide layers and cause metal-
metal contact22, or this may due to lattice distortion effect 
where multi-element lattice is highly distorted because all 
the atoms are solute atoms and their atomic sizes are all 
different from one another23.  

Also, microhardness of Mg-based composites 
increases significantly after coating with NbN. The 
enhanced hardness and elastic behavior of the coating 
substrates can be understood from the observed ion 
bombardment effect, which brings about densification of 
the coatings and orientation of the coatings. This result will 
agree with Panich and Sun, 2006, Yang et al., 200924,25.  In 
addition, the residual stress induced by ion bombardment 
effect would also cause the increase of hardness (26). 
Diametral tensile of Mg-Sr alloy: The diametral tensile of 

Mg-based composites increases as alloying elements are 
added into the Mg-based composite. The Diametral tensile 
of Mg-Zn-Mn-Sr composite with ratio (94%,4%,1% and 
1%wt) respectively shows the highest mean value among 
the alloyed Mg-based composites and pure Mg. Sr as 
alloying elements in the Mg matrix give solid solution 
strengthening effect because deformation, dislocation 
movement is obstructed by the stressed matrix increasing 
the compressive strength and diametral tensile strength of 
the composites27. It can also be inferred that the 
compressive strength is directly proportional to the 
hardness as increasing the hardness may increase the 
compressive strength. The enhancement of ultimate tensile 
strength also due to the grain refining and solution strength 
effects and second phase strengthening28. The results also 
agree with Zhang et al29.  

The coating/substrate system exhibited a ductile 
behavior, evidence by the worn volume variation with the 
applied load. The crystallographic orientation of the NbN 
films was controlled by a combination of the degree of ion 
bombardment and the flux of reactive nitrogen species at 
the growing film surface. Films could be produced under 
conditions of high ion bombardment cause excess in a 
hardness30, so that for higher Nb contents, both the elastic 
modulus and the nano hardness increased, and this 
behavior was explained by solid solution hardening. The β 
phase was stabilized for higher contents of Nb31. 
Corrosion of Mg-Sr alloy:  The micro-galvanic corrosion 

occurred at the interface area between the Mg matrix and 

Zn secondary phase, leading to the formation of micro 
cracks between them. As the corrosion process prolonged, 
Mg matrix around the Zn dissolved unceasingly, resulting in 
the extension of the cracks32. While, the addition of Mn 
improves the corrosion resistance of Mg alloy because Mn 
purifies the matrix by removing harmful impurities. 
Intergranular corrosion and galvanic corrosion increase 
with the continuous addition of Mn33. Sr would impair the 
corrosion resistance due to the redundant insoluble Sr 
which forms potential difference with magnesium34. In 
addition, the reduction of grain size increases the surface 
tension and interaction with adjacent grains, so that lattice 
deformation appears and the tensile strength and plasticity 
of Mg alloys are elevated35. 

The NbN-coated surface is more hydrophobic than 
the substrate. The more hydrophobic surface is relatively 
stable and the amount of reactive magnesium alloy in the 
near surface is reduced, thereby giving rise to better 
corrosion resistanc36,37. This implies that hydrophilic 
surfaces make water molecules or chloride ions more 
easily to permeate to the metal surface, resulting in the 
corrosion or oxidation of materials. While the hydrophobic 
and superhydrophobic surfaces make water molecules or 
chloride ions more difficult to penetrate into the metal 
surface because of isolation effect, thus inhibiting the 
occurrence of metal corrosion or oxidation38..  
 

CONCLUSION 
 

Within the limitation of this study, it can be concluded 
 Alloying of pure Mg by ternary Zn, Mn and Sr have a 

valuable improvement in mechanical properties. 
 The addition of alloying elements increases corrosion 

rate significantly in comparison with pure Mg due to 
the effect of galvanic corrosion. 

 Coating Mg-Sr alloy with NbN cause more 
improvement in mechanical properties. 

 Coating Mg-Sr alloy with NbN increase corrosion 
resistance significantly. 

 

REFERENCES 
 

1. Gladwin M, Bagby M. Clinical aspects of dental materials: 
theory, practice, and cases: Wolters Kluwer Health/ 
Lippincott Williams & Wilkins; 2013. 

2. Powers JM, Wataha JC. Dental Materials-E-Book: Properties 
and Manipulation: Elsevier Health Sciences; 2014. 

3. Saidoka KM, Zangana SN, Lak RT. Estimation of Serum 
Magnesium level among Patients with Bronchial Asthma in 
Erbil-Iraq. Diyala Journal of Medicine. 2019;17(1):36-43. 

4. Chen Y, Xu Z, Smith C, Sankar J. Recent advances on the 
development of magnesium alloys for biodegradable 
implants. Acta biomaterialia. 2014;10(11):4561-73. 

5. Dorozhkin SV. Calcium orthophosphate coatings on 
magnesium and its biodegradable alloys. Acta Biomaterialia. 
2014;10(7):2919-34. 

6. Saris N-EL, Mervaala E, Karppanen H, Khawaja JA, 
Lewenstam A. Magnesium: an update on physiological, 
clinical and analytical aspects. Clinica chimica acta. 
2000;294(1-2):1-26. 

7. Chiu K, Wong M, Cheng F, Man HC. Characterization and 
corrosion studies of fluoride conversion coating on 
degradable Mg implants. Surface and Coatings Technology. 
2007;202(3):590-8. 



Safwan Abid Al-Hameed Suliman, Hikmat Jameel Aljudy 

 
P J M H S  Vol. 15, NO. 1, JANUARY  2021   353 

8. Xin Y, Hu T, Chu PK. Influence of test solutions on in vitro 
studies of biomedical magnesium alloys. Journal of The 
Electrochemical Society. 2010;157(7):C238. 

9. Wu G, Ibrahim JM, Chu PK. Surface design of 
biodegradable magnesium alloys—a review. Surface and 
Coatings Technology. 2013;233:2-12. 

10. Witte F, Hort N, Vogt C, Cohen S, Kainer KU, Willumeit R, et 
al. Degradable biomaterials based on magnesium corrosion. 
Current opinion in solid state and materials science. 
2008;12(5-6):63-72. 

11. Kirkland NT, Birbilis N. Magnesium biomaterials: design, 
testing, and best practice: Springer; 2014. 

12. Shadanbaz S, Dias GJ. Calcium phosphate coatings on 
magnesium alloys for biomedical applications: a review. Acta 
biomaterialia. 2012;8(1):20-30. 

13. Krishna LR, Sundararajan G. Aqueous corrosion behavior of 
micro arc oxidation (MAO)-coated magnesium alloys: a 
critical review. Jom. 2014;66(6):1045-60. 

14. Zuhailawati H, N M, Bk D. Effect of Alloying Elements on 
Properties of Biodegradable Magnesium Composite for 
Implant Application. Journal of Powder Metallurgy & Mining. 
2017;06. 

15. Li Y, Hodgson PD. The effects of calcium and yttrium 
additions on the microstructure, mechanical properties and 
biocompatibility of biodegradable magnesium alloys. Journal 
of materials science. 2011;46(2):365-71. 

16. Olaya J, Rodil S, Muhl S. Comparative study of niobium 
nitride coatings deposited by unbalanced and balanced 
magnetron sputtering. Thin Solid Films. 2008;516(23):8319-
26. 

17. Ramírez G, Rodil S, Arzate H, Muhl S, Olaya J. Niobium 
based coatings for dental implants. Applied Surface Science. 
2011;257(7):2555-9. 

18. Gu X, Zhou W, Zheng Y, Cheng Y, Wei S, Zhong S, et al. 
Corrosion fatigue behaviors of two biomedical Mg alloys–
AZ91D and WE43–in simulated body fluid. Acta 
biomaterialia. 2010;6(12):4605-13. 

19. Khan A, Khan A. Metal to ceramic joining for high 
temperature applications: Brunel University; 2003. 

20. Staiger MP, Pietak AM, Huadmai J, Dias G. Magnesium and 
its alloys as orthopedic biomaterials: a review. Biomaterials. 
2006;27(9):1728-34. 

21. PAMUKKALE ÜNİVİ, M Ü HEND İ, KFAK ÜLİ. MECHANICS 
OF DYNAMIC POWDER COMPACTION PROCESS. 
Journal of Engineering Sciences. 1996;2(2):129-34. 

22. Bowden F, Tabor D. Friction and Lubrication, Methuen & Co. 
Ltd London. 1967. 

23. Jien-Wei Y. Recent progress in high entropy alloys. Ann 
Chim Sci Mat. 2006;31(6):633-48. 

24. Panich N, Sun Y. Effect of substrate rotation on structure, 
hardness and adhesion of magnetron sputtered TiB2 coating 
on high speed steel. Thin Solid Films. 2006;500(1-2):190-6. 

25. Yang Z, Yang B, Guo L, Fu D. Effect of bias voltage on the 
structure and hardness of TiSiN composite coatings 
synthesized by cathodic arc assisted middle-frequency 

magnetron sputtering. Journal of Alloys and Compounds. 
2009;473(1-2):437-41. 

26. Choi SR, Park I-W, Kim SH, Kim KH. Effects of bias voltage 
and temperature on mechanical properties of Ti–Si–N 
coatings deposited by a hybrid system of arc ion plating and 
sputtering techniques. Thin Solid Films. 2004;447:371-6. 

27. Zhang S, Zhang X, Zhao C, Li J, Song Y, Xie C, et al. 
Research on an Mg–Zn alloy as a degradable biomaterial. 
Acta biomaterialia. 2010;6(2):626-40. 

28. Cai S, Lei T, Li N, Feng F. Effects of Zn on microstructure, 
mechanical properties and corrosion behavior of Mg–Zn 
alloys. Materials Science and Engineering: C. 
2012;32(8):2570-7. 

29. Zhang B, Wang Y, Geng L. Research on Mg-Zn-Ca Alloy as 
Degradable Biomaterial, w: Biomaterials–Physics and 
Chemistry. InTech, Croatia. 2011. 

30. Rodil S, Olaya J, Muhl S, Bhushan B, Wei G. The influence 
of the magnetic field configuration on plasma parameters 
and microstructure of niobium nitride films. Surface and 
Coatings Technology. 2007;201(13):6117-21. 

31. Gonzalez ED, Fukumasu NK, Gobbi AL, Afonso CR, 
Nascente PA. Effects of Mg addition on the phase formation, 
morphology, and mechanical and tribological properties of 
Ti-Nb-Mg immiscible alloy coatings produced by magnetron 
co-sputtering. Surface and Coatings Technology. 
2020;400:126070. 

32. Wei L, Li J, Zhang Y, Lai H. Effects of Zn content on 
microstructure, mechanical and degradation behaviors of 
Mg-xZn-0.2 Ca-0.1 Mn alloys. Materials Chemistry and 
Physics. 2020;241:122441. 

33. Zhao T, Hu Y, He B, Zhang C, Zheng T, Pan F. Effect of 
manganese on microstructure and properties of Mg-2Gd 
magnesium alloy. Materials Science and Engineering: A. 
2019;765:138292. 

34. Li H, Peng Q, Li X, Li K, Han Z, Fang D. Microstructures, 
mechanical and cytocompatibility of degradable Mg–Zn 
based orthopedic biomaterials. Materials & Design. 
2014;58:43-51. 

35. Wang J, Zhang Y-N, Hudon P, Jung I-H, Chartrand P, 
Medraj M. Experimental study of the crystal structure of the 
Mg15− xZnxSr3 ternary solid solution in the Mg–Zn–Sr 
system at 300 C. Materials & Design. 2015;86:305-12. 

36. Liu T, Yin Y, Chen S, Chang X, Cheng S. Super-hydrophobic 
surfaces improve corrosion resistance of copper in seawater. 
Electrochimica Acta. 2007;52(11):3709-13. 

37. Ishizaki T, Hieda J, Saito N, Saito N, Takai O. Corrosion 
resistance and chemical stability of super-hydrophobic film 
deposited on magnesium alloy AZ31 by microwave plasma-
enhanced chemical vapor deposition. Electrochimica Acta. 
2010;55(23):7094-101. 

38. Li Z, Yu Q, Zhang C, Liu Y, Liang J, Wang D, et al. 
Synergistic effect of hydrophobic film and porous MAO 
membrane containing alkynol inhibitor for enhanced 
corrosion resistance of magnesium alloy. Surface and 
Coatings Technology. 2019;357:515-25.

 

 


