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Abstract: The effects of Zn content on the microstructure and the mechanical and corrosion properties of as-cast low-alloyed
Mg—xZn—0.2Ca alloys (x = 0.6wt%, 2.0wt%, 2.5wt%, hereafter denoted as 0.6Zn, 2.0Zn, and 2.5Zn alloys, respectively) are investigated.
The results show that the Zn content not only influences grain refinement but also induces different phase precipitation behaviors. The as-cast
microstructure of the 0.6Zn alloy is composed of a-Mg, Mg,Ca, and Ca,MgeZn; phases, whereas 2.0Zn and 2.5Zn alloys only contain a-Mg
and Ca,MgeZn; phases, as revealed by X-ray diffraction (XRD) and transmission electron microscopy (TEM) analyses. Moreover, with in-
creasing Zn content, both the ultimate tensile strength (UTS) and the elongation to fracture first increase and then decrease. Among the three
investigated alloys, the largest UTS (178 MPa) and the highest elongation to fracture (6.5%) are obtained for the 2.0Zn alloy. In addition, the
corrosion rate increases with increasing Zn content. This paper provides an updated investigation of the alloy composi-

tion—microstructure—property relationships of different Zn-containing Mg—Zn—Ca alloys.
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1. Introduction

Magnesium and magnesium alloys have been receiving
increased attention as biodegradable implant materials in
recent years because of their similar mechanical properties
to natural bone and good biodegradability in the
bio-environment [1]. Among the biodegradable magnesium
alloys recently developed, Mg—Zn—Ca alloy demonstrates
excellent application prospects because of its high strength
(yield strength > 200 MPa, ultimate tensile strength > 250
MPa), high ductility (elongation to fracture > 20%), and
good biocompatibility in the human body [2—6]. To ensure
good mechanical properties of Mg—Zn—Ca alloys, high Zn
contents are indispensable because of the solid-solution
strengthening and precipitation strengthening effects of
Zn-containing intermetallics [7—13]. However, high Zn con-
tents adversely affect the corrosion behavior of Mg—Zn—Ca
alloys because the Zn-containing intermetallics formed can
function as cathodes [14—16]. Thus, maintaining a balance
between mechanical properties and corrosion properties is
necessary for the further development of biodegradable
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Mg—Zn—Ca alloys.

Recently, the design of low-alloyed Mg—Zn—Ca alloys has
become a topic of interest [2,17—18]. Hofstetter et al. [17]
developed a high-strength low-alloyed Mg—1Zn—0.3Ca ex-
trusion alloy with fine-grained microstructure by controlling
the thermomechanical processing parameters. The alloy ex-
hibited a yield strength of 240 MPa, an elongation to frac-
ture of 30%, and low structural and mechanical anisotropy.
Zhang et al. [18] prepared Mg—1.0Zn—0.5Ca alloy by extru-
sion at different temperatures, resulting in a tensile strength
of 215 MPa and an elongation of 44% because of the grain
refinement and the unique extrusion texture [18]. Our lite-
rature review revealed that studies on low-alloyed
Mg—Zn—Ca alloys are rare, especially for low-alloyed
as-cast Mg—Zn—Ca alloys. However, exploring the as-cast
microstructure can be very beneficial in understanding the
precipitation sequence during age-hardening treatment for
the low-alloyed Mg—Zn—Ca alloys [10]. On the other hand,
the ternary intermetallic phases contained in Mg—Zn—Ca al-
loys, which play an important role in determining the alloys’
properties, remain the subject of intense discussions and
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disputes. Thus far, the Ca,Mg¢Zn; [19-21], Ca;MgsZn;3 [19],
Ca,MgsZns [22-23], and IM1-4 [24-25] phases have all
been proposed by experimental and CALPHAD methods.
Studies on the as-cast microstructure of low-alloyed
Mg—Zn—Ca alloy are also useful in judging the validity of
the ternary intermetallic phases previously reported.

On the basis of these aims, we here developed a group of
novel low-alloyed Mg—Zn—Ca alloys by varying their Zn
content. The effects of the Zn content on the as-cast micro-
structure and the mechanical and corrosion properties are
investigated, and a relationship between the microstructure
and the properties is discussed in detail.

2. Experimental

Alloys of nominal composition Mg-xZn—0.2Ca (x = 0.6,
2.0, 2.5; in wt%) were prepared from pure Mg ingots
(99.99wt%), pure Zn pieces (99.99wt%), and Mg—33wt%Ca
master alloys. Pure Mg ingots were first heated in a
low-alloy steel crucible in an electric resistance furnace un-
der 99% CO, + 1% SFs. When the magnesium melt temper-
ature reached 660°C, pure Zn and Mg—Ca alloys were added
and the melt was stirred for 2 min. The temperature of the
melt was increased to 730°C, and this temperature was
maintained for 15 min; the melt temperature was then de-
creased to 700°C, and the melt was poured into a wa-
ter-cooled copper mold, where it was cooled at an average
rate of 15 K/s to obtain the as-cast ingots. No homogeniza-
tion treatment was carried out.

All the specimens for microstructure characterization and
X-ray diffraction (XRD) analysis were prepared using stan-
dard metallographic procedures. An OLYMPUS-BX5IM
optical microscope and a Supra 55 field-emission scanning
electron microscope with energy dispersive X-ray (EDX)
analysis capability using back-scattering electron (BSE)
optical mode were used to observe the microstructure of the
different Zn-containing samples. The average grain size was
estimated by a line intercept technique using the scanning
electron microscopy (SEM) micrographs. Preliminary phase
analyses of the as-cast alloys were conducted by XRD using
Rigaku DMAX-RB X-ray diffractometer equipped with a
Cu K, radiation source. Detailed studies of the distribution
and types of phases were conducted by transmission elec-
tron microscopy (TEM) using a Tecnai G2 F20 (200 kV) mi-
croscope equipped with a high-angle annular-dark-field scan-
ning transmission electron microscopy (HAADF-STEM) de-
tector and an energy-dispersive X-ray (EDX) EDAX mi-
croanalysis system. TEM specimens were prepared by
twinjet electro-polishing (Tenupol-5). All specimens were

ground to approximately 100 pm and electropolished in an
ACII mixture solution at —20°C under a 20-V applied po-
tential.

Dog-bone specimens with a gauge length of 35 mm,
2-mm thickness, and 10-mm width were machined for ten-
sile tests. The tensile tests were performed on an Instron
5569 materials testing machine at a displacement rate of 1
mm/min. Three parallel specimens were used for each group
in the tensile test.

Immersion tests were conducted in Hanks’ balanced salt
solution without glucose (HBSS) using specimens with di-
mensions of 10 mm X 10 mm X 2 mm cut at 1/2 the distance
from the center of the ingot. All samples were ground on
emery papers to 2000 grit and were then cleaned with alco-
hol and dried in air. Hanks’ solution was prepared with
bi-distilled water and high-purity chemicals according to the
procedure in Ref. [26]. The pH of the solution was adjusted
to be 7.4 at (37 £ 0.5)°C through the manual addition of
H;PO,. The immersion solution was refreshed every 24 h.
After being immersed for 7 d, samples were removed from
the solution and cleaned with 200 g/L CrO; + 10 g/L AgNO;
mixed solution to remove surface corrosion products with-
out removing any amount of metallic Mg. The specimens
were rinsed with distilled water, cleaned ultrasonically in
acetone, and dried in air. Afterward, the surface morpholo-
gies of the samples were observed by SEM. The corrosion
rate was calculated according to the equation
Corrosion rate = W/ (AT) 1
where W is the weight loss (mg), 4 is the exposure area
(cm®), and T is the exposure time (d).

3. Results

3.1. As-cast microstructure

Fig. 1 shows the as-cast microstructure of Mg—xZn—0.2Ca
(x=0.6,2.0,2.5; in wt%) alloys observed by OM and SEM,
respectively. Fig. 1 clearly shows a decrease of grain size
from 314 pum for the 0.6Zn alloys to 133 um for the 2.5Zn
alloys, indicating an obvious grain refinement with increas-
ing Zn content. The amount of second phases distributed in
the inner of grains and along the grain boundaries also in-
creases with increasing Zn content. The second phases dis-
tributed along the grain boundaries are mainly strip-like,
whereas some granular phases are also found in the inner of
grains. Moreover, the strip-like second phases are gradually
connected to form a semi-continuous network structure with
increasing Zn content. The width of the grain boundaries for
2.57n alloys is largest, and the precipitation of the second
phase along the grain boundaries is also more obvious.
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Fig. 1. The as-cast microstructure of Mg—xZn—0.2Ca (x = 0.6, 2.0, 2.5) alloys observed by OM and SEM: (a) and (d) 0.6Zn; (b) and

(e) 2.0Zn; (c) and (f) 2.5Zn.

Fig. 2 represents the XRD patterns of as-cast samples
with different Zn contents. According to the phase diagrams
of binary Mg—Ca and ternary Mg—Zn—Ca alloys [27], the
maximum solubility of Ca and Zn in Mg is only 0.2wt% and
1.6wt%, respectively, at room temperature in the equili-
brium state. Thus, with the addition of Ca and Zn above its
solubility limit, excess Ca and Zn can precipitate in the form
of an intermetallic as a second phase. As evident in Fig. 2, in
addition to the peaks corresponding to the o-Mg matrix,
peaks corresponding to Ca,MgeZn; and Mg,Ca phases are
clearly identified in the XRD pattern of the as-cast 0.6Zn
alloys. However, with increasing Zn additions, such as
2.0Zn and 2.5Zn alloys, the Mg,Ca phase is not found and
only a-Mg solid solution + Ca,MgesZn; phases are ob-
served, indicating different precipitation behaviors of

high-Zn-containing alloys.
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Fig. 2. The XRD patterns of as-cast Mg—xZn—0.2Ca (x = 0.6,
2.0, 2.5) samples.
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To identify the phases precipitated, TEM analyses of the
0.6Zn, 2.0Zn, and 2.5Zn alloys were performed. Fig. 3
shows TEM bright-field images of the as-cast 0.6Zn alloys
and the corresponding selected-area diffraction patterns
(SADPs). The alloy matrix is an a-Mg solid solution (Fig.
3(a)), as indicated by SADP images taken along the [1 2 10]
zone axis shown in Fig. 3(d). Meanwhile, from the SADP
analysis, Ca,Mg¢Zn; phases with strip-like and granular
morphologies (zone axis [1 2 10] and zone axis [0 0 0 1]), as
shown in Figs. 3(a), 3(e) and Figs. 3(b), 3(g), are observed
in the 0.6Zn alloys. The EDS analysis (Fig. 4) shows that
the Ca,Mg¢Zn; phases with strip-like and granular mor-
phologies contain 57.79at% Mg, 24.69at% Zn, 17.52at% Ca
and 66.15at% Mg, 20.27at% Zn, 13.57at% Ca, respectively.
Zhang et al. [24-25] reported that the composition range of
IM1 encompasses the compositions of both Ca;MgsZns and
Ca,MgeZn;. Recently, Cao et al. [23] proposed that the IM1
phase is CaMgsZns rather than Ca,Mg¢Zn;. From the
aforementioned EDS analysis results, the composition of the
current strip-like and granular phases appears to be very
similar to Ca,Mg¢Zn;. The crystal structure of the phases
shown in Figs. 3(e) and 3(g) also confirms that the SADP
analysis is consistent with the trigonal unit cell (@ = 0.97 nm,
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¢ = 1.0 nm, o= 90°, f=90° y= 120°) reported for the
Ca,MgeZn; structure [21]. Therefore, the phases with
strip-like and granular morphologies are verified to be
Ca,MgeZn;. In addition to the ternary Ca,Mg¢Zn; phases,
the Mg,Ca phase (zone axis [100]) has been recognized in
the 0.6Zn alloys, which is found to coexist with Ca,MgeZn;
in the form of eutectic phases, as shown in Figs. 3(c) and
3(f).

Fig. 5 shows TEM bright-field images and the corres-
ponding SADP analysis of as-cast 2Zn alloys. From Fig. 5,
27Zn alloys are mainly composed of a-Mg solid solution and
the second ternary Ca,MgsZn; phases, without the existence
of Mg,Ca. Similar to 0.6Zn alloys, Ca,MgsZn; phases also
exhibit two different morphologies, i.e., strip-like and gra-
nular, as shown in Figs. 5(a) and 5(b). The SADP analysis
results for the strip-like-shaped Ca,MgeZn; phase are pre-
sented in Fig. 5(d), and those for the granular-shaped
Ca,MgeZn; phase are not shown here because of the simi-
larity with Figs. 3(b) and 3(f). In addition to the two mor-
phologies as primary phases, Ca,MgsZn; phases are also
found to coexist with 0-Mg in the form of eutectics (Figs.
5(c) and 5(e)). a-Mg in the eutectics is identified from
SADP analysis, as shown in Fig. 5(f) (zone axis [1 2 10]).

Fig. 3. TEM bright-field images of as-cast 0.6Zn alloys and
the corresponding selected-area diffraction patterns (SADPs):
(a), (b), and (c¢) TEM bright-field images; (d) SADP for the
o-Mg phase shown in (a); () SADP for the Ca,Mg¢Zn; phase
shown in (a); (f) SADP for the Mg,Ca shown in (c); (g) SADP
for Ca,Mg¢Zn; phase shown in (b).
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Fig. 4. EDS results for the phases with strip-like and granular morphologies shown in Figs. 3(a) and 3(b).

Fig.5. TEM bright-field images of as-cast 2.0Zn alloys and their corresponding selected-area diffraction patterns (SADPs): (a), (b),
(c), and (e) TEM bright-field images; (d) SADP for the Ca,Mg¢Zn; phase shown in (a); (f) SADP for the a-Mg phase shown in (c).

Fig. 6 shows TEM bright-field images of the
Mg—2.5Zn—0.2Ca alloys. Compared with Fig. 3 and Fig. 5,
similar o-Mg solid solution matrix and the ternary
Ca,Mg¢Zn; phases with the strip-like and granular mor-
phologies are also found for 2.5Zn alloys. Similar to the
2.0Zn alloys, no Mg,Ca phase was found from the TEM
analysis, which is consistent with XRD analysis results
shown in Fig. 2. Combined with the TEM analysis results in
Figs. 3, 5, and 6, the difference in Zn content clearly induces
different phase precipitation behaviors, which will be dis-
cussed in depth in Section 4.

3.2. Mechanical and corrosion properties

Fig. 7(a) illustrates the mechanical properties of three
different Zn-containing alloys; the corresponding stress—strain
curve is also given as shown in Fig. 7(b). The yield strength
(YS) increased slightly with increasing Zn content. The ul-
timate tensile strength (UTS) and the elongation at fracture
first increased with increasing Zn content from 0.6wt% to

2.0wt% and then decreased when the Zn content was in-
creased to 2.5wt%. Among the three alloys, the largest UTS
(178 MPa) and the greatest elongation (6.5%) were obtained
for 2.0Zn alloys.

To evaluate the corrosion properties of different
Zn-containing Mg—Zn—Ca alloys, the corresponding inves-
tigations were also performed in this study. Fig. 8 shows the
corrosion rate of Mg—xZn—0.2Ca alloys after immersion for
168 h in a Hanks’ solution at 37°C. With increasing Zn con-
tent, the corrosion rate continuously increased from 0.18
mg-cm >d ™" for the 0.6Zn alloy to 0.25 mg-cm >d ™" for the
2.5Zn alloy. For the 2.0Zn alloy, an intermediate corrosion
rate of 0.21 mg-cm >d"' was observed. Fig. 9 shows SEM
micrographs of the corroded surface before and after the
corrosion products were removed for three Zn-containing
alloys immersed in Hanks’ solution for 168 h at 37°C. Figs.
9(a), 9(c), and 9(e) shows that the insoluble corrosion layers
with a number of cracks formed on the surface of alloy
samples with different Zn contents. The formation of cracks
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Fig. 6. TEM bright-field images of as-cast 2.5Zn alloys: (a) and (b) the bright-field images for the Ca,Mg¢Zn; phase; (c) and (d) the

bright-field images for the o-Mg and Ca,Mg¢Zn; phase.
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Fig. 7. The mechanical properties of three different Zn-containing alloys (a) and their corresponding stress—strain curves (b).

resulted from dehydration of the surface layer in air. With
increasing Zn content, more cracks in the corrosion layer are
observed, indicating more severe corrosion of this alloy. Af-
ter the corrosion products were removed, different corrosion
surface morphologies were observed for the alloys with dif-
ferent Zn contents, as shown in Figs. 9(b), 9(d), and 9(f).
Numerous corrosion holes were observed for 0.6Zn alloys;
the corrosion was also uneven. Compared with the corrosion
of the 0.6Zn alloy samples, that of the 2.0Zn and 2.5Zn al-
loys was more severe. The corrosion holes were intercon-
nected, and the corrosion cavities were formed. In particular,
the ratio of corrosion holes and cavities taken up on the pla-
nar surface was larger for 2.5Zn alloys, indicating its poorest
corrosion resistance.
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Fig. 8. The corrosion rates of Mg—xZn—0.2Ca alloys (x = 0.6,
2.0, 2.5) after 168 h of immersion in a Hanks’ solution at 37°C.
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Fig. 9. SEM micrographs of the corroded surface before (a), (c), (¢) and after (b), (d), (f) removal of the corrosion products for
Mg—xZn—0.2Ca (x = 0.6, 2.0, 2.5) alloys immersed in Hanks’ solution for 168 h at 37°C: (a) and (b) 0.6Zn; (c) and (d) 2.0Zn; (e) and

(f) 2.5Zn.

The corrosion products on the surface of different
Zn-containing alloys were also analyzed by EDS. Table 1
shows the corresponding elemental analysis results for the
corrosion products marked al, a2, and a3 in Fig. 9. The
corrosion products were found to be P-rich, Ca-rich, and
O-rich; the concentration of oxygen, in particular, approached
60at%. Moreover, the P/Ca atomic ratio was very similar for

Table 1. EDS analysis of the corrosion products on the sur-
face of Mg—xZn—0.2Ca (x = 0.6, 2.0, 2.5) alloy samples marked
al, a2, and a3 in Fig. 9. at%

Alloys Mg Ca P (0] C  Others Pointin Fig. 9

0.6Zn 9.82 12.20 9.69 5791 9.73 Bal. al
2.0Zn 3.23 1197 9.43 57.03 17.71 Bal a2
2.5Zn 4.04 16.58 12.21 60.29 6.17 Bal. a3

three different Zn-containing alloys, indicating that the cor-
rosion products on the surface of Mg—Zn—Ca alloys investi-
gated in this study are the Ca/P-rich compounds.

4, Discussion

In previous studies, we reported that, in as-cast
Mg—Zn—Ca alloys, Zn and Ca with concentrations as high as
3wt% [7] and 9wt% [14], respectively, can refine the grain
size. We also showed that the grain refinement effects can
be determined by the Zn concentration and that a critical Zn
content exists for attaining the minimum grain size [28]. In
the present study, we found that the critical Zn content is
2.0wt% for achieving the optimal effects of grain refinement.
With further addition of Zn, grain refinement is not obvious.
The grain refinement is attributed to the formation of con-



H.X. Li et al., Effects of Zn content on the microstructure and the mechanical and corrosion properties ... 807

stitutional undercooling in a diffusion layer in front of the
solid-liquid interface. As a result of the rejection of alloying
elements (Ca and Zn) at the front of grain growth, which
limits the growth stage, the grain size was decreased [29].

From the microstructure analysis shown in Figs. 3—6, we
found that, when the Zn content is 0.6wt%, three phases, i.e.,
a-Mg + Mg,Ca + Ca,MgeZn;, can be formed in the as-cast
samples. The binary phase Mg,Ca can be embraced by the
ternary phase Ca,MgesZn; and thus may serve as a nucleus
for the ternary phase [28]. However, when the Zn content is
2wt% or 2.5wt%, only two phases, a-Mg + Ca,MgeZn;,
were observed. From the OM and SEM images shown in
Fig. 1, the volume fractions of the second phases increased
with increasing Zn contents, leading to more interlinked
phases on the grain boundaries. That is to say, with more Zn
additions, Ca,MgsZn; phases distributed along the grain
boundary and in the interdendritic interstices tended to in-
crease, whereas the Mg,Ca phase disappeared gradually.
The mixing enthalpy between Zn and Ca is —22 kJ/mol,
which is much larger than those of Mg—Zn (—4 kJ/mol) and
Mg—Ca (=6 kJ/mol) [30]. Therefore, with the addition of Zn,
Ca atoms tend to bond with Zn atoms rather than with Mg
atoms. Consequently, the precipitation of ternary phase
Ca,MgeZn; becomes dominant, whereas the Mg,Ca phase
gradually disappears, consistent with the precipitations of
the 2.0Zn and 2.5Zn alloys. Notably, in the a-Mg +
Ca,MgqZn; eutectic phase shown in Figs. 5 and 6, a-Mg is
often surrounded by Ca,MgeZn;, which is speculated to be
related to the diffusivities of Ca and Zn. During the forma-
tion process of the eutectic phase, more Ca than Zn will be
rejected from a-Mg because of the greater diffusivity of Ca
in Mg [31]. Therefore, with the higher Ca concentration
around the a-Mg, Ca,Mg¢Zn; rather than Mg—Zn interme-
tallic compounds will be formed, consistent with the results
reported by other researchers [31-32].

We confirmed that the precipitation behaviors of
Mg-Zn—Ca ternary alloys are related to the Zn/Ca atomic
ratio [28,33]. Other authors have reported that, when the
Zn/Ca atomic ratio is greater than 1.2, only a-Mg and
Ca,MgeZn; phases are observed, whereas the ternary phases
a-Mg + Mg,Ca + Ca,Mg¢Zn; are present when the Zn/Ca
atomic ratio is less than 1.2 [28,33]. In the present study,
2.0Zn and 2.5Zn alloys with Zn/Ca atomic ratios of 6.3 and
7.9, respectively, were indeed found to be composed of two
phases, i.e., a-Mg + Ca,Mg¢Zn;, which is in accordance
with the aforementioned conclusion. However, for the 0.6Zn
alloy, three phases, a-Mg + Mg,Ca + Ca,Mg¢Zn;, are con-
firmed in the present study even though its Zn/Ca atomic ra-
tio (1.9) is much larger than 1.2. That is, the precipitation

behaviors of 0.6Zn alloy are inconsistent with the aforemen-
tioned conclusion, which has also been reported in other
studies [28].

In Fig. 7, the UTS and elongation to fracture of the
Mg—Zn—Ca alloy first increase with increasing Zn content
and then decrease upon further addition of Zn. We reported
that the ternary Ca,Mg¢Zn; is an effective strengthening
phase, whereas the binary Mg,Ca phase, i.c., a brittle
phase dispersed along grain boundaries, easily produces
crack sources, which can propagate and induce brittle
fracture [7-8,33]. On the basis of the aforementioned mi-
crostructure analysis of 0.6Zn alloys, the coexistence of
Mg,Ca and Ca,MggZn; phases leads to a lower YS and UTS.
With increasing Zn content, such as 2.0Zn and 2.5Zn alloys,
the Mg,Ca phases all disappear, whereas more Ca,Mg¢Zn;
phases are precipitated. Moreover, with increasing Zn con-
tents, solid-solution strengthening is enhanced. The combi-
nation of grain refinement, solid-solution strengthening, and
the precipitation strengthening of the Ca,MgeZn; secondary
phase easily explains the observed increases in yield
strength with increasing Zn addition. For the 2.5Zn alloys,
although the precipitation amount of Ca,MggZn; phase is in-
creased, the precipitates distribute along a semi-continuous
network-shaped grain boundary with a thick grain boundary
width. This kind of grain-boundary structure weakens the
bonding force of the grains and easily becomes crack initia-
tion sites, especially in the coarse precipitates located at the
triangle junction of three grains. Therefore, the UTS of
2.57n alloys is deteriorated. However, for the 2.0Zn alloys,
the integrated effects of grain refinement, solid-solution
strengthening, more secondary-phase precipitation, and a
lack of a thick grain-boundary structure lead to enhanced
mechanical properties.

Fig. 8 clearly shows that the corrosion resistance de-
creases with increasing Zn content. The standard electrode
potentials of the precipitated phases in Mg—Zn—Ca alloys
decrease in the order Ca;MgesZn; > a-Mg > Mg,Ca [8,33].
Thus, the Mg,Ca phase functions as an anode and the Mg
matrix as a cathode when the Mg,Ca-containing alloy is
immersed in the solution. Similarly, the Ca,Mg¢Zn; phase
serves as a cathode and the Mg matrix acts as an anode at
the interface between Ca,MgsZn; and the Mg matrix when
the Ca,MgeZn;-containing alloy is immersed in the solution.
The microstructure analysis revealed that the 0.6Zn alloys
contain three phases: a-Mg + Mg,Ca + Ca,MgeZn;. We
confirmed that an Mg-, Ca-, and P- containing layer (Ca—P
protective film) is formed on the surface of Mg—Zn—Ca al-
loy when this alloy is immersed into Hanks’ solution, as
shown in Fig. 9. The reaction film can protect Mg alloy
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from further corrosion. When the 0.6Zn alloy is immersed
into Hanks’ solution, the Ca*" concentration in the solution
can increase quickly because of the fast dissolution of the
Mg,Ca anodic phase. Thus, the formation of a Ca—P protec-
tive layer is accelerated, in turn improving the corrosion re-
sistance of this alloy. Therefore, this alloy exhibits the min-
imum corrosion rate. However, with the increase of the Zn
content, such as in the 2.0Zn alloy, only o-Mg and
Ca,Mge¢Zn; phases are precipitated. Thus, the Ca,Mg¢Zn;
phase serves as a cathode and the Mg matrix acts as an
anode, leading to decreased corrosion resistance. For the
2.5Zn alloys, with greater precipitation of Ca,MgesZn; phas-
es and a thicker grain-boundary width, the galvanic corro-
sion between the Ca,Mg¢Zn; phase and the Mg matrix be-
comes stronger, leading to the largest corrosion rate of this
alloy. The poor corrosion resistance of the 2.0Zn and 2.5Zn
alloys is evident from their corroded surface morphologies
shown in Fig. 9. With extensive corrosion of the Mg matrix
around the cathode Ca,MgsZn; phase in the two alloys, the
Ca,MgeZn; phases are detached and the corrosion holes are
formed. More seriously, with continuing corrosion, these
corrosion holes can even connect with each other and form
corrosion cavities. In turn, the corrosion cavities can further
accelerate the corrosion process because of contact with
more corrosive liquid, leading to more severe corrosion be-
haviors with increasing Zn content.

5. Conclusions

(1) With increasing Zn contents, the grain size is refined,
especially from 0.6Zn alloys to 2.0Zn alloys. Moreover, the
amount of secondary phases precipitated also increases with
increasing Zn addition.

(2) Different phase precipitation behaviors are observed
for different Zn-containing alloys. The as-cast microstruc-
ture of the 0.6Zn alloy is composed of a-Mg, Mg,Ca, and
Ca,MggZn; phases, whereas that of the 2.0Zn and 2.5Zn al-
loys could only contain a-Mg and Ca,Mg¢Zn; phases, as
revealed by XRD and TEM analyses.

(3) With increasing Zn contents, the ultimate tensile
strength (UTS) and elongation to fracture all first increase
and then decrease. Among the three investigated alloys, the
2.0Zn alloys exhibited the largest UTS (178 MPa) and the
highest elongation to fracture (6.5%), which can be ex-
plained by grain refinement, solid-solution strengthening,
secondary-phase strengthening, and a lack of a thick
grain-boundary structure.

(4) With increasing Zn content, the corrosion rate in-
creases correspondingly, which can be explained from the

Int. J. Miner. Metall. Mater., Vol. 25, No. 7, Jul. 2018

alloys’ different precipitation behaviors.

(5) This paper provides an updated investigation on the
alloy composition—microstructure—property relationship for
different Zn-containing Mg—Zn—Ca alloys.
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