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A B S T R A C T

Alloying combined with plastic deformation processing is widely used to improve mechanical properties of pure
Zn. As-cast Zn and its alloys are brittle. Beside plastic deformation processing, no effective method has yet been
found to eliminate the brittleness and even endow room temperature super-ductility. Second phase, induced by
alloying, not only largely determines the ability of plastic deformation, but also influences strength, corrosion
rate and cytotoxicity. Controlling second phase is important for designing biodegradable Zn alloys. In this re-
view, knowledge related to second phases in biodegradable Zn alloys has been analyzed and summarized, in-
cluding characteristics of binary phase diagrams, volume fraction of second phase in function of atomic per-
centage of an alloying element, and so on. Controversies about second phases in Zn–Li, Zn–Cu and Zn–Fe systems
have been settled down, which benefits future studies. The effects of alloying elements and second phases on
microstructure, strength, ductility, corrosion rate and cytotoxicity have been neatly summarized. Mg, Mn, Li, Cu
and Ag are recommended as the major alloying elements, owing to their prominent beneficial effects on at least
one of the above properties. In future, synergistic effects of these elements should be more thoroughly in-
vestigated. For other nutritional elements, such as Fe and Ca, refining second phase is a matter of vital concern.

1. Introduction

Biodegradable metals such as Mg, Fe and Zn have drawn more and
more attention in recent years. Compared with Mg and Fe, research on
Zn is much less intensive. Zn has a hexagonal close-packed (HCP)
structure with lattice parameters of a= 0.2665 nm and c= 0.4947 nm.
Experimentally measured Young's modulus (E) of polycrystalline pure
Zn lies within 78–121 GPa, the average of which is 97 ± 14 GPa [1].
EZn is about 46% of EFe (= 210 GPa [2]), but about 2 times of EMg (=
39–46 GPa [3]). So its stress shielding effect lies between them. In the
as-cast state, Zn is soft and brittle. Through alloying and hot plastic
deformation processing, not only the brittleness of Zn can be elimi-
nated, but also its yield strength can be elevated beyond 200 MPa,
suitable for making clinical devices such as bone screws and

intravascular stents. Alloying usually introduces second phases in Zn,
which greatly influence its comprehensive properties. So controlling
second phase is a critical aspect for Zn alloy design. However, previous
reviews have not dedicated to this aspect yet.

Solid solubility is an important concern for selecting alloying ele-
ments to strengthen metals due to their possible effects of solid solution
strengthening and precipitation hardening. For biodegradable metals,
the basic requirement of alloy elements is that they should not be highly
toxic, which excludes elements such as Pb, Hg, As, Tl and so on. Twenty
six nontoxic elements [4] can be considered as alloying elements in
biodegradable Zn alloys, which are the focus afterwards. According to
phase diagrams, among the major elements in the human body, only Mg
has a limited solid solubility in Zn, which reaches its maximum value of
0.4 at.% (or 0.1 wt%) at the eutectic temperature of 364 °C, as shown in
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Fig. 1a. Although the amount of Ca is higher than that of Mg in the
human body, Zn alloys with Ca addition are suffered from low ductility,
due mainly to the formation of coarse CaZn13 particles [5]. Among the
trace elements in the human body, only Cu, Mn and Li have solid so-
lubilities in Zn (Fig. 1a). They are ranked decreasingly in the following
sequence: Cu (2.8 at.%) > Mn = Li (1.0 at.%) [6–8]. Controversial
data of the maximum solid solubility of Li in Zn are published in lit-
eratures, which are 1.0 at.% [8] and 3.5 at.% [9]. The former one is
more reliable according to the microstructure of Zn-1.1Li alloy (in at.%)
that will be discussed later.

None of Sr, Sn and Ge, non-essential but useful elements, has solid
solubilities in Zn (Fig. 1b). Among non-toxic trace elements with un-
known function, only Au, Ag and Al have solid solubilities in Zn. The
solid solubility of Au in Zn is remarkably high, with the maximum value
of 7.5 at.% at 483 °C and a high value of 2.1 at.% at room temperature.
The maximum solid solubility of Ag is 5.0 at.%, while that of Al is
2.8 at.% [10,11]. So addition of Mg, Mn, Li, Cu, Au, Ag or Al is possible
to improve mechanical properties of pure Zn through solid solution
strengthening and precipitation hardening. Considering cost, Au and Ag
are not preferred. Al, also not preferred, has been recognized as a
neurotoxicant, possibly relevant to Alzheimer's disease [12,13].

Size and distribution of second phase are also important concerns
for alloy design. Uniformly distributed fine second phase particles can
significantly reduce pitting damage, and thus improve mechanical in-
tegrity during service. The size can be roughly estimated in as-cast state
by the reaction during solidification in the Zn-rich end of a phase dia-
gram. Generally speaking, second phase formed due to eutectic reaction
is much finer than that formed due to peritectic reaction. The possible
alloying elements that can have an eutectic reaction with Zn are sum-
marized in Fig. 2a. Some of them form an eutectic structure of Zn and
an intermetallic compound, including Mg, Mn, Li and Cr. The others
form an eutectic structure of Zn and a simple substance, including Sn,
Ge, Al and Bi. Much more elements have a peritectic reaction with Zn.
Those with solid solubilities in Zn are summarized in Fig. 2b, including
Cu, Au and Ag. The others without solid solubility in Zn are summar-
ized in Fig. 2c with a stoichiometric γ phase and in Fig. 2d with a non-
stoichiometric α phase. When the reaction of L→L+α or L→L+γ takes
place, the primary solidification phase (i.e., α or γ phase) is often coarse
and dendrite-like intermetallic compound under conditions of conven-
tional casting [14–17]. For the elements without solid solubility in Zn,
such as Ca and Fe, the sizes of coarse particles can only be reduced
mechanically through plastic processing. In this case, cracks within the

particles and weak interfaces between the particles and Zn matrix are
prone to promote unstable crack propagation, which is likely to be
blamed for decreased ductilities of Zn alloys containing Ca or Fe.

In order to design biodegradable Zn alloys with good comprehen-
sive properties, nutritional or at least non-toxic elements that have solid
solubilities in Zn and are related to an eutectic reaction are to be given
top priority for being the major alloying elements in pure Zn. These
elements are Mg, Mn and Li. For the elements with solid solubilities in
Zn that are related to an peritectic reaction, long time and multi-
stepped heat-treatments can be employed to change size, distribution
and interfaces of second phase particles dramatically through phase
transformations. So Cu, Ag and Au are also good choices for alloying.

2. Second phases in biodegradable Zn alloys

2.1. Mg-containing Zn alloys

Mg2Zn11 with a cubic lattice structure (a = 0.8552 nm) is a main
second phase in Zn alloys containing Mg [21,22]. Improved corrosion
resistance of Zn–5Al–2Mg alloy may attribute to dispersed Mg2Zn11
particles [23]. Minor Mg addition as low as 0.08 wt% (or 0.2 at.%) can
strengthen Zn remarkably [24], the mechanism of which is still unclear.
Unfortunately, Zn–Mg alloys are suffered to prominent natural brittle-
ness due to precipitation of nano-sized Mg2Zn11 particles and continued
static recrystallization in shear bands [25,26]. After a storage of 9 days,
elongation of drawn Zn-0.08 Mg wires decreases by about 57% [24],
undermining its attractiveness to commercial applications.

2.2. Mn-containing Zn alloys

As shown in Fig. 3a, MnZn13 with a base-centered monoclinic (BCM)
lattice structure (a = 1.3483 nm, b = 0.76626 nm, c = 0.5134 nm,
α = 90°, β = 127.78°, γ = 90°) is a main second phase in Zn alloys
containing Mn [27,28]. {110} twinning is an important deformation
mode in MnZn13. The disorientation angle between the parent and the
twin is calculated to be 71.44°, agreeing well with electron back-
scattered diffraction (EBSD) measurements [29]. The twinning is ben-
eficial to release accumulated stress in the vicinity of the interface be-
tween a hard MnZn13 particle (168.2 HV) and its surrounding soft Zn
matrix (31.8 HV), which possibly delays cracking. MnZn13 particles
stimulate recrystallization of Zn grains during plastic deformation not
only at high temperatures but also at room temperature, resulting in

Fig. 1. Solid solubilities of nontoxic alloying elements in Zn: (a) major and trace elements, (b) nonessential but useful elements, and nontoxic trace elements with
unknown function.
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superior ductility of Zn–Mn binary alloys [27]. Precipitation hardening
is suggested by the revealing of MnZn13 precipitates in heat-treated
Zn–Mn binary alloys. The precipitates have a lath-like morphology ty-
pically due to solid-state phase transformation, since they exhibit a
reproducible orientation relationship (OR) with respect to Zn matrix
[30]. Because of very good ductility and potential for precipitation
hardening, low-alloy Zn–Mn binary alloys (Mn < 1 wt% or 1.2 at.%)
are found to be candidates for developing high-strength low-alloy
(HSLA) Zn alloys with good comprehensive properties [28,31].

2.3. Li-containing Zn alloys

β-LiZn4 with a HCP structure (a = 0.278 nm and c = 0.439 nm) is a
main second phase in Zn alloys containing Li [18,32,33]. The solid
solubility of Zn in β-LiZn4 decreases considerably with decreasing
temperature, so that needle-like Zn precipitates form in β-LiZn4 den-
drites (Fig. 3b) in as-cast Zn-0.8Li alloy (in wt.%), which endows brittle
β-LiZn4 phase a better ductility [18]. Etching solution for micro-
structure observation is in priority to corrode β-LiZn4 rather than Zn
[18]. This is reasonable since the standard electrode potential of Li is
much lower than that of Zn. The eutectic composition in the Zn-rich end
is 4 at.% (or 0.44 wt%) Li. During solidification of the melt of a hy-
poeutectic Zn–Li alloy, the primary solidified phase is Zn. When

temperature is lowered down to the eutectic temperature of 403 °C, Zn/
β-LiZn4 eutectic structure (Fig. 3b) forms in the remnant liquid between
Zn grains. This kind of microstructure has been reported for Zn-1.1Li
and Zn-3.2Li alloys (in at.%) [34]. When the Li content reaches 4 at.%,
ideally the microstructure completely consists of Zn/β-LiZn4 eutectic
structure. During solidification of the melt of a hypereutectic Zn–Li
alloy, the primary solidified phase is β-LiZn4, which would be dendrite-
like, as in Zn-5.5Li alloy (in at.%) [34] and in Zn-0.8Li alloy (in wt.% or
Zn-7.1Li in at.%) [18].

Another HCP structured phase, α-Li2Zn3 (a = 0.4386 nm and
c = 1.8738 nm), is detected in as-rolled Zn-0.8Li alloy (in wt.%) by
using three-dimensional atom probe (3D-AP) [18]. This metastable
phase particles are ellipsoidal shaped with an average long axis of
4.4 nm, resulting in a precipitation hardening effect [18].

2.4. Cu-containing Zn alloys

Controversial results have been reported for the second phase in Zn
alloys containing Cu, which is claimed to be ε-CuZn4 [35–37] or ε-
CuZn5 [14,38–40]. ε-CuZn4 has a HCP structure (a = 0.27418 nm and
c= 0.42939 nm) similar to Zn [35]. However, the crystal structure of ε-
CuZn5 has not been provided in references [14,38–40]. According to
Zn–Cu binary phase diagram [6], composition of Zn in ε-phase ranges

Fig. 2. Summary of Zn-rich ends of binary Zn diagrams: (a) Eutectic phase diagram. (b) Peritectic phase diagram with solid dissoluble element X. (c) Peritectic phase
diagram with solid indissoluble X and a stoichiometric intermetallic compound γ. (d) Peritectic phase diagram with solid indissoluble X and a non-stoichiometric
intermetallic compound α.
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from 78 at.% at 560 °C and 88 at.% at 425 °C. So Zn/Cu atomic ratio in
this phase ranges from 4 to 7. When temperature drops to 200 °C, the
composition range of Zn in ε-phase shrinks to be 80–86 at.% [6], with
Zn/Cu atomic ratio in the range of 4–6. Zn–Cu alloys with Zn as the
matrix lie either in the single phase region of Zn solid solution (desig-
nated as η in Zn–Cu phase diagram [6]) or in the two-phase region of
η+ε. Therefore, at room temperature, the Zn/Cu ratio of ε-phase should
be close to 6. This has been confirmed by the measured Zn/Cu ratios of
5.5–6.0 of the second phase particles in as-cast Zn–4Cu alloy (in wt.%)
[38]. Increasing the Cu content in the alloy, the material will enter into
ε-phase region and then into ε+γ two-phase region, where γ is anther
Zn–Cu intermetallic compound. The Zn/Cu ratio of ε-phase in the ε+γ
region maintains at 4 from high to low temperatures so that it is more
reasonable to describe ε-phase as ε-CuZn4.

The volume fraction of ε-CuZn4 phase increases with increasing Cu
addition. In as-cast Zn–1Cu alloy (in wt.%), it is difficult to find this
phase by using optical microscopy, although its weak peaks are de-
tected by XRD [38]. However, in as-cast Zn–4Cu alloy (in wt.%), a large
amount of CuZn4 dendrites are observed [38]. Small CuZn4 particles
effectively refine Zn grains due to good lattice matching between them.
As a result, a reproducible OR exists between them, which can be ex-
pressed as [-1-120]CuZn4//[2-1-13]Zn, (1–101)CuZn4//(-1011)Zn,
(000–2)CuZn4//(01–10)Zn [35].

2.5. Ag-containing Zn alloys

AgZn3 with a HCP structure (a= 0.28231 nm and c= 0.44407 nm)
is a main second phase in Zn alloys containing Ag [10,15]. Owing to
good lattice matching, small AgZn3 particles effectively refine Zn grains
and exhibit a reproducible OR with respect to Zn matrix, i.e., [-12-1-
3]AgZn3//[-12-10]Zn, (01–11)AgZn3//(10–11)Zn, (10-10)AgZn3//(0002)Zn
[15]. This OR is crystallographically equivalent to that between CuZn4
and Zn, except for the interchange of Zn matrix and the second phase.
Since pro-peritectic AgZn3 and CuZn4 particles have similar crystal
structures, it is expected that both of them can act as effective hetero-
geneous nucleation sites for Zn grains. Coarsening of the particles

diminishes the grain refining effect. The smallest grain size is obtained
at 4.5 wt% Ag or at 2.0 wt% Cu under conventional casting conditions
[15,35].

2.6. Fe-containing Zn alloys

As shown in Fig. 3c, FeZn13 with a BCM crystal structure
(a = 1.3424 nm, b = 0.76080 nm, c = 0.5061 nm, α = 90°,
β = 127.30°, γ = 90°) similar to MnZn13 is a main second phase in Zn
alloys containing Fe [19,41]. However, the coarse Fe-rich phase in Zn-
1.3Fe and Zn–4Fe alloys (in wt.%) is claimed to be FeZn11 [42,43]. This
is doubtful since there is no such phase in Zn–Fe phase diagram [44].
With minor additions of Fe in Zn–1Mn alloy, a new (Fe, Mn)Zn13 phase
forms [19]. The (Fe, Mn)Zn13 particles with a lath-like or a blocky
morphology are much larger than MnZn13 particles. Since the lattice
parameters of (Fe, Mn)Zn13 and MnZn13 are nearly the same, the latter
one can grow epitaxially on the former one, resulting in a (Fe, Mn)Zn13/
MnZn13 core/shell structure as shown in Fig. 3d [19].

2.7. Ca-containing Zn alloys

CaZn13 with a FCC crystal structure (a = 1.213 nm) is a main
second phase in Zn alloys containing Ca [20]. It easily grows to be a
large dendrite (Fig. 3e). The phase grows preferentially along<111
>and<010>directions, resulting in the formation of 3-petal flower-
shaped particles as shown in Fig. 3f. Ca-containing Zn alloys also suffer
from the detrimental effect of coarse pro-peritectic CaZn13 particles on
ductility. In as-cast Zn-0.8Mn-0.4Ca alloy, the average size of CaZn13
particles is about 9 times of that of MnZn13 particles. Even after large
plastic deformation, the former size is still about 5 times of the latter
size. In the extruded and then caliber rolled alloy, unbroken large
CaZn13 particles are severely cracked, which accelerates fracture [20].

3. Combined effects of alloying elements and second phases

An alloying element (designated as X) can significantly change the

Fig. 3. Second phases in as-cast biodegradable Zn alloys: (a) MnZn13 in Zn-0.8Mn alloy; (b) β-LiZn4 in Zn-0.8Li alloy [18]; (c) FeZn13 in Zn-0.3Fe alloy; (d) (Fe, Mn)
Zn13/MnZn13 core/shell particles in Zn–1Mn-0.5Fe alloy [19]; (e) Dendritic CaZn13 in Zn-0.8Mn-0.6Ca alloy; (f) Petal-shaped CaZn13 in Zn-0.8Mn-0.4Ca alloy [20].
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microstructure of pure Zn due to formation of Zn-X second phase. The
equilibrium volume fraction (vol%) of a second phase can be estimated
according to its density and Zn-X phase diagram [30], as shown in
Fig. 4a. When X = Mn, Sr, Ca, Zr or Fe, it forms ZnX13 with the highest
X/Zn atomic ratio. With 6.0–7.5 at.% addition, the volume fraction of
ZnX13 reaches 100 vol%. When X = Ge, it forms X single substance
phase with the lowest X/Zn atomic ratio of zero. Even with a high
addition of 18 at.%, the volume fraction of X is still lower than 30 vol%.
Experimentally measured volume fractions of second phases have also
been presented in Fig. 4a, agreeing well with the calculation. Second
phase particles can refine Zn grains [27]. The most effective ones are
Mg and Mn. Only 0.5 at.% addition of either of them refines deformed
Zn grains to be smaller than 10 μm (Fig. 4b).

3.1. Mechanical properties

Generally for metals, alloying elements increase density of defects
hindering dislocation motion, resulting in an improved strength but a
decreased ductility. Thus, product of tensile strength and elongation
(PSE, in a unit of GPa⋅%), widely used in researches of steels and Ti
alloys [53,54], is employed here to evaluate the comprehensive effect
of alloying elements on strength and ductility of Zn, as shown in Fig. 5a.
Physically, PSE is close to the area enclosed by a strain-stress curve, i.e.,
the toughness of a material. It can be seen from Fig. 5a that Mg, Mn, Cu
and Li can endow Zn with a PSE> 10 GPa⋅%. Among them, Mn has the
highest efficiency, while Li has the largest effect. With a minor addition
of Mn < 1 at.%, PSE of Zn–Mn alloy can reach 17.5 GPa⋅%, higher
than that of 2–4.5 at.% Cu addition. With an addition of 7.1 at.% Li, PSE
of Zn–Li alloy jumps to 32.4 GPa⋅%. Note that fabrication processes
influence PSE very much. For a certain Zn alloy, PSE of the as-cast one
is often much lower than that of the plastic deformed one, since as-cast
Zn alloys are brittle typically with elongations< 3%. According to the
physical essence of Young's modulus, alloying will not significantly
change EZn unless second phase particles reach a high volume fraction.
For example, E of Zn-0.8Cu alloy (in wt.%) is 89 GPa [55], falling in the
range of EZn. Considering most of the second phases in Zn alloys are
intermetallics with higher E values than EZn, the most effective strategy
to decrease EZn is to make Zn porous, as done in Ti and Ta for ortho-
pedic implant applications [56,57].

Yield strengths (YS) and Vickers hardnesses of Zn alloys are sum-
marized in Fig. 5b. It can be seen that the latter one is roughly pro-
portional to the former one. However, no certain quantitative re-
lationship has been revealed between them. When X < 6 at.%, the
general trend is that YS increases with X addition. Among the alloying

elements, Mg, Li and Cu have the highest effect of elevating YS. Addi-
tion of 3.5–6 at.% Cu or Li rises YS to over 400 MPa with great sacrifice
in ductility [34,49]. Mg and Li also have the greatest effect of increasing
hardness. Zn-3.94Mg-0.12Mn (in at.% or Zn-1.5Mg-0.1Mn in wt.%)
alloy has the highest hardness of about 148.7 HV [69]. According to
Fig. 4a, Mg2Zn11 reaches 26.6 vol% in the alloy, which mainly con-
tributes to the high hardness.

3.2. Corrosion rate

Corrosion rates of Zn alloys measured from potentiodynamic po-
larization test (PPT) and static immersion (SI) are summarized in
Fig. 6a, in which over 100 data are collected. The corrosion mediums in
the figure include simulated body fluid (SBF), Ringer's solution, Hank's
solution, and phosphate-buffered saline (PBS) solution. The alloying
element content of pure Zn is zero in the figure. However, it often
contains trace impurities [42], which may be blamed for its dispersed
corrosion rates. For example, they ranges from below 50 μm/year to
over 300 μm/year measured by PPT in Hank's solution (see the hollow
squares at 0 wt% in Fig. 6a).

An alloying element with standard electrode potential (E°) lower
than that of Zn (E°Zn = −0.76 V) is likely to be preferentially corroded,
which possibly leads to the formation of a protective passive film on the
alloy's surface, resulting in an enhanced corrosion resistance. Li
(E°Li = −3.04 V), Mg (E°Mg = −2.37 V) and Mn (E°Mn = −1.19 V)
have such an effect (Fig. 6a). Zn-(2–4)Li alloys (in at.% or 0.22–0.44 wt
%) exhibit significantly low corrosion rates measured by PPT in SBF,
which are about 31–38% of that of pure Zn [34]. The higher the Li
content is, the lower is the corrosion rate. Mg has a similar but much
weaker effect at high contents (Fig. 6a). Measured by PPT in Hank's
solution, extruded Zn-7.7 Mg alloy (in at.% or 3 wt%) exhibits a cor-
rosion rate about 96% of that of extruded pure Zn [50]. When Mg <
7.7 at.%, Zn–Mg alloys corrode faster than pure Zn, due to the no-
ticeable micro-galvanic activity between Mg2Zn11 particles and Zn
matrix that exceeds the protection effect of Mg-containing electro-
chemically inert products formed on the alloy's surface, such as
Mg2(OH)2CO3 [50]. Analogously, increasing Ca (E°Ca = −2.87 V)
content, Zn-(0.5–2)Ca alloys (in wt.%) corrode more and more quickly
(Fig. 6a), due to increased volume fractions of coarse CaZn13 dendrites.

Manufacturing processes, such as rolling, extrusion and drawing,
alter the bulk and the surface of Zn alloys, leading to changes in den-
sities of defects (including vacancies, dislocations, and boundaries),
orientations of grains and second phases, second phase species, residual
stress, and segregation of alloying elements, which will definitely affect

Fig. 4. Biodegradable Zn alloys: (a) Volume fraction (vol%) of second phase at room temperature in function of atomic percentage (at.%). Experimental data are
collected from literatures [16,18,27,34,38,42,45,46]. (b) Grain size and content of alloying elements. Data are collected from literatures
[16,18,19,24,27,38,41,45,47–52]. C, R and E refer to cast, rolled and extruded, respectively.
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corrosion rate and thereby biocompatibility, however, in a complex
way. Although it is in common that hot rolling and extrusion refine Zn
grains and second phase particles, contradictory results have been
published claiming that these processes can variably increase and de-
crease corrosion resistance of Zn alloys, which contributes to the data
dispersion in Fig. 6a. Extruded Zn-(0.15–3)Mg alloys (in wt.%) [50] and
rolled Zn–1Mg-0.1Mn alloy (in wt.%) [66] exhibit lower corrosion rates
than their as-cast counterparts, measured by PPT in Hank's solution.
This keeps true for the Zn–1Mg-0.1Mn alloy after SI in Hank's solution
for 30 days, but not after 90 days [66]. On the contrary, extruded Zn-
1.2 Mg alloy [70], rolled Zn–1Mg-0.1Sr and Zn–5Ge alloys (all in wt.%)
[52,65] exhibit higher corrosion rates than their as-cast counterparts. A
generalized understanding of manufacturing processes on corrosion
rates has yet to be presented.

3.3. In vitro cytotoxicity

Cell species, alloying elements, extract concentration, and culture
time are vital variables for in vitro cytotoxicity test of Zn alloys. In order
to provide a general overview, an ion concentration factor (ICF) is
proposed for statistical analysis on the published data. The ICF is

defined by the following equation:

ICF = (w0 + w1) × C × t, (1)

where w0 is a constant for the influence of Zn matrix, w1 is contents of
alloying elements relevant to micro-galvanic corrosion induced by
second phases, C is extract concentration, and t is cell culture time. In
general, ICF is proportional to the concentration and action time of
released ions. Fig. 6b shows cell viability in function of ICF (in unit of
at.%⋅%⋅day, and w0 = 1), including 168 data collected from tests of
eight kinds of cells. The general trend is that cell viability increases with
decreasing ICF. Tolerance of Zn ions is the highest for human osteo-
sarcoma MG63 cells, however, the lowest for murine preosteoblast
MC3T3-E1 cells (see hollow squares in Fig. 6b).

Data of the murine fibroblast cell line L929 cells (the red symbols in
Fig. 6b) and the human endothelial cell line EA.hy926 cells (the black
symbols in Fig. 6b) distribute around inverted C-curves. This kind of
shape indicates that the extract concentration exerts the greatest in-
fluence on viabilities of the cells. For example, although both the ex-
truded Zn–1Cu alloy (w1 = 1.03 at.%, C = 100%, t = 1 day) and
Zn–3Cu alloy (w1 = 3.08 at.%, C = 10%, t = 5 days) have almost the
same ICFs of 203–204, their EA.hy926 cell viabilities are about 43%

Fig. 5. Biodegradable Zn alloys: (a) Product of tensile strength and elongation (PSE) and content of alloying elements. Binary base alloys are in red, while the others
are in blue. Data are collected from literatures [5,18,22,24,27,28,32–34,38,41–43,45,48,49,51,52,58–66]. (b) Yield strength (in red), Vickers hardness (in blue), and
content of alloying elements. Data are collected from literatures [5,16,18,19,22,24,27,28,32–34,38,39,41–43,45,46,48–52,58–68]. X in (a) and (b) refers to an
alloying element. The tensile tests were conducted under uniaxial applied load, at room temperature, with quasi-static strain rates of 3 × 10−4–8 × 10−3 s−1.
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and 101%, respectively [38,49]. The second greatest influence is ex-
erted by contents of alloying elements. For example, pure Zn
(w1 = 0 at.%, C = 33.3%, t = 2 days) with ICF of 66.6 has a high
L929 cell viability of about 106%, while Zn–4Ag alloy (w1 = 2.46 at.%,
C = 33.3%, t = 2 days) with ICF of 230 has a much lower L929 cell
viability of about 70% [61]. This indicates that Ag has a strong negative
effect on proliferation of L929 cells, which is also confirmed by cyto-
toxicity tests of Zn-0.8Mn-0.4Ag alloy [28]. The third greatest influence
is exerted by cell culture time. For example, extruded Zn-3.03Cu-
2.64 Mg (in at.% or Zn–3Cu–1Mg in wt.%) alloy has ICF of 332 in two
conditions. One is w1 = 5.67 at.%, C = 10%, t = 5 days, the other is
w1 = 5.67 at.%, C = 50%, t = 1 day. EA.hy926 cell viability in the
former condition (i.e., about 99%) is lower than that in the latter
condition (i.e., about 106%) [49].

Since MG63 cells have the highest tolerance of Zn ions, it is in-
sensitive to extract concentration. It can be seen from Fig. 6b (the
magenta symbols) that additions of Mg, Ca and/or an element X
(X= Sr in the data) promote proliferation of MG63 cells. These alloying
elements are well known for their positive effects on proliferation and/
or osteogenesis of osteoblast-like cells [72].

4. Conclusions and outlook

Comprehensive properties of biodegradable Zn alloys are de-
termined by their chemical compositions and microstructures. Among
23 nontoxic alloying elements, only 7 elements have solid solubilities in
Zn, thus possible for precipitation hardening. The largest solid solubi-
lities (in at.%) of them can be ranked decreasingly as follows:
Au > Ag > Cu ≈ Al > Mn ≈ Li > Mg. Since Al is doubted for
causing Alzheimer disease, it is not recommended as a preferred al-
loying element. Au is too expensive to be commercially used. The rest 4
elements (designate as X) can form Zn-X intermetallic compounds, the
efficiency of which, defined by the volume fraction of Zn-X per atomic
percentage of X, is ranked decreasingly as follows:
Mn > Li > Ag > Cu > Mg. These elements are considered in
priority to be the major alloying elements. Indeed, Mn is the most
beneficial for ductility, Mg and Li has the strongest strengthening ef-
fects, while Cu achieves a balance of strengthening and toughening
effects.

Mg, Mn, Li, Cr and Ge have eutectic reaction with Zn during soli-
dification so that the produced second phase particles are small, which
is good for plastic deformation processing, necessary for eliminating
brittleness of as-cast Zn alloys. The other nontoxic elements, including
nutritional Fe and Ca, are easy to from coarse pro-peritectic Zn-X
phases, which severely decrease ductility and accelerate corrosion rate.
On one hand, the contents of these elements should be carefully con-
trolled. On the other hand, methods should be developed to refine the
coarse phases. Recently, minor addition (i.e., 0.06–0.14%) of rare earth
elements Y and Nd achieves this goal [73].

The final goal of developing biodegradable Zn alloys is to make
clinical devices for curing disease and health recovery. Since the bio-
compatibility and mechanical properties of pure Zn is more or less clear
at the present stage, the effects of alloying elements and second phases
should be systematically investigated, the results of which are more
valuable when evaluated in larger animals that may more closely ap-
proximate the human clinical situation.
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