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Abstract

The increasing interest in Mg-Zn binary alloys as temporary implant materials is attributed to their outstanding biocompatibility, biodegrad-
ability, and favourable mechanical properties. However, their application is constrained by high degradation rates in the physiological envi-
ronment, resulting in the release of hydrogen gas and a rapid decline in mechanical properties. Additionally, the material’s biocompatibility is
contingent upon its degradability. Researchers have demonstrated that addressing these issues is possible through strategies such as control-
ling Zn content, employing thermo-mechanical processing to achieve suitable microstructures, and applying surface coatings. This manuscript
provides a comprehensive review of published literature on Mg-Zn alloys, exploring the challenges and outlining future research directions

in this field.
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1. Introduction

Biodegradable metals represent a class of metals designed
to be corroded gradually in vivo, with an appropriate host re-
sponse elicited by released corrosion products, which can pass
through, be metabolized, or assimilated by cells and tissue.
Then, they dissolve completely upon fulfilling the mission to
assist tissue healing with no implant residues [1]. Unlike tra-
ditional permanent implant materials such as titanium, stain-
less steel, and cobalt-chromium alloys, biodegradable met-
als offer a solution for temporary implants to their com-
mon complications like stress shielding, bone thickening, im-
plant loosening, and chronic inflammation, together with the
elimination of secondary removal surgery after tissue healing
[2,3]. The representative temporary implants are cardiovascu-
lar stents and fracture fixation devices such as bone plates
and screws. These devices have been commercialized with
permanent metallic materials such as a Co-Cr alloy for car-
diovascular stents and Ti (grade 2) for microplates and screws,
followed by the products employing bioabsorbable polymers
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such as poly-L-lactic acids. Table | presents the mechanical
properties of typical implant materials with bone tissue.

Among all the available metallic elements in the periodic
table, the metals or alloys having basic characteristics such
as complete biodegradability and biocompatibility for each al-
loying element with good mechanical properties, are the most
promising candidates to be considered as biodegradable met-
als [1]. For biodegradability, the metals and/or alloys with
a standard electrode potential lower than that of hydrogen
(E® = 0 V) are considered to be corroded in the physiolog-
ical environment by reacting with water in body fluids. For
biocompatibility, the composition of existing elements in the
human body and their threshold concentrations in a healthy
tissue provide a valuable reference for selecting the compo-
sition of biodegradable metals for clinical implant use. For
mechanical properties, the biodegradable metals should pro-
vide sufficient support (varies as per the implantation site)
immediately after the post implantation until tissue starts to
heal.

In this context, magnesium (Mg), iron (Fe), zinc (Zn), and
their alloys are the candidates most commonly considered as
biodegradable metals for temporary implant applications. Fe
and its alloys possess outstanding mechanical properties and
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Table 1
The mechanical properties of implant materials with bone tissue.
Material Young’s Yield strength Compression Tensile Fracture Ref

modulus (MPa) strength strength toughness

(GPa) (MPa) (MPa) (MPa.m")
Cortical bone 7-30 - 100 — 230 164 — 240 2-12 [23,24]
Stainless steel 316L 193 170 - 310 480 — 620 540 — 1000 ~100 [23,24]
Ti-6Al-4V 114 760 — 880 - 895 - 930 ~80 [23,24]
Ti (grade 2) 102 275 - 390 — 540 - [25-27]
Co-Cr alloy (ASTM F75) 210 448 - 517 - 655 — 889 - [28]
Co-Cr alloy® (ASTM 232 1500 - 1795 - [28]
F562)
PLLA 2.7 -4.14 - 58.6 15.5 - 150 - [29-31]
Mg 41 — 455 51 65 — 100 175 - 235 15 - 40 [32-35]
Zn 90 - 110 285 — 325 - 90 — 200 - [32,36]
Fe 204 - 212 108 — 122 - 230 - 345 - [32,37,38]

4 Property of cold worked and aged material.

exceptional machinability [4]. However, the main drawback
lies in its slow corrosion rate as well as insoluble corro-
sion products [4]. Zn and its alloys have moderate corrosion
rates and potential bioactivities [5,6]. However, the relatively
low mechanical strength, strain softening behaviour, and high
sensitivity of Zn ions for bioactivity remain challenges [7].
Therefore, Mg has been explored most extensively due to its
excellent biocompatibility, biodegradation, and comprehensive
mechanical properties [8—10]. The closer elastic modulus and
density of Mg and its alloys (41 - 45 GPa, 1.74 - 2.0 g/cm?)
to those of bone (3 - 20 GPa, 1.8 - 2.1 g/cm?) help in reduc-
ing the stress shielding effect in orthopaedic implant appli-
cation [11]. In addition, Mg ions play a crucial role in bone
metabolism as a beneficial bivalent ion [12]. They support
the function of bone osteoclasts and aid in the formation of
biological apatite. However, the rapid degradation of Mg with
the evolution of hydrogen (H,) gas in the physiological en-
vironment is the major challenge to be used as an implant
material. The evolved H, gas leads to the formation of gas
pockets next to the implant which separate the tissue layer
and delay the healing process [13]. The lower mechanical
strength of Mg is also a major concern because the implant
needs to be strong enough to maintain its structural integrity
during the degradation before the tissue is adequately healed.

To overcome these limitations, Mg based alloys with ad-
equate mechanical strength along controlled degradation rate
are developed by adding various alloying elements to Mg.
Among all the Mg-based alloys, Mg-Al, Mg-Ca, Mg-Mn,
Mg-RE (rare earth), and Mg-Zn alloys grab a lot of atten-
tion as potential biodegradable metals [8,14—16]. The addi-
tion of Al improves both the mechanical and corrosion per-
formance of Mg-Al alloy, but the suspicion of Al involvement
in Alzheimer disease limits its application [16]. Similarly, the
addition of RE elements improves the mechanical properties
and corrosion resistance, but the accumulation of RE phos-
phates and Nephrogenic Systemic Fibrosis caused by Gd com-
pounds are also concerned [16]. In Mg-Ca alloy, the addition
of Ca improves the mechanical properties and biocompatibil-
ity. The presence of Ca leads to more intermetallic Mg,Ca
phase formation which accelerate the corrosion process and

also hinders the corrosion process by the early deposition of
apatite. Therefore, this dual nature of Ca during corrosion pro-
cess resulted a few reported literatures of in vivo data [8]. The
intermediate electrode potential of Zn in between Mg and Fe
resulted in the controlled degradation behaviour slower than
pure Mg, that led to extensive research and development of
Mg-Zn alloys [17-21]. In physiology, Zn is an essential el-
ement involved in various biological processes such as gene
expression, signal transduction, nucleic acid metabolism, co-
ordination of various organic ligand interactions, and apop-
tosis [15,22]. Therefore, Zn-containing Mg alloys have been
paid more attention and developed as promising candidates
for biomedical applications.

In this paper, the research work on the development of
Mg-Zn alloy-based biomaterials and their advantages and lim-
itations have been critically reviewed. The effect of alloy-
ing, processing techniques, and surface treatment on the mi-
crostructure, mechanical performance, degradation behavior,
and biocompatibility have been discussed. The results of in
vitro and in vivo evaluation of these alloys have also been
summarized.

2. Processing techniques and microstructure of Mg-Zn
alloy

The binary Mg-Zn phase diagram (Fig. 1) shows that the
maximum solubility of Zn in Mg is 6.2 wt.% (i.e. 2.5 at.%)
at the eutectic temperature of 341 °C [39]. However, there
is a negligible solubility of Mg in Zn at room temperature.
Mgs1Znyy, Mgr1Znys, MgaZn;, MgZn,, and Mg,Zn,; are the
stable compounds, and present in the phase diagram. MgZn,
is a well-known non-stoichiometric compound, with a solu-
bility limit of around 1 wt.% at around 416 °C and melts
congruently at ~ 589 °C. The remaining compounds are sto-
ichiometric in nature. The invariant reactions include one eu-
tectoid reaction Mgs;Znyy = (Mg) + Mgy Zn,s at 325 °C,
two eutectic reactions L = Mgs;Znyy + Mgy Zn,s at 341 °C,
and L = (Zn) + MgyZn;; at 364 °C, four peritectic reac-
tions L + (Mg) = Mgs1Znyy at 341 °C, L + MgyZn; =
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Fig. 1. The binary Mg-Zn phase diagram. Reprinted by permission from Springer Nature: Comment on Mg-Zn (magnesium-zinc), H. Okamoto, JPE 15,

129-130 (1994), https://doi.org/10.1007/BF02667700 [40].

Mgy1Znys at 347 °C, L + MgZn, = Mg,Zn;; at 381 °C,
and L + MgZn, = MgsZn; at 416 °C.

2.1. Casting

As described above, the solubility of Zn in Mg is max-
imum as 6.2 wt.% at 341 °C and negligible at room tem-
perature [39]. Therefore, the microstructure of as-cast Mg-
Zn alloy consists of primary «-Mg matrix and secondary
phases precipitating along grain boundaries. However, Cia
et al. reported a single-phase microstructure for Mg-1Zn alloy
[41]. Furthermore, Loftabadi et al. observed only the MgZn
secondary phase for Mg-Zn alloy with Zn up to 3 wt.%,
whereas the Mg-Zn alloy having Zn more than 6 wt.% has
secondary MgZn phase + Mgs;Zn;( intermetallic phase [42].
The Mgs1Znyy phase at grain boundaries is attributed to the
non-equilibrium solidification. The increased Zn content re-
sulted in an increase in the fraction of secondary phases
which became non-uniformly distributed. In case of Mg-Zn
alloy above 5 wt.% Zn, the second phase formed a network
structure of dendrite along the grain boundaries (as shown
in Fig. 2). In Mg-Zn alloy with low Zn content, however,
dendritic structures with their sizes of 149 pm and 67 pm
was observed in Mg-2Zn and Mg-4Zn alloys, respectively,
where pure Mg showed dendritic structure sizes of 700 pm
[43]. Furthermore, Peng et al. observed polygon (pentagon or
hexagon) petal-shaped secondary dendrites and Mg matrix in
all as-cast Mg—xZn (x = 0.5, 1, 1.5, 2 wt.%) alloys [44].

Grain size of Mg-Zn alloys decreased with an increase
in Zn content up to 5 wt.% [41] or 6 wt.% [45], and after
that, the refinement efficiency of Zn is not significant or de-
creased. The segregation of Zn at the front of grain growth
forms an intensive constitutional undercooling in a diffusion

layer ahead of the advancing solid/liquid interface. The Zn
segregation restricts the grain growth, promoting the nucle-
ation of the primary Mg, and thus, it refines the grain size
[46]. The growth restriction factor (GRE) is higher for Zn
(5.31) than Al (4.32) and Y (1.70), indicating that Zn has
more powerful growth restriction and better refinement effi-
ciency [47]. The grain sizes of various as-cast Mg-Zn alloys
are summarized in Table 2.

2.2. Heat treatment

Researchers have employed different heat treatment pro-
cesses to alter the microstructure of the Mg-Zn alloy. The
microstructure with no second phase were reported for Mg-
xZn (x =1, 2,3, 4,5, and 6 wt.%) alloy after heat treatment
at 380 °C for 10 h in air followed by water quenching [48].
In their study, the grain size was decreased from ~ 400 to
~ 300 wm with increase in the Zn content from 1 to 6 wt.%
[48], which is attributed to the restriction of the grain growth
with high Zn content, as explained in Section 2.1, promoting
the nucleation of the primary Mg [46]. A similar observation
of no dendrites with more uniform microstructure having a
nearly equiaxed grain was reported after solution treatment
(ST) at 400 °C for 10 h, followed by water quenching at
room temperature on Mg-4Zn alloy [43]. The quenching pro-
cess leads to insufficient time for grain growth and resulted in
decreased grain size in the specimen. However, «-Mg matrix
with secondary phases (i.e. Mg;Znys5, Mgs;Znyy, and MgZn,
intermetallic) were observed for Mg-127n alloy after anneal-
ing at 320 °C/20 h with subsequent quenching [49]. The pres-
ence of secondary phase may be attributed to the fact that
Mg dissolves Zn up to 8 wt.% at this heat treatment tem-
perature, and upon quenching the excess Zn was precipitated
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Fig. 2. The SEM micrograph showing the microstructures of (a) pure Mg, (b) Mg-1Zn, (c) Mg-5Zn, (d) Mg-7Zn, and EDS analysis corresponding to assigned
area A (e) and B (f). Reprinted from Materials Science and Engineering: C, vol 32, Shuhua Cai, Ting Lei, Nianfeng Li, Fangfang Feng, Effects of Zn on
microstructure, mechanical properties and corrosion behavior of Mg—Zn alloys, page no. 2570-2577, Copyright 2012, with permission from Elsevier [41].

as secondary phases. Therefore, the heat treatment tempera-
ture should be selected to completely dissolve the Zn content
of the alloy in Mg at that temperature in order to obtain a
single-phase microstructure.

Furthermore, grain growth with the disappearance of the
dendrite structure consisting of «-Mg 4+ MgZn was observed
for Mg-3Zn alloy after ST at 310 °C for 24 h followed by
water quenching [50]. This indicates that the prolonged heat-
ing period causes the grain growth of the alloy. The solution

treatment followed by quenching is referred as T4 treatment
and T4 treatment followed by aging is termed as T6 treat-
ment. ST (160 °C for 7-102 h) and T6 treated Mg-4Zn al-
loys had grain growth as 76% and 94% of as-cast one, re-
spectively [43]. Xian-bin et al. reported a similar trend in
T4 and T6 Mg-3Zn alloys as their grain sizes of 240 pum and
300 wm, respectively, which are larger than that of as-cast one
(120 pm) [51]. A homogeneous and decreased amount of sec-
ondary MgZn phases were observed in the T4 Mg-3Zn alloy,
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Table 2
Summary of grain sizes and the mechanical properties of various as-cast Mg-Zn alloys.
Materials Grain size Modulus Yield strength Ultimate tensile  Elongation (%)  Compression Hardness References
(Lm) (GPa) (MPa) strength (MPa) strength (MPa)
Pure Mg 350 1.86 29.88 100.47 7.43 183.09 37.10 HB [41]
700 - - - - - - [43]
Mg-0.5Zn 185.2 - - - - - - [42]
780 - - - - - - [66]
600-800 - - - - - - [67]
- - 38+ 4 95 £ 13 42+ 1.8 - - [44]
Mg-1Zn 280 - - - - - - [54]
640 - - - - - - [66]
198.6 & 28.9 - - - - - - [68]
100 24.23 60.62 187.73 13.77 329.60 47.33 HB [41]
- - 20 £ 2 101.5 + 3 6.96 + 0.5 - - [82]
- - ~ 28 ~ 125 ~ 18 - - [88]
- - 42 £3 99 £+ 10 6.1 £ 1.9 - - [44]
- - 56 111.6 1.2 - - [69]
Mg-1.5Zn - - 51 £3 109 £+ 8 59+ 1.8 - - [44]
250 - - - - - - [70]
Mg-2Zn 149 - - - - - - [43]
580 - - - - - - [66]
~500 - - - - - - [71]
- - 65 +3 121 £ 11 53+£19 - - [44]
- - 27+ 2 1459 + 5 122 £ 1.5 - - [82]
Mg-2.65Zn 150 - 45 145 12 - - [72]
Mg-3Zn 135.5 - - - - - - [42]
120 - - - - - - [51]
490 - - - - - - [66]
150-200 - - - - - - [67]
- - 47 £ 1.5 167.8 £ 10 137 £ 1.0 - - [82]
- - - - - - 48.8 + 1.8 Hv [50]
86.7 - 76.5 166.6 9.3 - - [69]
Mg-4Zn 29 - - - - - [43]
- - 58 £ 1.0 216.8 £ 15 158 £ 5.5 - - [82]
— - - 156.93 7.38 - - (89]
Mg-5Zn 133.8 - - - - - - [65]
88.8 + 7.9 - - - - - - [68]
55 36.47 75.60 194.59 8.50 334.12 53.80 HB [41]
129 - 120 212 10 - 52 Hv [73]
- - 68 £ 1.5 185 £ 5 92+ 0.5 - - [82]
56.9 - 77.6 188.6 7.7 - - [69]
Mg-6Zn - - 69 £ 1.5 182 £5 72 £ 0.5 - - [82]
Mg-7Zn 703 + 6.4 - - - - - - [68]
56 39.60 67.28 135.53 6.00 353.11 56.26 HB [41]

whereas in the T6 Mg-3Zn alloy, more precipitates formed
on matrix and grain boundaries as chain structure [51]. How-
ever, no secondary Mg,Zn, phase was observed in T4 (450 °C
for 2 h followed by water quench at room temperature) Mg-
5Zn alloy, whereas T6 (T4 + aging at 230 °C for 4, 6, and
10 h followed by cooling in air) Mg-5Zn alloy showed the
Mg,Zny secondary phases uniformly precipitated on the grain
boundaries, whose dimensions became smaller than that in the
as-received Mg-5Zn alloy [52]. The quenching process in T4
treatment gives insufficient time to precipitate, resulting in the
decreased or no secondary phase, whereas the slow cooling
in T6 treatment resulted in higher number of secondary phase
precipitates. Additionally, many short bar, white precipitation
phases were observed inside the crystal grains of T6 Mg-5Zn
alloy [52]. With an increase in aging time from 4 to 10 h for
T6 Mg-5Zn alloy, there was no change in the characteristics

of second phase precipitates at grain boundaries [52], because
of grain boundary hinderance for the growth. However, the
short bar, white precipitation phases within the crystal grains
increases [52] due to no obstruction during the growth. The
precipitation phases present a filament characteristic with an
approximate length of 2 wm [52]. The precipitation phases
grow along the same direction in one crystal grain, but dif-
ferent directions in different crystal grains [52]. With the in-
crease in aging time from 10 h to 144 h for T6 Mg-3Zn alloy,
the volume fraction of the precipitation phase increased from
0.04 £ 0.02% to 3.03 £ 0.17%, with the growth of rod shape
precipitates [50].

In the case of Mg-xZn (x = 3, 6 wt.%) alloys with T4 solid
solution heat treatment at 340 °C for 6, 12, and 18 h followed
by hot water quenching at around 50 °C, the microstructure
remained unchanged with an almost similar amount of sec-
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ondary Mg,Zn;3 phases in both as-cast and T4 treated Mg-
3Zn alloys [53]. However, in T4 Mg-6Zn alloy after 6 h,
the number of precipitates significantly changed, indicating
the decomposition of the secondary phase (Mgs;Znyg) into
the matrix and Mg;>Zn;3 [53]. An increase in the heat treat-
ment time to 12 and 18 h causes no significant change in
the amount of secondary phases [53], which can also be at-
tributed to the increase in Zn solubility in Mg up to 8 wt.%
at the heat treatment temperature.

In summary, the literature indicates that the heat treat-
ment temperature, time, and cooling method influence the mi-
crostructure. The heat treatment temperature should be above
340 °C as MgZn precipitates are unstable and would be dis-
solved in the matrix at temperatures higher than about 340 °C
according to the Mg-Zn phase diagram (Fig. 1). The T4
treatment is more suitable than the T6 treatment to obtain
optimized microstructure with controlled grain size and uni-
form distribution of the secondary phase, because the aging
gives the continuous secondary phase which may be detri-
mental for corrosion properties. The T4 treatment time up to
6 h would be most promising, as beyond 6 h, less signifi-
cant changes were observed in the microstructure of Mg-Zn
alloys. Additionally, prolonged aging time in T6 specimens
resulted more dispersion of secondary phases in the crystal
grain which grow monotonically with time. The quenching
process leads to insufficient time for grain growth and pre-
cipitation of secondary phases, resulting in decreased grain
size with reduced or no precipitation of secondary phases in
the specimen. The solubility limit at the heat treatment tem-
perature along with the cooling process influences the sec-
ondary phase in the microstructure. For similar conditions of
heat treatment, the grain size decreases with an increase in
Zn content up to 6 wt.% with no significant effect on the
secondary phases, whereas for Zn content > 6 wt.% needed
investigation.

2.3. Deformation techniques

As Mg-Zn alloys have excellent processability, various de-
formation techniques have been applied to modify the mi-
crostructure of the Mg-Zn alloy. A microstructure having re-
crystallized grain structure comprising equiaxed grains were
observed after rolling on Mg-1Zn [54] and Mg-3Zn [55] al-
loys. The grain size of the specimens decreases by 82.62%
with an increase in the number of cycles from 0 to 5 [55].
However, fine homogenous dynamic recrystallization (DRX)
grains with intermetallic phase were observed after perform-
ing a high strain rate rolling process (HSRR) on Mg-4Zn
alloy [56]. The intermetallic phase after HSRR is attributed
to the stress-induced precipitation during HSRR.

Similar to (relatively low strain rate) rolling, uniform
equiaxed grains with no second phase were observed for hot
extruded Mg-Zn alloy with Zn up to 6 wt.%. [57,58]. Grain
refinement was not observed with an increase in Zn content
[58,59]. In contrast to this, Peng et al. reported grain refine-
ment in backward extruded Mg-Zn alloy with an increase
in Zn content from 0.5 to 2 wt.% [44]. Inhomogeneous mi-

crostructure with white precipitates were also observed in ex-
truded Mg-xZn (x = 2, 3, 4, and 5 wt.%) alloy [60]. The
second phases (Mg,Zny) present a discrete distribution along
the grain boundaries and their volume fractions gradually rise
with increasing Zn concentration from 2 to 5 wt.% [60]. The
secondary phases, with the help of the pinning effect, prevent
the growth of DRXed grains and resulted in a fine microstruc-
ture in the deformed sample [43]. Inhomogeneous microstruc-
ture having fine equiaxed grains and row elongated grains
with plenty of strike-like and coarse intermetallic phases were
also observed along the extrusion direction in sintered + hot
extruded Mg-6Zn alloy [61]. The intermetallic phases become
coarser with an increase in Zn content [61]. Hot extrusion and
multi-directional forging (MDF) reduced the grain size of Mg-
47n alloy to 80% and 73% of as-cast one, respectively [43].
The volume fractions of the precipitates in extruded and MDF
processed specimens are 0.4% and 0.6%, respectively, which
are lower than that of the as-cast one (1.3%) [43].

Severe plastic deformation techniques were also employed
to refine the microstructure of Mg-Zn alloy. Equal-channel
angular pressing with applied back pressure (ECAP-BP) up
to 4 passes on Mg-xZn (x = 6, 12 wt.%) alloy resulted in
the microstructure consisted of highly-deformed and partially-
recrystallized regions with MgZn, and Mg,;Znys particles
[62]. The ECAP-BP Mg-127Zn alloy showed a majority of
the Zn from the supersaturated solid solution of the «-Mg
matrix, which is consumed mainly by the MgZn, nanopar-
ticles, resulting in the inhomogeneous distribution of Zn in
the o-Mg matrix [62]. The Mgy;Zn,s microparticles in Mg-
127n exhibited distinct forms in the «-Mg matrix that were
characterized as a single-crystalline form, a nano-crystalline
form, and a broken-up form [63]. Differences in the size
of MgZn, nanoparticles were reported in the o-Mg matrix
of ECAP-BP Mg-12Zn alloy [64]. The Mgy;Zn,s particles
were observed in a highly deformed o-Mg matrix [64]. Fric-
tion stir processing (FSP) on Mg-5Zn alloy resulted in uni-
form, fine grain of size 1.3 um, whereas the cast Mg-5Zn
alloy showed non-uniform, coarse grain of 133.8 pm [65].
The Large precipitates in as-cast specimens were broken
down into refined and uniformly distributed precipitates after
FSP.

The microstructure of the specimen after the deformation
process has resulted in grain refinement (Fig. 3). The grain
sizes of various Mg-Zn alloys resulting from different pro-
cessing methods are summarized in Table 3. In some cases,
the inhomogeneity of the microstructure of the deformed
specimens has been observed, which is related to the non-
equal rate of dynamic recrystallization in different grains, and
thus, DRX is found to be incomplete in some grains.

3. Mechanical properties of Mg-Zn alloy

As described earlier in Section 1, the appropriate mechan-
ical properties of the temporary implant are a fundamen-
tal requirement to maintain its structural integrity during the
degradation process before the tissue is adequately healed.
Due to the insufficient mechanical properties of pure Mg, al-
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Table 3

Summary of grain sizes and the mechanical properties of various deformed Mg-Zn alloys.

Materials Processing methods Grain size Modulus  Yield Ultimate Elongation Compression  Hardness References

(wm) (GPa) strength tensile (%) strength (Hv)
(MPa) strength (MPa)
(MPa)

Pure Mg Hot pressed at 28 MPa for  242.6 - - - - - - [83]
1-2 h at 535 °C

Mg-0.4Zn Hot rolled (at 60 - - - - - - [74]
450 °C) + Annealed

Mg-0.5Zn  Back extruded at 420 °C 475 - 62 + 1 145 £ 8 172 £ 13 - - [44]
with an extrusion ratio of
12.25

Mg-1Zn Back extruded at 420 °C 37.5 - 91 + 1 169 + 9 187 £ 14 - - [44]
with an extrusion ratio of
12.25
Hot extruded at 300 °C with 17.9 - 116 254 16.2 - - [58]
an extrusion ratio of 25:1
hot rolling (at 11 - - - - - - [54]

400 °C) + annealing (at
400 °C for 5 min)

Hot extruded at 400 °C 353 [75]

Hot Rolled at 400 °C - - ~ 160 ~ 240 ~ 23 - - [88]
Mg-1.5Zn Back extruded at 420 °C 36 - 101 + 1 190 + 7 172 £ 1.5 - - [44]

with an extrusion ratio of

12.25

hot rolling (at 25.82 - - - - - - [70]

250 °C) + annealing (at

350 °C for 1 h)

hot rolling (at 20.85 - - - - - - [70]
350 °C) + annealing (at

350 °C for 1 h)

hot rolling (at 27.1 - - - - - - [70]
450 °C) + annealing (at

350 °C for 1 h)

Mg-27Zn Back extruded at 420 °C - - 111 £ 1 198 £ 6 157 £ 1.6 - 79 [44]
with an extrusion ratio of
12.25
Hot extruded at 300 °C with — - 109 258 16.4 - - [58]
an extrusion ratio of 25:1

Mg-2.4Zn Hot extruded at 210 °C with 15 - - - - - - [94]
an extrusion ratio of 18:1

Mg-2.9Zn Hot pressed at 28 MPa for 106.5 - - - - - - [83]
1-2 h at 535 °C

Mg-3Zn Hot extruded at 300 °C with 17.9 - 98 276 18.5 - - [58]
an extrusion ratio of 25:1

Mg-3.3Zn  Hot pressed at 28 MPa for  155.6 - - - - - - [83]
1-2 h at 535 °C

Mg-4Zn Hot extruded at 300 °C with 17.6 - 89 297 20.6 - - [58]
an extrusion ratio of 25:1
Hot extruded at 350 °C with - 198.4 + 301.1 £ 4.1 339 - 445 + 33 [90]
an extrusion ratio of 11:1 3.4
Hot extruded at 350 °C with 7.6 4+ 2.6 - - - - - - [76]
an extrusion ratio of 9:1
MDF (after 3 pass) - 142 228 8 - 84 [91]
MDF (after 5 pass) 2.3 - 135 196 8.7 - - [91]
High strain rate rolling 4.5 - - - - - - [56]
(HSRR)
Hot pressed at 28 MPa for  70.2 - - - - - - [83]
1-2 h at 535 °C

Mg-44Zn  Hot pressed at 28 MPa for  112.9 - - - - - - [83]
1-2 h at 535 °C

Mg-5Zn FSP 1.3 - - - - - - [65]
Extruded 33.6 - - - - - - [60]

(continued on next page)
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Table 3 (continued)

Materials Processing methods Grain size Modulus  Yield Ultimate Elongation Compression  Hardness References
(wm) (GPa) strength tensile (%) strength (Hv)
(MPa) strength (MPa)
(MPa)
Mg-6Zn MDF 72 £ 4 - 130+ 6 222+ 10 83+ 1 - 78 £ 6 [84]
(after 1 pass)
MDF 28 £ 2 - 145+ 6 230+ 10 6.2 £ 0.7 - 86 £ 6 [84]
(after 3 pass)
MDF 38 £ 05 - 138+7 193+£9 7+09 - 82 +5 [84]
(after 5 pass)
Hot extruded at 250 423 +£0.1 1695+ 2795 +£23 188 £0.8 4337 £ 14 - [57]
°C 3.6
Rolling - 91.3 £40 124.1 £379 05+ 0.3 - 4832 £ 1.5 [92]

loying and microstructure control are major solutions to im-
prove them. For Mg-Zn alloys, their hardness was reported
to increase with an increase in Zn content (shown in Fig. 4)
[42,44,45,79]. In Mg-Zn alloy with Zn content < 5 wt.%, the
increased hardness is due to the solid solution strengthening
of Zn dissolved in the Mg matrix [42]. However, in Mg-Zn
alloy with Zn content > 5 wt.%, the hardness enhancement is
attributed to the evolution of the secondary phase (Mgs;Znyg)
at the grain boundary in addition to the MgZn intermetallic
phase [80]. The increased hardness with increased Zn con-
tent in Mg-Zn alloy indicate the probability of decrease in
the wear of the implant [81]. Furthermore, the tensile and
compressive strength was improved up to 5 wt.% Zn due
to grain strengthening, solid solution strengthening, and sec-
ond phase strengthening [41]. The decreased strength above
5 wt.% Zn is attributed to plenty of secondary phases which
formed a network structure with dendritic segregation along
grain boundaries, resulting in residual defects and deteriorated

strength and elongation of the specimen. The Zn-rich regions
in Mg-Zn alloy were also often prone to the formation of mi-
croporosity, resulting in reduced mechanical properties. Some
researchers [43,82,83] reported a similar trend of improved
mechanical properties but up to 4 wt.% Zn, and over that,
they declined. Therefore, the Mg-Zn alloy with 4 wt.% Zn
having highest strength and hardness is more suitable as an
implant material to prevent fractures and improve functional
stability [81].

The alteration in microstructure due to heat treatment also
influences the mechanical properties. For Mg-4Zn alloy, an
increase in aging time from O to 62 h enhances the Vick-
ers hardness from 27 to 41 due to the precipitation of more
MgZn, phase [43]. However, decreased USS was reported for
ST Mg-4Zn alloy due to the grain growth and dissolution of
the precipitates [43].

The mechanical properties were further improved after the
deformation process due to grain refinement (Fig. 5). For
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Fig. 3. The comparison of the grain size distribution for various as-cast and deformed Mg-Zn samples. The data sources are following references: as-cast

from [41-43,51,54,65-73], and deformed from [43,44,56,58,60,70,74-78].
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Mg-4Zn alloys, extrusion and MDF improved USS by 26%
and 18%, respectively, than that of the as-cast one, due to
their fine microstructure [43]. The enhanced properties are at-
tributed to higher strain, grain refinement strengthening, and
dispersion strengthening mechanisms.

In case of Mg-6Zn alloy, the hardness and strength were
enhanced up to 3 passes of the MDF, and over 4 passes, they
decreased due to dynamic recrystallization resulting in twin
density reduction [84]. For the hot extruded specimens, an
increase in Zn content from 1 to 4 wt.% decreased YS along

with increased UTS and elongation [58]. This enhancement
of elongation and decrease of YS might be attributed to the
decrease in basal texture intensity with increase in Zn content,
whereas the increase of UTS is considered to relate with the
enhanced strain hardening ability [85,86]. Researchers also
reported improved mechanical properties after ECAP-BP [62],
and hot rolling [55,87] on Mg-Zn alloys.

Degradable implant materials have deterioration in the me-
chanical properties during their degradation process. Tensile
test in 0.9 wt.% NaCl solution revealed about 19% loss in
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strength for the HSRR Mg-4Zn specimen after 7 days of im-
mersion, while that of the as-cast sample is about 62% [56].
The tensile test in simulated body fluid (SBF) reported that
Mg-4Zn alloy is susceptible to stress corrosion cracking at or
below strain rates of 3.6 x 10~ s™! with approximately 10%
loss in fracture stress as compared to that tested in air [93].
The Mg-4Zn alloy is found to crack at corrosion pits domi-
nantly by anodic dissolution and hydrogen embrittlement.

In summary, the above literature indicates that the Zn con-
tent has to be controlled to promote the mechanical properties
of Mg-Zn alloys more suitable for human implant materials.
The Zn content up to 4 wt.% enhances the mechanical prop-
erties due to grain strengthening, solid solution strengthen-
ing, and second-phase strengthening mechanisms. The heat
treatment temperature, time, and cooling process affect the
mechanical properties. Similarly, the strain rate, the extent of
grain refinement, and the dispersion of the secondary phase
after the deformation process alter the mechanical properties.
Table 2 and 3 show the grain size and various mechanical
properties, tensile strength, ultimate tensile strength, compres-
sive strength, and elongation, of different as-cast or deformed
Mg-Zn alloys, respectively.

4. Degradation properties of Mg-Zn alloy

In the human body, a biodegradable implant is expected
to degrade at a suitable rate matching to the recovery rate of
injured tissues. Hence, it is essential to understand its degra-
dation process and underlying mechanisms, together with the
techniques to regulate degradation behaviour.

4.1. Degradation mechanism of Mg-Zn alloy

It is well known that the microstructure influences the cor-
rosion behaviour of Mg and its alloys. The corrosion process
initiated on the o-Mg matrix phase includes reactions (1) and
(2) [95,96]. In Mg-Zn alloy, the lower standard electrode po-
tential of Mg (—2.36 V) than Zn (—0.76 V) resulted in more
release of Mg?* than Zn’>* in an aqueous medium. The an-
odic dissolution of Mg released Mg?*, whereas the cathodic
reaction evolved hydrogen gas (H) and released hydroxide
ions (OH™) resulting in an increase in local pH. According
to the Pourbaix diagram, the released Mg?* reacts with OH™,
resulting in magnesium hydroxide [Mg(OH),] formation at
pH > 11.5. However, after surgery, the pH is nearly 7.4 or
lower at the interface of bone and implant due to circulation,
metabolic, and resorptive processes [97]. As a result, a par-
tially protective, unstable Mg(OH), layer was formed on the
alloy surface. With the progress of time, the Mg(OH), layer
becomes denser which inhibits the ion penetration through the
layer, retarding the growth of it. Therefore, the dissolution-
precipitation mechanism plays the predominant role in the
growth of Mg(OH), layer [98].

The released Zn>* can also react with OH™ to form
Zn(OH), [99-101]. The solubility product constant of
Zn(OH), is much smaller than that of Mg(OH), [102] and
Zn(OH), is converted to more stable ZnO (reaction (5)),

which can enhance the protectiveness of the insoluble salt
layer (ISL) [59,101]. The chloride ion (CI") in the physio-
logical fluids reacts with the deposited Mg(OH), and disso-
ciates it by forming MgCl, (reaction (4)). The smaller ra-
dius of CI" enables to penetrate through ISL which causes
its preferential adsorption by replacement of OH™ [61]. As
a result, Cl" shifts the dynamic balance between the disso-
lution and formation of ISL, resulting in acceleration of the
corrosion rate. The presence of Ca**, CO3> and PO4* in
the physiological fluids results in the predominant deposition
of calcium/magnesium phosphate/carbonate on the specimen
surface due to their lower solubilities, which further retards
the anodic dissolution of Mg.

Anodic reaction : Mg (s) — Mg”(aq) + 2e” @))]

Cathodic reaction : 2H,O + 2¢~ — Hy(g) 1
+ 20H™ (aq) 2)

Zn (s) — Zn’t(aq) + 2e” )

Mg(OH), (s) + 2CI™ (aq) — MgCl, (s) +20H™ (aq)
)

Zn(OH),(s) — ZnO 4+ H,0 (&)

The selection of in vitro physiological solution plays an
important role in evaluating the degradation behaviour. In the
human body, interstitial fluid has a similar composition to
blood plasma; plasma penetrates through the capillary ves-
sel wall to be interstitial fluid, which comes back to plasma
via lymph flow. Hence, the in vitro physiological solution
should have a similar composition to that of blood plasma.
The physiological solution should contain essential compo-
nents such as inorganic ingredients, organic components, and
buffering system, since this influence severely the degrada-
tion behaviour of biodegradable metals [14]. Table 4 repre-
sents the list of common physiological solution and their ionic
concentrations along with that of human blood plasma. As
described above, the CI" and SO4> contributes to the disso-
ciation of Mg(OH), layer, accelerating the degradation pro-
cess [103] whereas HPO,2/PO,>, HCO5/CO3%, and Ca**
retard the degradation process by the precipitation of their
salts [103,104].

The deposition of the ISL on the specimen surface depends
on the local pH of the corrosion environment. Since OH" is
released accompanying to Mg anodic dissolution, the buffer-
ing ability of the physiological solution severely influences
the ISL deposition. The pH of the blood is maintained as
7.4 mainly by carbonate buffer system under the atmosphere
of 5% CO,, which is higher than that in air (0.4%) [105].
Therefore, the employment of carbonate buffer is necessary
as the main buffer system in the physiological solution for
evaluating the corrosion behaviour of Mg alloys. Because of
this reason, phosphate buffered saline (PBS) is not preferable
even though its pH was around 7.4. SBF and HBSS contains
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Fig. 6. The SEM microstructure of corroded appearance after corrosion product removal for (a) pure Mg, (b) Mg—1Zn, (c) Mg-5Zn and (d) Mg-7Zn
immersed in SBF for 5 days. Reprinted from Materials Science and Engineering: C, vol 32, Shuhua Cai, Ting Lei, Nianfeng Li, Fangfang Feng, Effects of Zn
on microstructure, mechanical properties and corrosion behavior of Mg—Zn alloys, page no. 2570-2577, Copyright 2012, with permission from Elsevier [41].

quency region can be attributed to the charge transfer reaction
at the metal surface and the capacitance of the electric dou-
ble layer formed at the interface between the metal surface
and the corrosive medium. The capacitive loop in the low fre-
quency region can be attributed to the mass transport in the
solid phase, such as the diffusion of ions through the insoluble
salt layer. The EIS analysis also confirms the lower degrada-
tion rate of Mg-Zn alloys than pure Mg. Table 5 shows the
corrosion rate of as-cast pure Mg and Mg-Zn alloys in various
physiological solutions.

4.3. Effect of heat treatment on the degradation of Mg-Zn
alloy

It has been reported that heat treatment alters the mi-
crostructures which play a pivotal role in tailoring the degra-
dation rate of Mg-Zn alloys. T4 Mg-6Zn alloy has a higher re-
duction rate in corrosion than T4 Mg-3Zn alloy in comparison

to those of corresponding as-cast alloys [53]. Although the as-
cast Mg-6Zn alloy (having Mgj,Zn;3 and Mgs;Znyy phases)
showed higher corrosion rate than as-cast Mg-3Zn alloy (hav-
ing Mgi,Zn3 phases), the decomposition of Mgs;Zny, in T4
Mg-6Zn alloy resulted in the lower corrosion rate than the T4
Mg-3Zn alloy [53]. The increased heating time in T4 process
from 6 to 18 h has a less significant influence on the corro-
sion behaviour on all the Mg-Zn alloys due to the unchanged
microstructure after heat treatment beyond 6 h [53]. The im-
proving effect of solution treatment on corrosion resistance
was also confirmed by other studies. ST Mg-3Zn alloy gave
a lower corrosion rate (3.05 £+ 0.20 mL /cm?/ day) due to the
dissolution of (e-Mg + MgZn) eutectic phases, which reduces
microgalvanic corrosion than as-cast one (3.50 £+ 0.20 mL
/em?/ day) [50]. Comparing to as-cast Mg-4Zn alloys, ST Mg-
47Zn alloy has a 37% lower hydrogen evolution rate (HER),
because the ST treatment decreases the volume fraction of
precipitation phases in Mg-4Zn alloys, which reduces the mi-
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Fig. 7. The potentiodynamic polarization curves of pure Mg and Mg-Zn alloys in SBF. Reprinted from Materials Science and Engineering: C, vol 32,
Shuhua Cai, Ting Lei, Nianfeng Li, Fangfang Feng, Effects of Zn on microstructure, mechanical properties and corrosion behavior of Mg—Zn alloys, page no.
2570-2577, Copyright 2012, with permission from Elsevier [41].

Table 5
The list of corrosion data of as-cast various Mg-Zn alloys.
Materials Electrolyte Ecorr Teorr Electrochemical Immersion corrosion Hydrogen evolution Ref

(VSCg) (WA/cm?) corrosion rate rate (mm/y) rate (ml/cmZ/day)

(mm/y)

Pure Mg PBS —1.80 14.6 0.33 - 3.44 (after 11 days) [43]
Pure Mg SBF —1.581 680.1 15.30 34.78 (after 5 days) - [41]
Pure Mg SBF —1.886 86.06 1.94 - - [88]
Pure Mg HBSS —1.533 15.98 0.36 - - [88]
Mg-0.5Zn SBF —1.840 144 2.1 5.19 (after 6 days) [42]
Mg-1Zn SBF —1.527 23.4 0.53 2.01 (after 5 days) - [41]
Mg-1Zn SBF —1.822 67.30 1.52 - - [88]
Mg-1Zn HBSS —1.609 10.47 0.24 - - [88]
Mg-1Zn Ringer’s soln. —1.432 300.18 54.30 162.5 (after 4 days) 213.7 (after 4 days) [69]
Mg-1.25Zn SBF —1.762 282.7 6.45 3.17 (after 6 days) - [123]
Mg-1.5Zn SBF —1.740 134 1.67 2.91 (after 6 days) [42]
Mg-27Zn PBS —1.75 8.9 0.20 - 3.37 (after 11 days) [43]
Mg-2.5Zn SBF —1.744 242.5 5.54 - - [123]
Mg-3Zn SBF —1.731 228.3 5.21 1.95 (after 7 days) - [53]
Mg-3Zn SBF —1.701 103 1.55 1.84 (after 6 days) - [42]
Mg-3Zn SBF —1.521 12.6 - - - [124]
Mg-3Zn Ringer’s soln. —1.621 3.1 0.57 2.03 (after 4 days) 0.65 (after 4 days) [69]
Mg-4Zn PBS —1.73 7.8 0.18 - 2.73 (after 11 days) [43]
Mg-4Zn SBF —1.710 212.4 4.85 2.14 (after 6 days) - [123]
Mg-5Zn SBF —1.477 11.72 0.26 1.26 (after 5 days) - [41]
Mg-5Zn HBSS —1.56 33.80 - - - [73]
Mg-5Zn Ringer’s soln. —1.591 3.03 0.55 8.04 (after 4 days) 5.02 (after 4 days) [69]
Mg-6Zn SBF —1.759 122 1.83 7.23 (after 6 days) - [42]
Mg-6Zn SBF —1.759 270.8 6.18 3.48 (after 7 days) - [53]
Mg-7Zn SBF —1.543 51.79 1.17 3.18 (after 5 days) - [41]
Mg-9Zn SBF —0.856 147 2.21 11.78 (after 6 days) - [42]
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Fig. 8. (a) Nyquist plots for pure Mg and Mg-Zn alloys after soaking in SBF
for 1 h and (b) equivalent circuit used for modelling experimental EIS data
of Mg-Zn alloys. Ry indicates the corrosive media resistance, R; indicates
the charge transfer resistance, Ry indicates the insoluble layer resistance,
CPE; indicates the double layer capacitance, and CPE, indicates the insoluble
salt layer capacitance. Reprinted from Materials Science and Engineering: C,
vol 32, Shuhua Cai, Ting Lei, Nianfeng Li, Fangfang Feng, Effects of Zn
on microstructure, mechanical properties and corrosion behavior of Mg—Zn
alloys, page no. 2570-2577, Copyright 2012, with permission from Elsevier
[41].

crogalvanic corrosion, leading to a decreased degradation rate
[43]. However, T6 Mg-4Zn alloy has 30% higher HER than
as-cast one due to the dispersion of more MgZn, precipitates
mainly at the grain boundaries where the corrosion process
preferentially begins and continues from the grain boundaries
[43]. The corrosion rate increases monotonically with aging
time during T6 treatment, indicating that an increase in aging
time leads to an increase in the volume fraction of nano-scale
precipitates in Mg-Zn alloy, which results to micro-cathodic
effects and increases the degradation rate [50,52]. Similar
results were also reported by other researchers [51,52,125].
Table 6 shows the corrosion rate of various heat-treated Mg-
Zn alloys in various physiological solutions.

In summary, the heat treatment has significant influence
on the corrosion behaviour of Mg-Zn alloy with Zn content
of more than 4 wt.%. The T6 treated specimen showed a
higher corrosion rate than that of T4 treated one due to the
larger volume fraction of MgyZny secondary phases. Besides,
more Mg,Zn, phases dispersed at the grain boundaries which
are preferential site for the corrosion initiation. Therefore, T4
treatment up to 6 h of heat treatment is more preferable to
lower the corrosion rate in Mg-Zn alloy as the microstructure
did not change after heat treatment beyond 6 h.

4.4. Effect of deformation techniques on the degradation of
Mg-Zn alloy

The deformation process leads to much smaller grain sizes,
more uniform microstructures, and a lower volume fraction
of the precipitates in the deformed samples, which results in
a lower degradation rate. Gu et al. observed a lower degra-
dation rate for the hot rolled pure Mg and Mg-1Zn alloy
than the corresponding as-cast ones due to the finer grain mi-
crostructure [88]. The finer microstructure resulted in a higher
density of grain boundaries in the deformed samples compen-
sating the volumetric mismatch in an atomic scale between
the Mg matrix and its oxide, making the oxide layer more
stable. Additionally, grain boundaries provide excellent nu-
cleation sites for the formation of oxide layer, along with
acting as physical corrosion (diffusion) barriers against corro-
sion propagation. Furthermore, an increase in the rolling cy-
cle resulted in an increased degradation rate for Mg-3Zn alloy
[55]. Zou et al. observed uniform corrosion with small depth
pits for the HSRR Mg-4Zn sample in 0.9% NaCl, whereas
the interconnected deeper pits with non-uniform corrosion for
the as-cast sample [56]. Similarly, Mg-4Zn samples deformed
by MDF or extrusion showed decreased degradation rates by
63% and 74% respectively than that of the as-cast one [43].
The higher degradation rate in the MDF-processed sample
than the extruded one is attributed to the inhomogeneous mi-
crostructure consisting of some un-recrystallized grains with
high dislocation density and high energy together with some
low-energy DRXed grains in the MDF specimen. The recrys-
tallized grains act as anode and the un-recrystallized grains
as cathodic sites, resulting in microgalvanic corrosion. There-
fore, the density of dislocations can influence the corrosion
behaviour of the material. Generally, the regions with a higher
dislocation density act as anode, whereas those with a lower
dislocation density act as cathode. This might result in the mi-
crogalvanic effect increasing the corrosion rates in Mg alloys
[126]. MDF-processed Mg-6Zn alloy has decreased cathodic
kinetics and growth of oxide layer along with refined mi-
crostructure, which resulted in a lower degradation rate than
the homogenised sample [84]. Furthermore, the electrode re-
action kinetics of the alloy decreased with the increase in the
total length of the grain boundaries [127]. Similarly, a reduced
degradation rate with uniform corrosion was also observed af-
ter FSPed [65] and Hot Extrusion + ECAP-stimulated solu-
tion treatment [77] of Mg-Zn samples. However, an increased
degradation rate for the Mg-Zn specimen was observed after
some deformation process such as on ECAP-BP [62], and ten-
sile and compressive deformation [72]. The increase in degra-
dation rate by some deformation process may be attributed to
accumulation of structural defects (e.g. dislocations and de-
formation twins), increased residual stress, which leads to the
enhancement of intergranular corrosion and stress corrosion.
Table 7 shows the corrosion rate of various deformed Mg-
Zn alloys in various physiological solutions. Fig. 9 indicates
the corrosion rates of Mg-Zn alloys in simulated body flu-
ids, revealing that Mg-5 wt.% Zn alloys showed the lowest
degradation rate among other as-cast alloys.
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Table 6
The list of corrosion data of various heat-treated Mg-Zn alloys.
Materials Processing Medium Ecorr Teorr Electro-chemical Immersion corrosion Hydrogen Ref
methods (VSCg) (LA/cm?) corrosion rate (mm/y) rate (mm/y) evolution rate
(ml/cm?/day)
Mg-3Zn T4 for 6 h SBF —1.730 223.6 5.10 1.92 (after 7 days) - [53]
Mg-3Zn T4 for 12 h SBF —1.724 216.2 4.94 1.87 (after 7 days) - [53]
Mg-3Zn T4 for 18 h SBF —1.718 210.7 4.81 1.85 (after 7 days) - [53]
Mg-4Zn ST PBS —-1.71 5.8 0.13 - 1.71 (after 11 [43]
days)
Mg-4Zn T6 PBS —1.69 50.0 1.14 - 3.54 (after 11 [43]
days)
Mg-6Zn T4 for 6 h SBF —1.702 205.2 4.68 1.42 (after 7 days) - [53]
Mg-6Zn T4 for 12 h SBF —1.692 198.4 4.53 1.38 (after 7 days) - [53]
Mg-6Zn T4 for 18 h SBF —1.682 191.5 4.37 1.36 (after 7 days) - [53]
Table 7
The list of corrosion data of various deformed Mg-Zn alloys.
Materials Processing methods Medium Ecorr Teorr Electro- Immersion Hydrogen Ref
(VSCg) (nA/cm?) chemical corrosion rate evolution rate
corrosion rate (mm/y) (ml/cmzlday)
(mm/y)
Pure Mg Hot Rolled at 400 °C SBF —1.796 37.24 0.84 - - [88]
Pure Mg Hot Rolled at 400 °C HBSS —1.544 9.58 0.22 - - [88]
Mg-1Zn Hot Rolled at 400 °C SBF —1.805 40.78 0.92 - - [88]
Mg-1Zn Hot Rolled at 400 °C HBSS —1.549 7.55 0.17 - - [88]
Mg-4Zn MDF PBS —1.65 2.6 0.06 - 1.02 (after 11 [43]
days)
Mg-4Zn Extruded PBS —1.53 1.2 0.03 - 0.72 (after 11 [43]
days)
Mg-4Zn Extruded PBS —1.65 + 60.3 £ 3.3 1.37 £ 0.07 - - [76]
0.03
Mg-6Zn Extruded SBF —1.62 45.0 - ~0.07 (after - [121]
30 days)
Mg-6Zn Hot extruded at 250 °C SBF —1.56 - 0.16 0.07 + 0.02 - [57]

(after 30 days)

4.5. Effect of surface treatment on the degradation of Mg-Zn
alloy

Several researchers further employed different surface
treatment techniques to control the degradation rate of Mg-
Zn alloy by postponing the start of the degradation process
[132]. The coated Mg-Zn alloy showed a lower corrosion rate
as compared to the uncoated one because the coating sur-
face hinders the transport of ions. The corrosion resistance
increases with an increase in the thickness of the coating
layer. In some cases, the decreased corrosion resistance with
thicker coatings as compared to the thinner coatings is due to
the presence of defects such as pores and microcracks on the
coating surface. The heat treatment performed after coating
consolidates the coating layer and thereby further increases
the corrosion resistance.

For Mg-Zn alloys for biomedical application, the coating
material can be divided into bioinert or bioactive coating
[133]. The bioactive coating is more preferable as it helps
an implant to mimic the natural properties of organ. For
bone tissue application, various form of Ca-P coating such
as brushite (DCPD) [134,135], hydroxyapatite (HA) [68,134]

[136], and fluoridated hydroxyapatite (FHA) [134] were ex-
plored to reduce the degradation rate in Mg-Zn alloy. In ad-
dition to controlling the degradation rate, the Ca-P coating
also helps in healing of bone tissue. The FHA-coated Mg-
6Zn alloy offers long-term stability and corrosion resistance
than DCPD and HA coating due to its largest stack density,
the lowest solubility products and a closely packed organi-
zation [134]. Furthermore, more biomineralization behaviour
of FHA-coated Mg-Zn alloy was observed due to the appear-
ance of more and better crystallized Ca-P formation on the
interface of biomaterials [137] The carbonate apatite (CAp)
coated Mg-Zn specimen also showed lower corrosion rate
than HA-coated one, indicating the more corrosion resistance
behaviour of CAp-coating [138]. Researchers also performed
MAO coatings [139] and MgCO3-3H,0 (nesquehonite) coat-
ing [128] on Mg-Zn alloy, improving corrosion resistance
in coated ones. Recently, researchers employed double-layer
coating and composite coatings such as nicotinic acid pre-
treatment (NA)/calcium phosphate composite coating [124],
Ca-P/chitosan coating [140], and HA coating on MAO-treated
[141] Mg-Zn alloys to improve the surface properties and en-
hanced the corrosion resistance of the alloys. Furthermore, a
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combination of both deformation and coating techniques such
as extrusion + hydrothermal coating showed a lower corro-
sion rate for the Mg-4Zn alloy than the extruded Mg-4Zn
alloy [76].

5. Evaluation of biological safety and functionality
5.1. Basic principle of biological safety evaluation

The biocompatibility of metallic materials depends on its
stability in the biological environment. It can be evaluated at
different levels including cellular, tissue, and human/clinical-
related biocompatibility [1]. Metal ions and wear debris re-
leased by implant degradation may influence the biological
functions of cells and tissue adjacent to implanted materi-
als. In the case of a biodegradable metal, its corrosion rate
inside the human body will strongly influence its biological
safety. Therefore, recreation of the corrosion environment in
the implanted site is the key issue for its biological safety
evaluation.

5.2. In vitro cell culture studies of Mg-Zn alloy

Cytotoxicity test is incorporated as the basic evaluation
of the biological safety of chemicals since the correlation
between cytotoxicity and human acute toxicity is confirmed
[142]. In the case of implant materials’ evaluation, cytotox-
icity correlates to the thickness of the fibrous tissue formed
around the implant materials, which is the parameter for the
inflammation level induced by implantation [142,143]. ISO
10993-5 offers a basic procedure for cytotoxicity evaluation
of biomaterials, indicating to use of established cell lines such
as 1929 (NCTC clone 929), Balb/3T3, MRC-5, WI-38, Vero,
BHK-21 and V-79. It also indicates the two methods for
cytotoxicity testing; a direct contact method and an extract
method. In the extract method, extract condition is crucial to
obtain reasonable results for a biodegradable metal.

Like ISO 10993-5, the most of cytotoxicity tests employ
cellular proliferation or viability as their endpoints. Beyond
these kinds of tests, materials’ effects on cellular function
such as specific biomolecule synthesis, mineral nodule for-
mation, and messenger RNA expression are also investigated
using in vitro cell culture technique. These kinds of cytocom-
patibility tests become popular in recent years but it should be
noticed that their relevance to in vivo or clinical implantation
results is unproved. Similarly, primary cells are frequently
employed to cytocompatibility tests since establish cell lines
often reported their loss in some cellular function which is
observed by in vivo experiments. However, availability of pri-
mary cells is limited, resulting in uncertain reproducibility and
reliability of their results. This is the reason that ISO 10993—
5 recommends to use the well-established cell lines for their
high reproducibility and reliability on their results.

Tables 8 indicates the results of cytotoxicity and cytocom-
patibility evaluation of Mg-Zn alloys. The results for Mg-
Zn specimens with surface treatment are also summarized
in Table 9. Regarding the uncoated Mg-Zn alloys, the re-

sults of the extract method gave no significant cytotoxicity
comparing to those without the extract solution either as-cast
nor deformed samples. However, by the direct method, ex-
truded Mg-6Zn alloy specimen suppresses the adhesion and
spreading of murine calvarial osteoblastic cells MC3T3-El
in comparison to PLLA [121]. Therefore, surface coating is
effective to improve cell viability on direct contact to Mg-
Zn alloy surface [136,138,139,144]. HA-coated Mg-3Zn al-
loy surface gave 41% higher cell viability of MG-63 (human
osteosarcoma-derived cells) than the uncoated one at days 1
and 3 [136]. However, the cell viability decreases after day
3 than day 1, indicating the influence of substrate corrosion
[136]. In addition to cytotoxicity of FHA-coated Mg-6Zn al-
loy by direct contact, Li et al. confirmed the higher osteoblas-
tic differentiation and activity on the coated surface using hu-
man bone marrow stromal cells (hBMSCs) [144]. This result
agrees with that Mg?* stimulates the osteogenesis [145]. The
osteogenic activity of the Mg-Zn alloy can be partly ascribed
to the Zn%t, which can stimulate bone formation and increase
osteogenic function in osteoblasts by stimulating cell prolif-
eration, alkaline phosphatase activity, collagen synthesis, and
osteoblast marker gene expression [146].

5.3. Antibacterial effect of Mg-Zn alloy

The implants possessing antibacterial behaviour are more
desirable for better clinical performance as they reduce the
risk of implant-associated infection. ISO 22196 offers the ba-
sic protocols for the evaluation of the antibacterial activity
of plastics and non-porous surfaces. The contact condition is
crucial for evaluating the antibacterial activity of biodegrad-
able metals [150]. The antibacterial activity of the Mg-Zn
alloy was possibly attributed to the synergistic effects of high
alkalinity and released Zn>* due to its degradation process
[147]. The high alkalinity (pH > 9) decreases the bacterial
surface hydrophobicity [151] and prevented biofilm forma-
tion on Mg surface [152]. Bacterial adhesion and growth can
be inhibited by reactive oxygen species (ROS) generated by
ZnO [153], and Zn** are able to inhibit transmembrane pro-
ton translocation, glycolysis, and acid tolerance in bacteria
[154]. Therefore, ZnO on the surface of the Mg-Zn alloy and
Zn>* released by the degradation of the Mg-Zn alloy may
contribute to enhancing its antibacterial properties.

5.4. Blood compatibility of Mg-Zn alloy

The blood compatibility plays a determined role in the
clinical applications as the implant inevitably come in contact
with blood during implantation. When the implant comes into
contact with blood, plasma protein adsorption occurs within
a very short time, and the adsorbed plasma protein plays
a major role in the blood reactions (including platelet acti-
vation, hemolytic reaction, and coagulation factor activation,
etc.) [155,156]. ISO 10993-4:2002 offers the basic protocols
for the evaluation of the blood compatibility for medical de-
vices. Extruded Mg-6Zn alloy showed a hemolysis rate of
3.4%, which is less than 5%, indicating the non-destructive



Table 8
The results in cytocompatibility evaluation of Mg-Zn alloys.
Materials Processing Methods* Cells Inoculated Incubation End point Control Results Ref
number period
Mg-1Zn As-cast Extract L929 5 x 103 2, 4, and Viability Pure Mg No cytotoxicity with enhanced cell viability than pure [88]
NIH3T3 in 100 pL 7 days Mg.
MC3T3-El
ECV304
VSMC
Mg-5.6Zn As-cast Extract Rat BMSC 3 x 10° 1, 3, and 5 Viability Ti (i) Similar cell viability to control. (ii) More mineralized [147]
per 96 well days nodules and higher ALP activity for Mg-Zn extract than
1 x 10° 2 and 3 weeks  Calcification control. (iii) Increased expression of differentiation
per 6 well 4,7, and 10 ALP markers for Mg-Zn extract at day 7 but no difference at
days day 14.
7 and 14 days RT-PCR
Mg-6Zn Extrusion Direct MC3T3-El 1 x 10* 2h Adhesion PLLA Mg-6Zn is able to support earlier adhesion of cells, but [121]
per 24 well (morphology) they do not spread as sufficiently as those on PLLA.
(0.5~1 mL)
Mg-5.6Zn Extrusion Direct MC3T3-El 1 x 10%/cm? 1, 2, 4h Attachment PLLA (i) More cells attached to Mg-Zn alloy than PLLA. (ii) [148]
(in 24 well) Greater area of mineralized nodules formed on Mg-Zn
1 x 103/well 21 days Mineralization alloy than PLLA. (iii) collagen (COL) la1 and
Every 3 days RT-PCR osteocalcin (OC) mRNA were at a higher level for
Mg-Zn group than PLLA at day 3 and 12, respectively.
Mg-6Zn Extrusion Extract L929 2.5 x 10° 2, 4, and Relative No sample  No significant difference in RGR between the extracts [57]
in 100 pL 7 days growth rate and negative control.
(RGR)
Mg-6Zn Extrusion + aging  Extract L929 not mentioned 1, 4, and Relative No sample  No significant difference in RGR between the extracts [61]
at 150 °C for 24h 7 days growth rate and negative control.
(RGR)

2 The method how the cells contact to the testing sample; the extract method employs extract solution added into culture medium, and in the direct method, cells are directly inoculated onto the material
surface and cultured on it. VSMC, vascular smooth muscle cells. BMSC: bone mesenchymal stem cell.
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Table 9

The list of cytocompatibility evaluation of surface-coated Mg-Zn alloys.

Materials Surface Methods® Cells Inoculated Incubation End point Control Results Ref
modification number period
Mg-1Zn CAp-coated Direct MC3T3-El 2 x 10*/cm? 3 days Viability Uncoated CAp and HA coatings enhanced the cell viability on the [138]
Mg-5Zn HA-coated (in 2 mL) sample Mg-Zn alloys, but the Cap coatings improved it more
Mg-7Zn effectively than the HA coating.
Mg-3Zn HA-coated Direct (after MG-63 5% 10/ 4h Adhesion, Uncoated (i) Coated sample had better initial cell adhesion even [136]
pre-incubation 50 uL 1, and 3 days  viability and alloy and than TCPS. (ii) The coated ones had 41% higher cell
in SBF or morphology TCPS viability than the uncoated ones at days 1 and 3, but the
D-MEM) cell viability at day 3 decreased than day 1 and TCPS.
Mg-6Zn FHA-coated Direct hBMSC 1 x 10*/disc 24h Morphology Uncoated (i) Cells on both uncoated and coated samples spread [144]
5 x 10%/disc 1-4 days Viability Mg-6Zn well. (ii) Higher proliferation observed on coated ones at
5 x 103/disc 7, 14, 21 days ALP days 2 and 3. (iii) Higher ALP levels appeared on coated
2 x 10%/disc 7, 14, 21 days RT-PCR ones at days 14 and 21. (iv) The up-regulation was
suggested on coated ones after 21 days of culture.
Mg-6Zn FHA-coated Extract hBMSC 5 x 10% per 2,4, and 7 Viability and No sample (i) No significant difference in cell viability at days 2 and ~ [149]
96 well days morphology 4, but the higher viability on the extracts than the
negative control at day 7. (ii) No morphological change
was observed in 100% extract.
Mg-6Zn MAO-coated Direct Rabbit BMSC 5 x 10%*/cm? 6, 12, and 24 Adhesion Uncoated (i) Coated samples showed improved the cell viability, [139]
h sample cell adhesion and spreading. (ii) ALP activity is enhanced
Extract 1 x 10%/100 1,3, and 5 Viability with increase in extract concentration of coated samples.
nL days (iii) Col-I expression increased on both uncoated and
1 x 10*/mL 14 days ALP coated samples.
Col-1

2 In the extract method, extract solution of the testing materials was added into culture medium. In the direct method, cells are inoculated onto the testing material. FHA, Fluoridated Hydroxyapatite; HA,
Hydroxyapatite; CAp, carbonate apatite; MAO, Microarc Oxidation; TCPS, tissue culture polystyrene; ALP, alkaline phosphatase activity assay; RT-PCR, Reverse transcription-polymerase chain reaction

assay; hBMSC, human bone marrow-derived stem cell.
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Fig. 9. The corrosion rate of various Mg-Zn alloys after the electrochemical test and immersion test in SBF. E and I indicate electrochemical and immersion
tests, respectively. The data sources are following references: E-as-cast from [41,42,44,53,85,88,123,128], E-deformed from [44,55,57,88,129], E-heat-treated
from [53], I-as-cast from [41,42,44,53,55,123,130], I-deformed from [44,55,131], and I-heat-treated from [53].

effect on red blood cells (RBCs) [121]. However, pure Mg
has a high hemolysis rate of 59.24% because of its higher
degradation rate [157]. The larger increase in local pH ac-
companying to higher degradation rate of pure Mg promotes
the binding between hemoglobin and cellular membrane and
enhances the uptake of Ca’* by RBCs, resulting in the rupture
of RBCs leading to hemolysis. Zn>* are reported to reduce
the fragility of RBCs and to maintain the enzyme activities,
which is contributing to reduction in hemolysis [158,159].
Furthermore, the less corrosion of Mg-Zn alloys and the an-
ticoagulant properties of Zn?>* may contribute to less platelet
adhesion and activation, that means better anticoagulant per-
formance [160]. Therefore, the alloying of Mg with Zn may
lead to better blood compatibility. The surface treatment such
as MAO coating on Mg-6Zn alloy further improved the blood
compatibility by reducing the hemolysis rate from 4 (without
coating) to 1.9% [139], suggesting the further reduction of
corrosion reaction and resulting local pH shift is preferable
for the devices contacting to blood for long period of time.

5.5. In vivo implantation studies of Mg-Zn alloy

In vivo implantation is a widely used method to estimate
the biological performance and safety of a biomedical device
due to the assumption of nearly similar physiological condi-
tions in the testing animals and humans. Regarding the Mg-
Zn alloys, only one alloy, Mg-5.6Zn was extensively studied
by the group of Shanghai Jiaotong University and Shanghai
Sixth People’s Hospital.

Implantation of a Mg-5.6Zn rod into the distal femur mar-
row cavity of the New Zealand rabbit resulted in the material
degradation of 87% after 14 weeks with no measurable influ-

ence in serum magnesium, or on liver and kidney functions
[57,161]. The serum uric acid and creatine kinase increased
transiently after the surgery but returned to preoperative lev-
els 1 weeks after the surgery [161]. There were no changes
in the histology of the heart, liver, kidney, or spleen postop-
eratively [161]. These observations suggest that Mg-Zn alloy
has good biocompatibility with no damages on vital organs
by femur implantation.

The degradation behaviour of the implanted Mg-5.6Zn rod
was confirmed radiographically; the macroscopic degradation
starts in the first 3 weeks after post-implantation with the ev-
idence of fuzzy implant edges accompanied by subcutaneous
bubbles (Fig. 10a), and gradual progress in degradation was
indicated by too blurry radiograph of the implant (Fig. 10b)
at 12 weeks after post-implantation [57,161] After 3 weeks,
the tissues around the gas bubble are composed of two layers,
an inner compact one and an outer loose connective tissue (as
shown in Fig. 11) [57]. No adverse effects due to these gas
bubbles were observed and they disappeared after 6 weeks
without any intervention [57,161], indicating the diffusion of
hydrogen gas into the surrounding tissues.

Observation of the cross-sections of the implanted rods af-
ter 12 weeks of post-implantation also confirmed the marked
degradation of Mg-5.6Zn rod with the irregular shapes accom-
panied by the layer of degradation products and newly formed
bone [148]. Neither inflammation nor fibrous membrane was
presented at the interface between the Mg-5.6Zn rods and
the bone tissue, whereas continuous fibrous membranes were
formed for PLLA rods [148]. Furthermore, in comparison to
Ti Kirschner wires, Mg-5.6Zn rods had more new bone for-
mation and enhanced bone-to-implant contact around the im-
plants after 8 weeks of post-implantation into the distal femur
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12 weeks

Fig. 10. Radiographs of hot extruded Mg-5.6Zn rod at 3 weeks (a) and 12 weeks (b) post-implantation. Reprinted from Acta Biomaterialia, vol 6, Issue
2, Shaoxiang Zhang, Xiaonong Zhang, Changli Zhao, Jianan Li, Yang Song, Chaoying Xie, Hairong Tao, Yan Zhang, Yaohua He, Yao Jiang, Yujun Bian,
Research on an Mg—Zn alloy as a degradable biomaterial, page no. 626640, Copyright 2010, with permission from Elsevier [57].

Fig. 11. Hematoxylin and eosin (HE) stained tissues around the gas bubble
at 3 weeks post-implantation. Reprinted from Acta Biomaterialia, vol 6, Issue
2, Shaoxiang Zhang, Xiaonong Zhang, Changli Zhao, Jianan Li, Yang Song,
Chaoying Xie, Hairong Tao, Yan Zhang, Yaohua He, Yao Jiang, Yujun Bian,
Research on an Mg—Zn alloy as a degradable biomaterial, page no. 626-640,
Copyright 2010, with permission from Elsevier [57].

of the rat [147]. Mg-5.6Zn pin had better healing with reduced
inflammation than Ti pin after 4 weeks of post-implantation
into the cecum of the Sprague-Dawley rats [162]. At this im-
plantation site, no emphysema was formed due to the rapid
adsorption of hydrogen gas by the intestine [147].

Implantation of an extruded Mg-5.6Zn tube into the com-
mon bile duct (CBD) of adult New Zealand rabbits confirmed
the majority of the Mg-5.6Zn tube remained in the CBD after
1-week post-implantation, whereas 91% of the tube degraded
after 3 weeks of post-implantation [163]. These data indicate
that the degradation rate of the implant depends on the im-
plantation site.

To suppress the quick degradation and improve the inter-
face bioactivity of the implant, FHA coating was applied to
Mg-5.6Zn alloy [149]. Implantation into the femoral shaft of
adult New Zealand rabbits confirmed more direct contact on
FHA-coated alloy than uncoated one after 1 month post im-
plantation [149]. From the above literature, it can be con-
cluded that Mg-5.6Zn alloy degraded in a controlled manner
accompanied by new bone formation with enhanced bone-to-

implant contact (Table 10). The released Mg?* and Zn?* dur-
ing the degradation of Mg-5.6Zn alloy may help the formation
of new bone near the implant site. The degradation rate of
the implant also depends on the implantation site. However,
the implantation condition into the animal body differs from
that into human body in terms of size, body weight, amount
of body fluid, etc. which sometimes leads to undesired results
even though they had good compatibility by in vivo implan-
tation tests.

6. Future areas and challenges

This section addresses the difficulties that the researchers
have encountered in the studies of biodegradable Mg-Zn al-
loys and the topics that require additional focus in this field.
In the future, the combination of thermo-mechanical deforma-
tion and surface modification techniques could attract atten-
tion. As described Section 3, the highest UTS of Mg-Zn alloy
is 301 MPa with 4 wt.% Zn, which is lower than that of Ti
grade 2, which is employed for conventional nondegradable
microplates and screws as temporary implants. The applica-
tion of the material with lower mechanical properties brings
the increase in the device thickness, which is generally un-
welcome due to the spatial limitation in the tissue for the
bone fixture implant. Therefore, deformation techniques are
primarily utilized to increase mechanical properties, which is
the basic requirement for the application to temporary bone
fixture devices. The effect of different processing techniques
on the degradation behaviour and following antibacterial ac-
tivity of Mg-Zn alloy also needs attention.

The surface modification is mandatory to avoid the early
degradation of the implant, which causes the formation of gas
cavity in surrounding tissue, resulting in retardation of heal-
ing process. In one of the in vivo implantation studies intro-
duced in Section 5.4, the tunnel of the rabbit femur made by
sham operation in control group healed within 3 weeks, but
in the Mg-5.6Zn implant group, the large gaps between the
implant and bone tissue were observed even after 14 weeks
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Table 10
The list of results from the in vivo test of Mg-Zn alloys.
Materials Processing  Animal  Implantation Implantation Control Results Ref
site period material
Mg-5.6Zn  Extruded Rabbit Femoral 18 weeks Without (i)New bone formation with 87% of implant material [57]
marrow cavity implant degradation
(ii)The gas bubbles were disappeared after 6 weeks of
post implantation indicating the diffusion of hydrogen
gas into the surrounding tissues
Mg-5.6Zn  (Extruded) Rabbit Femoral 14 weeks Without Mg-Zn alloy is resorbable (degraded 87%) when [161]
marrow cavity implant implanted in bone. It has no effect on the
chromaticness, structure or function of heart, liver,
kidney, or spleen.
Mg-5.6Zn  (Extruded) Rabbit Femoral 12 weeks Poly-L-lactic (1)The Mg-5.6Zn alloy not only degraded faster but [148]
marrow cavity acid (PLLA) was accompanied by more new bone formation than
PLLA
(ii) The fibrous membrane was observed only at
interface between bone tissue and PLLA implant
Mg-5.6Zn (Extruded) Rat Femoral 8 weeks Ti Kirschner More new bone formation and enhanced [147]
marrow cavity wire bone-to-implant contact were observed around the
Mg-Zn alloy implants than around the Ti implants
Mg-5.6Zn Extruded Rabbit Common bile 3 weeks Stainless steel ~ After 1 week most of the stent structure retained [163]
duct (CBD) whereas after 3 weeks 91% of Mg-5.6Zn stent
degraded
Mg-5.6Zn Extruded Rat Cecum 4 weeks Ti (i)Better healing and reduced inflammation for [162]
Mg-6Zn than Ti
(ii))H, gas was rapidly absorbed by the intestine and
not formed emphysema in the implantation site
Mg-5.6Zn  FHA Rabbit Femoral 4 weeks - FHA coating enhance the interface bioactivity mainly [149]
coated condyle by inducing quicker differentiation and decreasing the

degradation rate to make a better contacted interface

of implantation [161]. To improve this, FHA-coating was em-
ployed and succeeded to have direct contact between the im-
plant and bone tissue at 1-month post-operation [149]. More
techniques will be studied for the control of implant degrada-
tion rate and interfacial activity. Research on the composite
coating layers is one of them, where the inner layer reduces
the rate of substrate corrosion and the outer layer delays the
onset of the corrosion process. A thorough investigation into
the impact of different ceramic-polymer coating combinations
on the corrosion process is also necessary.

The human interstitial fluid contains inorganic ions as well
as organic components such as amino acids, lipids, carbohy-
drates, and proteins. Its pH is influenced by the gas com-
position inside the body; 5% CO,, 5% O,, and 90% N, in
peripheral tissue. Blood flow supplies nutrition and oxygen to
every tissue via capillary network, which also helps diffusion
of metabolites and waste molecules. The fluid composition,
gas partial pressure, and diffusion rate by circulation differ
with implanting tissue and organ. Therefore, more research is
still needed to analyse the mechanical and corrosion proper-
ties of the Mg-Zn alloy in the intricate human physiological
environment.

Even though a few in vivo studies on Mg-Zn alloys have
been conducted, more thorough in vivo investigations are nec-
essary prior to conducting clinical trials. The mechanism of
hydrogen absorption and whether the hydrogen can be metab-
olized or will accumulate in certain organs are still unknown
and need further detailed investigation. Furthermore, the re-
sults of animal studies not always give the same results to

those in human clinical cases. The recreation of pathological
condition is a critical issue to lead the success of device de-
velopment in an efficient manner. Not only an in vivo model
but also in vitro experimental techniques including tissue en-
gineering should be investigated for better understanding of
the requirements for the implant device treating a specific
injury or diseases.

7. Conclusions

An ideal biodegradable material should possess sufficient
mechanical properties, a degradation rate aligning with the
tissue healing process, and excellent biocompatibility. In the
case of Mg-Zn alloy, the degradation rate decreases with the
addition of up to 5 wt.% Zn, achieved through the formation
of ZnO, which is more stable than MgO in aquas condition.
However, further additions lead to an increased degradation
rate due to the formation of a more continuous network-like
structure of the secondary phase, leading to localized corro-
sion. Similarly, mechanical properties exhibit significant im-
provement up to 4 wt.% Zn, beyond which no notable en-
hancement is observed due to the formation of a network
structure with dendritic segregation along grain boundaries
caused by a higher number of second phases. Therefore, the
optimal composition for implant applications is identified as
Mg-Zn alloy with 4.0-5.0 wt.% Zn.

Various thermo-mechanical processing techniques can en-
hance mechanical properties and corrosion resistance, but op-
timization of processing parameters is crucial. Decreasing
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grain size and reducing the secondary phase through suit-
able deformation processes improve mechanical properties
and increase corrosion resistance. The decreased grain size
enhanced surface homogeneity, while a lower amount of sec-
ondary phase results in a discontinuous distribution, reducing
the degradation rate. However, in some cases, lower grain size
post-deformation may not decrease the degradation rate due
to the presence of high dislocation densities.

Coating Mg-Zn alloy reduces corrosion rate by hindering
ion transport. Mg-Zn alloys processed by suitable techniques
such as deformation and proper surface treatment showed bet-
ter cell adhesion and proliferation, and excellent biocompat-
ibility compared to the as-cast alloy. The Mg?* produced as
a result of in vivo degradation help in the formation of new
bone near the implant site. The presence of Zn in the Mg-Zn
alloy may contribute to strengthen the bone-implant contact
region.

In conclusion, biodegradable Mg-Zn alloys show promise
as potential candidates for temporary implant applications.
With further development, they are anticipated to partially
replace traditional metallic implants and serve as next-
generation implants.
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