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A B S T R A C T   

Novel ternary Zn–Ca–Cu alloys were studied for the development of absorbable wound closure device material 
due to Ca and Cu’s therapeutic values to wound healing. The influence of Ca and Cu on the microstructure, 
mechanical and degradation properties of Zn were investigated in the as-cast state to establish the fundamental 
understanding on the Zn–Ca–Cu alloy system. The microstructure of Zn-0.5Ca-0.5Cu, Zn-1.0Ca-0.5Cu, and 
Zn0.5Ca-1.0Cu is composed of intermetallic phase CaZn13 distributed within the Zn–Cu solid solution. The 
presence of CaZn13 phase and Cu as solute within the Zn matrix, on the one hand, exhibited a synergistic effect on 
the grain refinement of Zn, reducing the grain size of pure Zn by 96%; on the other hand, improved the me
chanical properties of the ternary alloys through solid solution strengthening, second phase strengthening, and 
grain refinement. The degradation properties of Zn–Ca–Cu alloys are primarily influenced by the micro-galvanic 
corrosion between Zn–Cu matrix and CaZn13 phase, where the 0.5% and 1.0% Ca addition increased the 
corrosion rate of Zn from 11.5 μm/y to 19.8 μm/y and 29.6 μm/y during 4 weeks immersion test.   

1. Introduction 

Driven by the increasing number of operations, incidences, and 
chronic wound injuries globally, the wound closure device market has 
undergone significant development in terms of the techniques and the 
materials used [1]. Both absorbable (e.g. polyglycolic acid, polylactic 
acid) and non-absorbable materials (e.g. stainless steel, titanium) have 
been used in different devices that enable the closing and eventual 
healing of various types of wounds [2]. 

Absorbable wound closure materials, which are mostly polymer- 
based, have won favour in current clinical practices, because these 
materials eliminate the need for secondary surgery for removal. How
ever, the limited tensile strength of polymers has limited their applica
bility to the closure of low-tension wounds. Therefore, such limitation 
necessitates the development of strong, absorbable wound closure 
materials. 

In the recent decade, biodegradable metals (BMs), namely magne
sium (Mg), zinc (Zn), and iron (Fe) and their alloys have been 

extensively studied as promising candidates for absorbable biomedical 
implant applications [3–5]. Current studies on BMs are mostly focusing 
on stents and orthopaedic implant applications [6–8]. In 2015, Seitz 
et al. [9] published a review on the suitability of biodegradable metals 
(BMs), namely, Mg, Zn, Fe and their alloys as potential absorbable suture 
materials for wound closure applications. They proposed that BMs are 
promising substitutes to the traditional polymeric-based suture mate
rials due to several advantages. Firstly, BMs possess a wide range of 
excellent mechanical properties; for example, Fe intrinsically possesses 
high strength which is ideal for load-bearing applications, while Mg and 
Zn, can be easily strengthened by microstructure manipulation. Sec
ondly, BMs have good biocompatibility as these naturally exist in human 
body, and both the metal and its ions and even some of the biodegra
dation products participate in numerous human physiological functions 
[10]. 

For wound closure applications, Mg and Fe offer some advantages 
such as excellent biocompatibility and outstanding mechanical proper
ties, respectively [11–13]. However, Mg possesses the highest 
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degradation rate among all BMs, which is commonly associated with 
short strength retention period that appears insufficient for wound 
support [9]. In addition, Mg degradation is typically associated with 
hydrogen gas generation [14]. Fe has some issues due to its low corro
sion rate, which often triggers tissue responses similar to that of per
manent implants, and the generation of bulky insoluble degradation 
product [15]. 

Recently, Venezuela et al. [16] critically assessed the prospect of Zn 
in wound closure application. They suggested that Zn may become a 
promising candidate not only as absorbable sutures, but also as staples, 
surgical tacks, and other advanced wound closure devices. Zn biodeg
radation is gas-free and associated with minimum degradation product 
generation; therefore, it is believed to pose minimal adverse impact on 
the wound environment. Another advantage that favours Zn for wound 
closure application is its moderate biodegradation rate compare to Fe 
and Mg, which implies a prolonged strength retention period that co
incides with that of tissue healing time as sternal suture. 

However, pure Zn possesses limited mechanical properties, with 
yield strength (YS) and ultimate tensile strength (UTS) of 30 MPa and 50 
MPa, respectively [17], which are often insufficient for biomedical ap
plications. Even after hot working, the UTS of Zn wire is still far below 
the mechanical properties required of some traditional sutures [9,18]. 

Alloying is an effective method to improve the mechanical properties 
of Zn. Currently, there are over thirty types of Zn-based binary, ternary 
and quaternary alloy systems being studied for biomedical applications 
[19–21]. These alloys were derived from the combination of thirteen 
alloying elements, including calcium (Ca), magnesium (Mg), iron (Fe), 
copper (Cu), manganese (Mn), strontium (Sr), aluminium (Al), zirco
nium (Zr), lithium (Li), germanium (Ge), silver (Ag), titanium (Ti), and 
bismuth (Bi). Although all of these elements have demonstrated 
different levels of strengthening effect on Zn, the biocompatibility of 
these alloying elements require further consideration. Biocompatibility 
is an important consideration in candidate materials for biodegradable 
medical devices. Unlike traditional permanent metallic implants, which 
uses materials that are biologically inert, biodegradable implants 
require both the material and its degradation by-products to be 
completely biocompatible to the host. In addition, Zheng et al. [10] 
proposed to go beyond the criteria of ‘non-toxicity’, as it is also impor
tant to fully exploit the bio-functions of the degradation products of 
BMs. Liu et al. [22] considered the biodegradation of BMs as a ‘bioac
tive’ process, which could potentially benefit the healing of affected 
tissues. Dennis et al. [23] provided specific recommendation to the 
development of next generation wound closure materials. They pro
posed that novel wound closure materials should not just provide the 
“physical closure of wounds”, but also “promote wound healing through 
the addition of features such as antimicrobial agents, bioactive mole
cules and drugs”. Evidently, it would be a great advantage if the wound 
closure material itself could also promote the wound healing process 
through the release of ‘bio-active’ metal ions during the biodegradation 
process. 

Zn is an essential trace element in the human body, and it plays a 
critical role in homeostasis, immune function, oxidative stress, cell 
apoptosis, and aging in humans [24]. During wound healing, Zn2+ plays 
an important role in regulating the cellular activities that are essential 
for the haemostasis, inflammation, proliferation, and remodelling of 
wound site [25]. In addition, the supplement of Zn, either by oral intake 
or topical application, could shorten the time for wound healing [26, 
27]. Moreover, the degradation products of Zn, including Zn(OH)2 and 
ZnO, possess anti-inflammatory effect [28] and are commonly used as 
anti-inflammatory agents in wound management [25,29]. 

Ca and Cu based compounds are also widely used in wound man
agement to increase promote the healing tissue process. Topical Ca2+

supplement, either though intravenous injection or wound dressing, 
could improve the wound strength, decrease the wound size and shorten 
the time for wound healing [29,30]. Similarly, Cu-based wound dress
ings and Cu-containing biodegradable implants have also demonstrated 

effective antibacterial effect to the microbials that are related to 
post-operation surgical site infection [31–33]. 

Given the therapeutic values of Zn, Ca and Cu to wound healing, a 
Zn–Ca–Cu alloy appears to be a promising candidate for the fabrication 
of absorbable wound closure devices. However, research on such an 
alloy system has not been reported, and the current understanding is 
limited to either Zn–Ca or Zn–Cu binary alloys [17,31,33–37]. Recent 
investigations on Zn–Ca alloys have indicated that Ca can significantly 
increase the mechanical properties and degradation rate of Zn through 
the formation of CaZn13 [17,37]. Cu has also demonstrated great 
promise as an alloying element in biodegradable Zn alloys. For example, 
Cu is well-cited for improving the tensile properties, hardness, wear 
resistance and creep resistance of Zn alloys [34]. Previous studies on 
binary Zn–Cu alloys have reported that Cu significantly improved the 
tensile properties of Zn through precipitation strengthening and solid 
solution strengthening. In addition, the strengthening of Zn–Cu alloys 
occurs with minimal compromise of ductility [31,33,35]. Therefore, Cu 
is considered as an ideal alloying element for Zn, inducing a balance of 
strengthening and toughening effect [36]. However, the influence of Cu 
additions on the corrosion resistance of Zn is still debatable. Different 
studies have reported that Cu either increase [31], decrease [35], or 
negligibly affect [33] the corrosion resistance of Zn. Therefore, a general 
understanding of the influence of Ca and Cu additions on the mechanical 
and corrosion characteristics of Zn would be necessary prior to the 
fabrication of Zn–Ca–Cu-based wound closure devices. 

The current investigation is focused on developing and understand
ing the properties of a novel Zn–Ca–Cu ternary alloy. In order to achieve 
this, five alloy systems, namely, Zn-0.5Cu, Zn-0.5Ca, Zn-0.5Ca-0.5Cu, 
Zn-0.5Ca-1.0Cu and Zn-1.0Ca-0.5Cu were fabricated and studied for 
microstructure, mechanical and in-vitro corrosion in the as-cast state. 
For each investigated alloy, the total alloying element content was 
limited to less than 1.5 wt% composition. This alloy composition value 
was recommended for biodegradable Zn as alloys with composition 
beyond this limiting value often tends to exhibit undesirable properties 
[19]. Several attributes of the as-cast structure, such as grain size 
refinement and evolution of intermetallic phases were related to the 
alloy’s strengthening and corrosion behaviour. The evaluation of these 
fundamental properties of the alloys are considered to be important first 
steps for the prospective development of Zn-based biodegradable wound 
closure devices. 

2. Methodology 

2.1. Material preparation 

Alloys of Zn with nominal compositions of Zn-0.5Cu, Zn-0.5Ca, Zn- 
0.5Ca-0.5Cu, Zn-1.0Ca-0.5Cu, Zn-1.0Cu-0.5Ca were prepared using 
high purity zinc ingot (99.995 wt %), pure copper (99.9 wt%), Zn-5 wt. 
% Ca, and Zn-5 wt.% Cu master alloys. Approximately 3 kg of pure Zn 
and Zn–Cu alloys were melted in an induction melting furnace at an 
operating power of 8 kW. Melting of Ca containing Zn alloys are con
ducted in an electric resistance furnace under the protective gas atmo
sphere (1 vol% SF6 and CO2). Pure Zn ingot was melted at 600 ◦C and the 
required quantities of Zn–Ca and Zn–Cu master alloys are added to the 
melt. The melt temperature was increased to 720 ◦C for the addition of 
Zn–Ca and Zn–Ca–Cu ternary alloys for the dissolution of Ca. The melt 
was held at 720 ◦C for 15–20 min, stirred every 5 min to ensure the 
complete dissolution of Ca and then poured into a steel mould preheated 
at 200 ◦C. Fig. 1 shows the diagram of the mould and the casting indi
cating the sampling locations for microstructure, mechanical properties 
and corrosion. The rectangular section (130 mm in length, 70 mm in 
height and 20 mm in thickness) sliced from the bottom portion of the 
casting was used for mechanical and corrosion testing. Cylindrical 
samples of Ø15 × 3 mm, Ø15 × 6 mm, and Ø6 x 12 mm were machined 
for immersion test, potentiodynamic polarization test and uniaxial 
compression test, respectively. Tensile specimens were prepared 
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following ASTM E8 [38]. 

2.2. Microstructural characterization and compositional analysis 

Specimens with approximate dimensions of 10x10 × 10 mm3 were 
cut for microstructure characterization, then cold-mounted in epoxy 
resin for polishing. The samples were ground using SiC abrasive papers 
from 600 to 4000 grit, and then final polished using diamond and 
colloidal silica suspension. The polished samples were chemically 
etched using a solution of 15 mL H2SO4 and 1 mL HF in water for 15 s to 
reveal the microstructure. Microstructure images were acquired using 
Leica Polyvar optical microscope at different magnifications under 
polarised mode. Grain size measurements and intermetallic phase area 
was calculated using an image analysis software. Hitachi TM3030, table- 
top scanning electron microscope (SEM, containing X-ray energy 
dispersive spectrometry (EDS)) was used to characterize the interme
tallic phases. Grain size measurement and the relative amount of the 
second phase were evaluated using ASTM E1382-97 [39] and ASTM 
E1245-03 [40] with the help of an image analysis software. Bruker D8 
Advance MKII X-ray diffraction equipment was used to characterize the 
phases formed at an accelerating voltage of 40 kV, at 40 mA (Cu Kα 
radiation) and a scan rate of 2◦/min. 

2.3. Mechanical test 

Uniaxial tensile and compression tests were performed using a uni
versal test machine (UTM, Instron 5584, USA) at room temperature in 
accordance with ASTM E8/E8M and ASTM E9-19 [38,41]. Tensile test 
and compression test were conducted at a strain rate of 10− 3/s 

and10− 1/s, respectively. Five replicates were conducted for each alloy 
type. The tensile yield strength (YS), ultimate tensile strength (UTS), 
elongation (E), compressive yield strength (CYS), ultimate compressive 
strength (UCS) and compressive elastic modulus (Ec) were obtained from 
the relevant Instron software. 

Vickers hardness test was conducted according to ASTM E92-17 
[42]. At least ten points from each specimen were randomly selected 
as test locations. The test was performed at room temperature, at an 
applied load of 1 kg and a loading duration of 10 s. 

2.4. Immersion test 

The immersion test on the as-cast pure Zn and Zn alloy buttons (Ø16 
× 3 mm) were conducted in Hank’s solution (HBSS, Sigma-Aldrich 
H1387) at 37 ◦C according to ASTM F3263-18a [43]. The solution vol
ume to sample surface area ratio was controlled at 0.2 mL/mm2. The 
specimens were collected at the 4-week and 8-week immersion periods. 
The specimens were rinsed in ethanol, then dried with compressed air 
for corrosion morphology characterization (SEM). The corrosion prod
ucts of the specimens were removed by chromic oxide solution (200 g/L 
Cr2O3) at 40 ◦C for 5 min. The acid cleaning was conducted multiple 
times until the weight of the samples was stabilized. 

The corrosion rate of the test specimen was calculated by equation: 

CR=KW/Atρ (1)  

where K is a constant; W is the weight loss of the specimen in g; A, t, ρ are 
the surface area (cm2), time of exposure (h), and the density of the 
specimen (g/cm3), respectively. 

Fig. 1. (a) A symmetrical section of the CAD model and the dimensions of the mould and (b) cast pure Zn marked with the sampling locations of microstructure, 
mechanical properties and corrosion analysis. 
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2.5. Polarization measurement 

Potentiodynamic polarization were conducted on the specimens in 
Hank’s solution (HBSS, Sigma-Aldrich H1387) using a potentiostat 
(PARSTAT® 2273). The temperature and the PH of each test were kept 
at 37 ± 0.5 ◦C and 7.4 ± 0.2, respectively. A three-electrode electro
chemical cell was used for the polarization measurement, including a 
counter electrode (10*15*0.2 mm platinum plate), a reference electrode 
(saturated calomel electrode, SCE), and the Zn alloy as the working 
electrode. The specimen for electrochemical measurement was polished 
with 1200 grit SiC paper, and loaded in a sample holder which exposes a 
1.0 cm2 sample surface area to the test fluid. 

For each electrochemical measurement, the open circuit potential 
(OCP) was monitored for 3600 s, followed by electrochemical imped
ance spectroscopy (EIS) and potentiodynamic polarization test. The EIS 
measurement was conducted using a 10 mV sinusoidal perturbating 
signal at the frequency range from 100 KHz to 100 mHz. The analysis of 
EIS data is performed using an electrochemical analysis software 
(ZView). The potentiodynamic polarization measurement was carried 
out at the scan rate of 0.166 mV/s, in the potential range of − 250 mV vs. 
OCP and completed at +250 mV vs. OCP. Three repeatable measure
ments were taken from each sample group. The corrosion current den
sity (icorr) was obtained through Tafel extrapolation as described in 
ASTM G102-89 [44] using electrochemical analysis software (CView). 
The corrosion rate during electrochemical measurement was calculated 
according to Faraday’s law: 

CR=KEicorr/ρ (2)  

where CR is the corrosion rate in mm/yr, K is a constant equal to 
3.27x103, ρ is the density of the specimen, and E is the equivalent weight 
of the alloy. 

3. Results 

3.1. Microstructure characterization 

Fig. 2 shows the microstructure of the binary and ternary Zn–Ca–Cu 
alloys. High purity Zn solidifies as large columnar grains that extend 
from the mould wall and terminate at the centre of the mould with an 
average size of 3.8 ± 1.1 mm. With a small addition of Cu, the Zn-0.5Cu 
alloys also exhibits columnar grain structure, however, the lateral 
growth of the dendrites is limited and finer columnar grains are 
observed (Fig. 2 - b). Addition of 0.5Ca in Zn-0.5Ca alloy produces better 
grain refinement than Cu additions to Zn-0.5Cu alloy as shown in Fig. 2 - 

c. Fine elongated grains together with fine equiaxed grains are present in 
the microstructure. 

Generally, all the ternary alloys showed significant refinement than 
the binary alloys, with typical grain sizes being less than 150 μm (Fig. 2 – 
d, e, f). This is observed from Fig. 2b–f, where the columnar grains in the 
centre of the sample becomes fully equiaxed, although few fine elon
gated grains are also present near the mould wall regions. Interestingly, 
the ternary alloy with the higher Cu concentration, Zn-1.0Cu-0.5Ca 
(Fig. 2 - f), possesses a finer grain structure compared to the alloy 
with the higher Ca content, Zn-0.5Cu-1.0Ca alloy (Fig. 2 - e). 

Fig. 3 – a, b shows the bright field optical microstructure images of 
the binary Zn-0.5Cu and Zn-0.5Ca alloy. According to the binary phase 
diagram of Zn–Cu alloys, the peritectic transition occurs for Cu con
centrations above 1.7 wt% and Cu has a solid solubility limit of 2.75 wt 
% at 425 ◦C [33,35]. Therefore, 0.5 wt% addition of Cu (within the 
solubility limit of Cu of hypo-peritectic composition) does not show any 
intermetallic phases and appears similar to the pure Zn microstructure. 
Precipitation of the CaZn13 phase was observed for all Ca-containing 
alloys. i.e. Zn-0.5Ca, Zn-0.5Ca-0.5Cu, Zn-0.5Ca-1.0Cu and 
Zn-1.0Ca-0.5Cu. Unlike Cu, Ca does not have appreciable solid solubility 
in Zn [45], and the precipitation of CaZn13 is expected for all mixtures 
having Ca [17,37]. In the case of 0.5 and 1.0 wt% Ca added to binary and 
ternary Zn–Ca–Cu alloys, CaZn13 nucleates at temperatures over 600 ◦C 
followed by the nucleation of η-Zn grains at 420 ◦C. 

Fig. 3 – c, d, e, f show the BSD images of the Ca-containing binary and 
ternary alloys. These images reveal that the intermetallic phases are 
present within the matrix and grain boundaries. As observed from Fig. 3 
– c, d, e, f, the increase in Ca from 0.5 wt% to 1.0 wt% promoted the 
growth of intermetallic dendrites, with some CaZn13 dendrites extend
ing to several millimetres in length that are observed throughout the 
sample. Ca addition at 1.0 wt% shows the massive precipitation of 
CaZn13 dendrites (Fig. 3 - e). It is interesting to note that the increased 
addition of Cu to Zn-0.5Ca alloy in Zn-0.5Ca-0.5Cu alloy (Fig. 3 - d) and 
Zn-0.5Ca-1.0Cu alloy (Fig. 3 - f) also increases the size of the CaZn13 
dendrites. The remelted fragments of both primary and secondary 
CaZn13 dendrites are dispersed throughout the microstructure. The area 
of fragmented CaZn13 dendrites in the microstructure of Ca containing 
binary and ternary alloys are measured and the distribution is shown in 
Fig. 3 - g. The total area of the field of interest (At) and the area of the 
detected feature (Ai, CaZn13 dendrites in this case) are calculated from 
various fields of the microstructure images. The area fraction of the 
intermetallic phases (AA) present in the field of view is obtained by Ai/At 
for individual remelted fragments of CaZn13 dendrites in the micro
structure. Remelted primary and secondary dendrites that are separated 

Fig. 2. Polarised microstructure images showing the grain refinement of (a) pure Zn, (b) Zn-0.5Cu, (c) Zn-0.5Ca, (d) Zn-0.5Cu-0.5Ca, (e) Zn-1.0Ca-0.5Cu and (f) Zn- 
0.5Ca-1.0Cu alloy. 
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from the main dendrite are calculated as single entity (as shown in the 
inserted image of Fig. 3 - g) for the area measurement. Significantly 
larger dendrites occupying larger area fraction are also observed in all 
ternary alloys. The aim of Fig. 3 - g is to provide an approximate esti
mation of size of the primary phase (excluding massive dendrites) to 
show the effect of Cu and Ca on the growth of CaZn13 dendrites and its 
distribution. As observed from the BSD images, binary Zn-0.5Ca alloy 
contains numerous fine fragments with a narrow size distribution and it 
increases simultaneously for both Ca and Cu additions in the ternary 
alloys. The distribution becomes much wider for Zn-1.0Ca-0.5Cu and 
Zn-0.5Ca-1.0Cu ternary alloys. The grain size and the grain density 
(number of grains/mm2) measured for all the alloys are shown in Fig. 3 – 
h. Since it is evident from Fig. 2 that the grain size decreases significantly 
after the addition of Ca to binary and ternary alloys Fig. 2 – c, d, e, f, 
therefore, CaZn13 phases could be serving as nucleation sites for the 
grain refinement observed. The grain size initially decreases as a func
tion of both Ca and Cu addition, however, when the concentration of Ca 
or Cu is greater than 0.5 wt%, excellent refinement with equiaxed and 
uniform distribution of fine grains are achieved. Grain density mea
surement provides a better quantification of the refinement observed in 
the ternary alloys. It is interesting to note that within the peritectic al
loys, the increase in Cu concentration from Zn-0.5Ca-0.5Cu to Zn-0.5Ca- 

1.0Cu provides the highest number density of grains compared to the 
increase occurred by the addition of Ca from Zn-0.5Ca-0.5Cu to Zn- 
1.0Ca-0.5Cu alloy. This indicates that the sharp rise in the number of 
fine grains has occurred as a function of Cu rather than Ca 
supplementation. 

Fig. 4 – a, b shows the BSD images and compositional maps of 
intermetallic phases in the Ca-rich and Cu-rich ternary alloys. The 
mapping shows that the intermetallic phase has a rich concentration of 
Ca, while Cu is evenly distributed throughout the structure. The inter
metallic phases are further analysed in various fields and the spectra of 
elements for all the ternary alloys are shown in Fig. 4 - c. These results 
again confirm that the intermetallic phases are rich in Ca. According to 
the atomic weight percent calculation, the CaZn13 phase has 95.45 wt% 
Zn and 4.50 wt% Ca. The average measurement of Zn and Ca estimated 
through EDS point analysis (normalised wt.%) is 96.15 ± 0.6% and 3.84 
± 0.6% respectively, which correlates well with the CaZn13 phase. Since, 
the Kα peak of Cu coincides with Kα of Zn, it is difficult to identify the 
presence of Cu within the intermetallic phase. Fig. 4 - d shows the 
magnified image of the EDS spectra of the Cu-containing ternary alloys 
(Fig. 4 - c) that indicates the presence of Cu. 

Fig. 5 - a shows the XRD analysis of the binary and ternary alloys. 
According to the analysis performed in Fig. 4, XRD results further 

Fig. 3. Bright field optical microstructure images of (a) Zn-0.5Cu and (b) Zn-0.5Ca binary alloys. BSD images of (c) Zn-0.5Ca, (d) Zn-0.5Cu-0.5Ca, (e) Zn-1.0Ca-0.5Cu 
and (f) Zn-0.5Ca-1.0Cu alloys showing the presence of peritectic CaZn13 dendrites. (g) Distribution of CaZn13 fragments measured from various fields of micro
structure images (the insert image 1 shows the marking of CaZn13 dendritic fragments as an example for the calculation of second phase distribution) and (h) grain 
size and number of grains for the binary and ternary alloys. 
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confirm that the second phase in the Zn-0.5Ca alloy to be CaZn13 with a 
face-centred cubic (FCC) structure. Comparing the Zn-0.5Ca to the 
ternary Zn–Ca–Cu alloys, the absence of additional peaks suggests that 
no new phases are formed after the addition of Cu to the binary Zn–Ca 
alloy within the levels of Cu (i.e. up to 1.0 wt%) investigated in the 

present work. Furthermore, the intensity of CaZn13 peaks appears to 
increase with the Ca content of the ternary alloy, indicating the direct 
relationship of intermetallic formation with Ca concentration. Fig. 5 - b 
shows the relative volume fraction of the secondary phases calculated 
according to ASTM E562 for Ca containing binary and ternary alloys. It 

Fig. 4. Backscattered-Electron (BSE) image and elemental mapping of Ca and Cu for (a) Zn-1.0Ca-0.5Cu and (b) Zn-0.5Ca-1.0Cu alloys. (c and d) EDS spectra of point 
analysis examined at different locations of the sample for all the ternary alloys investigated. 

Fig. 5. (a) XRD patterns of the binary and ternary alloys used in current study; (b) volume fraction of CaZn13 (%) in Ca-containing alloys. Asterisk represent sta
tistical significance: **p<0.05 and*p>0.05. 
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is evident that the volume fraction of the second phase increases as a 
function of Ca addition, and the precipitate amount was nearly double in 
Zn-1.0Ca-0.5Cu alloy when compared to the Zn-0.5Ca-XCu (X = 0, 0.5, 
1.0) alloys. 

3.2. Mechanical properties 

Fig. 6 shows the Vickers hardness (HV1) of the studied alloys, 
compared with the control, pure Zn. It can be noted that the single-phase 
Zn-0.5Cu alloy has the lowest hardness of 35.84HV among the alloys. 
This hardness value is slightly higher than that of pure Zn. The binary 
Zn-0.5Ca alloy displayed a significant increase in hardness compared to 
pure Zn and Zn-0.5Cu, due to the presence of the CaZn13 [37]. 
Furthermore, the addition of the third alloying element improved the 
hardness of the binary alloys, with Zn-0.5Ca-1.0Cu and Zn-1.0Ca-0.5Cu 
exhibiting the highest hardness levels (>70HV). 

Fig. 7 – a, b shows the tensile and compressive properties of pure Zn 
and the studied alloys, respectively. For the alloys, YS ranged from 10 to 
20 MPa, UTS from 50 to 110 MPa, and elongation from 0.5 to 0.2% as 
shown in Fig. 7 – a. The tensile Young’s modulus of Pure Zn is measured 
at 120 ± 3 GPa, and is increased to 132 ± 6, 152 ± 11, 132 ± 8, 156 ± 7, 
and 208 ± 16 GPa, for Zn-0.5Cu Zn-0.5Ca, Zn-0.5Ca-0.5Cu, Zn-0.5Ca- 
1.0Cu, and Zn-1.0Ca-0.5Cu alloys respectively. Furthermore, the as-cast 
alloys generally exhibited better compressive than tensile properties. 
Compared to Cu, the same amount of Ca additions offers higher 
strengthening effect for Zn alloys, as indicated by the relatively higher 
CYS of Zn-0.5Ca alloy (CYS = 93.4 MPa) compared to that of Zn-0.5Cu 
alloy (CYS = 42.1 MPa). The same is true when comparing the Ca rich 
Zn-1.0Ca-0.5Cu alloy (CYS = 165.61 MPa) alloy to the Cu rich Zn-1.0Cu- 
0.5Ca alloy (CYS = 144.82 MPa). CYS ranged from 25 to 150 MPa, UCS 
ranged from 225 to 325 Mpa (Fig. 7 – b). In general, the YS, UTS and CYS 
of the alloys appear to be proportional with alloy addition. As expected, 
tensile elongation (E) decreases with increasing strength. The Zn-0.5Ca 
and Zn-1.0Ca-0.5Cu alloys exhibited relatively lower UCS compared to 
pure Zn and Zn-0.5Ca-1.0Cu alloys, respectively. It is known that as cast 
Zn have intrinsically low tensile strength. For example, as cast pure Zn 
would have a typical UTS of about 26 MPa [46]. Indeed, such tensile 
weakness in cast biodegradable Zn alloys has been reported and is 
therefore expected [19,20]. 

Considering the influence of alloying elements Ca and Cu on the 
mechanical properties of the Zn–Ca–Cu alloys, the following observa
tions were made. Firstly, the additions of both Ca and Cu are associated 
with improvements in the mechanical properties of Zn alloys. For 
example, the YS, UTS, UCS and CYS of the binary alloys are significantly 
higher than pure Zn, and the addition of third alloy element also 

improve the mechanical properties of the binary alloys. Secondly, 
compared to Cu, the addition of Ca had a more significant contribution 
to the improvement of UTS and CYS of the binary and ternary alloys. 
This is evident from the significantly higher UTS and CYS of the Zn- 
0.5Ca alloy (UTS = 60.2 MPa, CYS = 93.4 MPa) compared to Zn- 
0.5Cu alloy (UTS = 50.78, CYS = 42.1). The same is true for the 
ternary alloys, where the Ca-rich ternary alloy, Zn-1.0Ca-0.5Cu alloy 
(UTS = 103 MPa, CYS = 165.6 MPa), exhibited the highest CYS when 
compared with Zn-0.5Ca-0.5Cu alloy (UTS = 84.8 MPa, CYS = 123.6 
MPa) and Zn-0.5Ca-1.0Cu alloy (UTS = 96.6 MPa, CYS = 144.8 MPa). 
Thirdly, the UCS of the alloys increases with increasing Cu content. For 
example, the Zn-0.5Ca-1.0Cu alloy (UCS = 327.3 MPa) displayed higher 
UCS than Zn-1.0Ca-0.5Cu (UCS = 291.7 MPa). Similar phenomenon was 
also observed when comparing Zn-0.5Cu and Zn-0.5Ca alloys. Finally, 
Cu appears to improve the structural integrity of Zn-0.5Ca alloys during 
compressive deformation (Supplementary information 1 (S1)). For 
example, with the increasing Cu content, the development of compres
sive rupture on Zn-0.5Ca-XCu (X = 0, 0.5, 1) occurred at higher strain 
during room temperature compression test. As shown in S1, the Zn- 
0.5Ca alloy indicated deep ‘X’ shaped crack at 70% compressive 
strain, whereas the surface of Zn-1.0Cu-0.5Ca alloy remained relatively 
smooth after the same condition. 

3.3. Electrochemical degradation behaviour 

Fig. 8 presents the open circuit potential (OCP) and potentiodynamic 
polarization curves of Zn, Zn-0.5Cu, Zn-0.5Ca, Zn-0.5Ca-0.5Cu, Zn-0.5- 
1.0Cu, and Zn-1.0Ca-0.5Cu alloys. Table 1 contains the OCP after sur
face stabilization was achieved, as well as the Ecorr (VSCE), icorr (μA/ 
cm2) and corrosion rate (μm/y) of the studied alloys that were derived 
from the polarization curves. 

The polarization plots indicate that the Ecorr of Zn shifted to more 
positive potentials after alloying with Cu and Ca. Compared to pure Zn 
(− 1.065 V), the addition of 0.5% Cu and Ca to Zn increased the corro
sion potential to − 0.945 V and − 0.980 V respectively, and the corrosion 
potential of the ternary alloys lie in between this range. Pure Zn 
exhibited the lowest degradation rate, CR, at 219 ± 5 μm/y, while Zn- 
0.5Cu has a slightly higher CR than pure Zn at 256 ± 20 μm/y. 
Similar to what was observed in the immersion test, the addition of Ca 
significantly increased the CR of Zn-0.5Ca alloy to 461 ± 18 μm/y, and 
the addition of Cu in Zn-0.5Ca alloy did not result in apparent changes in 
CR. Compared to Zn-0.5Ca-XCu (X = 0, 0.5, 1) alloys, the Zn-1.0Ca- 
0.5Cu possessed higher CR at 490 ± 15 μm/y. 

Fig. 9 presents the Nyquist plots and Bode plots from the EIS mea
surement of the studied alloys. It can be noted that the corrosion layers 
formed on the alloys’ surface indicated two different impendence be
haviours. For pure Zn and Zn-0.5Cu alloys, two capacitive loops can be 
observed, where the high frequency capacitive loop indicates the charge 
transfer process, and the mid-frequency loop is related to the formation 
of a thin film on the sample’s surface. Such characteristic can be fitted 
with the bi-layer model (Fig. 10 - a), which is a widely used equivalent 
circuit model describing the presence of inner and outer layer (oxida
tion, coating, etc.) during EIS measurement [47–50]. The bi-layer model 
consists of solution resistance (Rs), as well as the resistive and capacitive 
of the charge transfer interface (CPE1, Rct), and the outer oxidized layer 
(CPE2, Rol). For the Ca-containing alloys, a high frequency semi-circle 
capacitive loop and mid-to-low frequency depressed semicircle loop 
can be observed. These two characteristics are believed to result from 
the charge transfer process and the permeable layer, respectively. Good 
fits were obtained using the equivalent circuit that commonly describes 
effects of permeable layers on alloy surface [50–54]. As shown in Fig. 10 
– b, such equivalent circuit consists of solution resistance (Rs), charge 
transfer process (CPE1, Rct), and the characteristics of the permeable 
layers (CPE2, Rpl). The constant phase elements (CPE) are used in both 
models to replace the capacitors to describe the dispersive effect of the 
double layers [55]. The CPE impendence is represented by: 

Fig. 6. The Vickers hardness (HV1) of studied alloys, asterisk represent sta
tistical significance: **p<0.05 and*p>0.05. 
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ZCPE=[T(jω)n]-1                                                                               (3) 

where j is the imaginary number (− 1)0.5, ω is the angular frequency of 
AC signal, T is the capacitive effect of the interface, and n range between 
0 and 1. 

Table 2 shows the EIS circuit modelling data for pure Zn, and all 

studied alloys. The solution resistance (Rs) of all EIS measurements 
remained stable in the range of 5.22–21.45 Ω. Pure Zn showed the 
highest Rct among all test specimens at 829.6 Ω/cm2, and the addition of 
Cu increased the electrochemical activities of pure Zn, reducing its 
charge transfer resistance to 436.4 Ωcm2. The Rct values of the Ca- 
containing alloys were significantly lower compared to that of pure Zn 
and Zn-0.5Cu alloy. Regarding the characteristics of the corrosion layer, 
it can be noted that the corrosion layer on Zn–Cu alloys indicated 
significantly lower resistance (Rol) and higher capacitance CPE1-T 
compared to pure Zn. While Ca-containing alloys indicated significantly 
lower CPE2-T and n values compared to that of pure Zn and Zn-0.5Cu 
alloy. 

3.4. Immersion test 

The degradation rate of Zn alloys in Hank’s solution after 4 weeks 
and 8 weeks immersion testing is presented in Fig. 11. After 4 weeks, Zn 
and Zn-0.5Cu alloys show similar degradation rate at 11.5 and 12.4 μm/ 
y respectively, which are the slowest among all test specimens. The 
degradation rate of Zn-0.5Ca-XCu (X = 0, 0.5, 1) alloys ranged between 
18.2 and 19.8 μm/y, which were significantly higher compared to pure 
Zn and Zn-0.5Cu alloy. The Zn-1.0Ca-0.5Cu alloy indicated the highest 
degradation rate at 29.6 μm/y. After 8 weeks of immersion testing, the 
degradation rates of all test specimens were lower compared to the 4- 
weeks group, but the previously observed trends in the corrosion rate 
of the alloys remained the same. 

Fig. 12 shows the morphology of Zn and Zn alloys after 4 and 8 weeks 

Fig. 7. The mechanical properties of studied alloys; (a): Tensile properties; YS-yield strength, UTS-ultimate tensile strength, E-elongation at break; (b) Compressive 
properties; CYS-compressive yield strength, UCS-ultimate compressive strength. The difference in data between groups are statistically significant unless otherwise 
indicated. *: p > 0.05. 

Fig. 8. The (a) Open circuit potential, and (2) electrochemical polarization curves of Zn, Zn-0.5Cu, Zn-0.5Ca, Zn-0.5Ca, Zn-0.5Ca-0.5Cu, Zn-0.5-1.0Cu, Zn-1.0Ca- 
0.5Cu alloys. 

Table 1 
Corrosion potential and corrosion rate measured from electrochemical polari
zation test for Zn, Zn–Ca, Zn–Cu, and Zn–Ca–Cu alloys in Hanks solution.  

Material Open circuit 
potential (V, 
vs. SCE) 

Corrosion 
potential, Ecorr 

(V, vs. SCE) 

Corrosion 
current density 
icorr (μA/cm2) 

Corrosion 
rate, CR 
(um/y) 

Zn − 1.006 ±
0.010 

− 1.065 ±
0.007 

14.598 ± 0.332 219 ± 5 

Zn-0.5Cu − 0.993 ±
0.005 

− 0.945 ±
0.017 

17.415 ± 1.361 256 ± 20 

Zn-0.5Ca − 1.001 ±
0.002 

− 0.980 ±
0.021 

30.586 ± 1.194 461 ± 18 

Zn- 
0.5Ca- 
0.5Cu 

− 0.988 ±
0.006 

− 0.955 ±
0.015 

30.277 ± 0.535 453 ± 8 

Zn- 
0.5Ca- 
1.0Cu 

− 0.986 ±
0.002 

− 0.961 ±
0.005 

31.346 ± 0.869 469 ± 13 

Zn- 
1.0Ca- 
0.5Cu 

− 0.987 ±
0.002 

− 0.945 ±
0.005 

32.387 ± 0.991 490 ± 15  
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of immersion in Hank’s solution. It can be noted that the metals with a 
single phase microstructure, such as pure Zn and Zn-0.5Cu, exhibited a 
relatively uniform degradation behaviour. No corrosion pits were found 
in the corroded surface even after prolonged immersion (8 weeks). On 
the other hand, the Ca-containing alloys displayed more localized 
degradation behaviours. For example, the Zn-0.5Ca alloy possessed deep 
corrosion pits on its surface after 8 weeks of immersion. For the ternary 
Zn-0.5Ca-0.5Cu, Zn-0.5Ca-1.0Cu, and Zn-1.0Ca-0.5Cu alloys, non- 
uniform degradation became evident 4 weeks after the immersion test. 
The second phase of these alloys were preferentially attacked during the 
biodegradation process, creating deep, localized corrosion pits at the 
interface of the second phase and the matrix. Corrosion pits were 
significantly larger in the Zn-1.0Ca-0.5Cu alloy compared to the other 
ternary alloys, which is likely associated with the high relative amounts 
of the second phase. After 8 weeks, the degradation of the ternary alloys 

continued to take place at the Zn–Cu matrix-CaZn13 interface. The 
corrosion pits in the Zn-0.5Ca-XCu (X = 0.5, 1) alloys became larger and 
deeper, and had etched out nearly half of the second phase in these al
loys. On the other hand, the Zn-1.0Ca-0.5Cu alloys experienced a more 
severe corrosion attack, with CaZn13 phase completely etched out from 
the alloy surface, consequently resulted in faster degradation rate 
compared to the other ternary alloys. 

Fig. 13 presents SEM images and the associated elemental maps of 
Zn, Ca, Cu, O, and P obtained via EDS on the cross sections of the Zn, Zn- 
0.5Cu, Zn-0.5Ca-0.5Cu, and Zn-1.0Ca-0.5Cu alloys after 8 weeks of 
immersion in Hank’s solution. Fig. 13 – a, b indicates that there is a thin, 
dense, uniform corrosion layer formed on Pure Zn and Zn-0.5Cu alloy 
surface. Compared to Zn-0.5Cu alloy, the Zn-0.5Ca-0.5Cu alloy exhibi
ted a more significant build-up of corrosion products on the surface 
(Fig. 13 - c). The distribution of degradation products is relatively non- 

Fig. 9. The (a) Nyquist plots, (●: experiment data; —Fitted curve) and (b), (c) Bode plots of Zn, Zn-0.5Cu, Zn-0.5Ca, Zn-0.5Ca-0.5Cu, Zn-0.5-1.0Cu, and Zn-1.0Ca- 
0.5Cu alloys during EIS measurement. 

Fig. 10. Equivalent circuits used to simulate the EIS data of studied alloys: (a) Bi-layer model describing the formation of oxidation layer on Zn and Zn-0.5Ca surface; 
(b) Circuit describing the development of non-uniform permeable interface on Ca-containing alloys; L-liquid, OL-Oxidized layer, PL-permeable layer, M-Metal. 

Table 2 
Circuit parameters obtained from mathematical fitting of EIS data of the studies alloys. Values shown are the average of three measurements.  

Material Rs, 
Ω cm2 

CPE1-T, 
μF/cm2 

n1 Rct, 
Ω/cm2 

Rol/pl, 
Ω/cm2 

CPE2-T, 
μF/cm2 

n2 Chi square, χ2 

Zn 7.33 7.28 0.83 829.6 1270 3.07×103 0.59 0.0041 
Zn-0.5Cu 5.22 7.51 0.85 436.4 521 1.07×104 0.53 0.0105 
Zn-0.5Ca 8.83 1.49 0.95 60.08 802.6 1.39×103 0.30 0.014 
Zn-0.5Ca-0.5Cu 13.23 0.99 0.91 76.92 790.2 1.26×103 0.37 0.027 
Zn-0.5Ca-1.0Cu 9.74 1.40 0.98 68.18 734.2 1.56×103 0.32 0.013 
Zn-1.0Ca-0.5Cu 21.45 0.92 0.96 57.69 1387 1.12×103 0.30 0.004  
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uniform, as the thickness range between 6 and 30 μm. In addition, the 
presence of cracks in the corrosion layer can also be observed on Zn- 
0.5Ca-0.5Cu alloy. The distribution of corrosion product on Zn-1.0Ca- 
0.5Cu (Fig. 13 - d) appears similar to that on Zn-0.5Ca-0.5Cu alloy. 
However, the corrosion attack on the Zn-1.0Ca-0.5Cu alloy is more 
aggressive than other alloys, as some of the corrosion products extended 
several microns into the alloy’s surface. These regions of localized 
accumulation of corrosion products within the alloy are believed to be 
the source of the corrosion pits observed in Fig. 12 - f2. 

The cross-sectional element map of Zn in pure Zn, Zn-0.5Cu, Zn- 
0.5Ca-0.5Cu, and Zn-1.0Ca-0.5Cu (Fig. 13 - a1, b1, c1, d1) shows that 
there are two regions of interest: (i) the lower half region, with a rich 
concentration of Zn corresponding to the alloys’ matrix, and the (ii) 
upper half section, with a low Zn concentration corresponding to the 
degradation products. Since the simulated physiological fluid (Hank’s 
solution) used in this study does not contain Zn ions, therefore the Zn 
found in the degradation products clearly originated from the corroding 
metal. Similar phenomenon is also observed in Cu. Most of the Cu is 
found in the alloy and a small amount seen in the corrosion product 
(Fig. 13 - b3, c3, d3). In contrast, the distribution of Ca is non-uniform; i. 
e., Ca is concentrated in the corrosion product layers (Fig. 13 - a2, b2, c2, 
d2) as well as in some parts of the alloy’s matrix (Fig. 13 - c2, d2). The 
high Ca concentration in the corrosion product of metals tested in 
physiological fluid is well known [19] and can be traced from Ca’s 
presence in the Hank’s solution. Likewise, the localized Ca concentra
tion in the alloy matrix is due to its strong presence in the intermetallic, 
CaZn13, as seen in Fig. 4. In addition, the degradation products of 
studied alloys also indicated high concentration of oxygen (O) (Fig. 13 - 
a4, b4, c4, d4), phosphorus (P) (Fig. 13 - a5, b5, c5, d5), which are also 
typical degradation products of metals tested in physiological environ
ments [56]. The observed corrosion products composition through EDS 
analysis is consistent with published finding on the degradation prod
ucts of Zn alloys, hence, the possible corrosion products on Zn are ZnO, 
Zn(OH)2, Zn3(PO4)2, Ca3(PO4)2, and CaP [19,57]. In addition, the 
presence of Cu within the corrosion products of the Cu-containing alloys 
also suggest the dissolution of Cu from the alloy matrix, likely in the 
form of Cu2O [58–60]. 

4. Discussion 

4.1. Influence of Cu and Ca on the microstructure and mechanical 
properties 

Addition of Ca and Cu to Zn produced significant grain refinement 
and excellent refinement with equiaxed grains obtained for all the 
ternary alloys. The formation of equiaxed grains are governed by two 
main factors (i) heterogeneous nuclei and (ii) solute [61]. Since, Ca does 
not have appreciable solubility and precipitates well above the equi
librium nucleation (650-600 ◦C) temperature of Zn-grains (420 ◦C), 
CaZn13 intermetallic phases can act as the nucleating sites. Cu additions 
below the peritectic composition therefore can act as solute providing 
growth restriction for the grains and the nucleation of new grains by 
constitutional supercooling [62]. This is evident while observing the 
refinement produced by a Zn-0.5Ca, Zn-0.5Ca-0.5Cu and 
Zn-0.5Ca-1.0Cu alloys as a function of Cu additions, where Figs. 3 and 4 
revealed no new intermetallic phases. On the other hand, grain refine
ment for the increase in Ca for a given Cu addition to Zn-0.5Cu alloy as 
Zn-0.5Ca-0.5Cu and Zn-1.0Ca-0.5Cu becomes saturated. Therefore, it is 
evident that Ca and Cu collectively contributed to the refinement of 
Zn–Ca–Cu ternary alloys reducing the grain size to less than 150 μm. The 
synergistic effect of CaZn13 as nucleant and Cu as solute were identified 
as the contributing factors for the significant refinement of Zn–Ca–Cu 
alloys. 

The strengthening of Zn-0.5Ca and Zn-0.5Cu binary alloys can be 
attributed to (1) second phase strengthening that result from the for
mation of CaZn13 within the matrix, and (2) solid solution strength
ening, as the 0.5 wt% content is still below Cu’s maximum solubility in 
Zn. Compared to the binary alloys, the ternary alloys in the present study 
indicated much higher CYS and YS. In addition to the combined effect of 
the previously mentioned strengthening mechanisms, the refined grain 
size in the ternary alloys further improved the strength of the ternary 
alloys through grain boundary strengthening, as described by Hall-Petch 
relationship [63]. The increase hardness values are evident with the 
addition of Ca and Cu into the ternary Zn–Ca–Cu alloys. It was reported 
that the microhardness of CaZn13 is 223 HV1, which is nearly four times 
higher than that of pure Zn [64]. Therefore, the increase in hardness 

Fig. 11. The degradation rate of studied alloys after 4 and 8 weeks of immersion in Hank’s solution, asterisk represent statistical significance: **p<0.05 and*>0.05.  
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from Ca addition can be easily attributed to the increase in the fraction 
of second phase CaZn13. The effect of Cu addition below 2% on the 
hardness of Zn alloys has not been reported previously. According to the 
current study, it can be noted that 0.5–1 wt% Cu also improved the 
hardness of Zn-0.5Ca alloy, likely by increasing the hardness of the 
Zn–Cu matrix which is evident in the binary Zn-0.5Cu alloy. 

After the addition of 0.5 Cu to pure Zn, there is no significant change 
observed in the refinement of grain structure. Columnar grains were 
predominant in the microstructure and the Zn-0.5Cu alloy still exhibited 
single-phase microstructure, albeit a notable increase in the YS, UTS, 
UCS and elongation have occurred. Therefore, the increase in properties 
can be attributed to the solid solution strengthening of Cu in Zn [35]. On 
the other hand, the strengthening effect from Ca addition is attributed to 
the formation of CaZn13 phase, as several studies have reported that the 
precipitated CaZn13 phase can significantly improve the strength of Zn 
alloys by increasing dislocation density and hindering dislocations mo
tions within the alloys [65–67]. Although the average grain size is 
reduced, the microstructure of Zn-0.5 Ca alloys exhibits a mixed struc
ture of fine columnar grains and small number of equiaxed grains. It is 
well-known that reducing the secondary dendritic arm spacing and grain 
size contributes to the increase in mechanical strength of the alloys [68]. 
In addition, it should be noted that a decrease in grain size could not 
solely account for the improved mechanical properties in the micro
structures where precipitates are present. The size distribution and the 
amount of phase also contributes to the strength of the as-cast alloys 
[69]. A Zn–3Cu-(0.5, 1.0)Fe alloys containing peritectic dendrites of 
FeZn13 and CuZn5 phases [70] and a Zn-0.75Mn-0.4Cu alloy containing 
Zn–Mn–Cu phases [71] are typical examples in Zn alloys where 
pro-peritectic phases grow as dendrites or needle shaped phases that 
cause a significant drop in the mechanical properties. This is also true for 
all the ternary alloys investigated in the present work where the grain 
size is decreased while the precipitation of CaZn13 dendrites becomes 
larger in size and increased in the area fraction (SEM images in Fig. 3 – 
c-f). CaZn13 dendrites assumes the FCC crystal structure and can easily 
grow into large dendritic phases in Zn [72], it is therefore considered to 
be the cause of early fracture/rupture in Zn–Ca alloys during deforma
tion [36]. In the present study, the lower values of UCS of Ca rich 
Zn-1.0Ca-0.5Cu and Zn-0.5Ca alloy and tensile elongation in ternary 
alloys are likely due to the presence of coarse CaZn13 phases that acted 
as crack nucleation points. 

Table 3 presents the mechanical properties of the studied alloys in 
comparison to pure Zn, Zn-nutrient elements alloy systems, and some 
absorbable/non-absorbable metallic wound closure devices. Both Zn 
and Mg-based materials have been investigated as the absorbable 
alternative to traditional Ti-based staples for gastric anastomosis ap
plications. For example, the fabrication of absorbable surgical staples 
from high purity Mg and Mg-Nd-Y alloy were reported by Wu et al. [76], 
Qu et al. [75]. and Amano et al. [77]. These materials possess UTS of 
196–290 MPa, elongation of 14.6–22.0%, which exhibited sufficient 
tensile force and biocompatibility in the animal gastrointestinal envi
ronment. Similarly, Zn based staples (Zn–Cu–Mn–Ti, Zn–Mn–Ti, 
Zn–Cu–Ti) with UTS of 198–212 MPa and elongation of 7–21% were 
also found to provide a good combination of strength, biodegradability 
and biocompatibility to stomach closure in an animal study [78]. 
Judging by the mechanical properties of pure Zn and Zn alloys in 
Table 3, it is clear that the strength of the as cast Zn alloys can hardly 
satisfy the mechanical property requirements for wound closure appli
cation. Nevertheless, the strength of Zn alloys can be markedly increased 
after traditional or advanced wrought processing. For example, the UTS 
of as cast Zn–3Mg and Zn-1.0Mg-0.1Mn - which exhibited similar values 
to the Zn–Ca–Cu alloys in the current study - experienced a more than 
2.5-fold increase after thermal wrought processing [74,81]. The YS and 
E of Zn–Ca–Cu alloys are also expected to be improved after casting 
defects and microstructural non-uniformities are eliminated through 
deformation processing. On the other hand, the investigation on 
biodegradable metallic sutures is still at the preliminary stage, and the 
mechanical properties of the fabricated Zn [18] and Mg [79] based wires 
are still well below that of 316 stainless steel sutures [80]. Hence, the 
applicability of the studied Zn–Ca–Cu alloys for suture application may 
still be limited. The refinement and the distribution of fine peritectic 
dendrites through deformation processing is further suggested to 
develop better yield strength and ductility in these ternary alloys. 

Fig. 12. The corrosion morphology of (a) Zn, (b) Zn-0.5Cu, (c) Zn-0.5Ca, (d) 
Zn-0.5Ca-0.5Cu, (e) Zn-0.5-1.0Cu, (f) Zn-1.0Ca-0.5Cu after 4 (Left) and 8 
(Right) weeks of immersion in Hank’s solution. Red arrows indicate the 
corrosion pits. 
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4.2. Degradation behaviour 

In the current study, the degradation of the Zn–Ca–Cu alloy in a 
simulated physiological fluid (Hank’s solution) was confirmed. It was 
observed that, compared to Ca, the influence of Cu addition on the 
degradation properties of Zn is minor. No significant difference can be 
seen in the corrosion rate and the corrosion morphology between pure 
Zn and Zn-0.5Cu. The observed composition of degradation products (P, 
O, Ca, Cu, Zn) from Zn–Cu alloy is consistent with the published in vitro 
corrosion behaviour of similar alloy systems [57,70,71]. Compared to 
pure Zn, the corrosion product layer on Zn–Cu alloy indicated signifi
cantly decreased resistance and increased capacitance. These changes 
are likely associated with the presence Cu within the corrosion products 
of Zn-0.5Cu alloy. Nevertheless, the formation of a compact, uniform 
corrosion product layer on the alloy surface provided some protection to 
the Zn-0.5Cu matrix - similar to what was observed on pure Zn - and 
resulted in the observed low corrosion rate. 

Ca, on the other hand, has a confirmed role in increasing the 
corrosion rate of Zn alloys by promoting intermetallic phase galvanic 
corrosion (Zn/CaZn13) [21,37]. Compared to the single phase pure Zn 

and Zn-0.5Cu alloy, the intermetallic galvanic corrosion increased the 
speed of the charge transfer process occurred on alloy’s surface, and 
resulted in the observed low Rct values of the Ca-containing alloys. Such 
observation suggest that the Ca-bearing alloys intrinsically possess 
lower corrosion resistance [82], hence, indicated faster corrosion rate. 
Assuming that the corrosion rate is mainly influenced by the addition of 
Ca, Fig. 14 shows the corrosion trend plotted for the intermetallic phase 
fraction area against the immersion test results. With the increase in the 
fraction of intermetallic phases, the rate of corrosion increases linearly 
for 4 and 8 weeks experiments. The slope of linear fit for 4 week is higher 
(0.65 μm/y⋅(%)) compared to the 8 week sample (0.50 μm/y⋅(%)) 
indicating the formation of the more passivated layer, however, the 
trend remains linear. Zou et al. also noted that the corrosion rate of 
Zn–Ca alloys increases with increasing Ca concentration, i.e. by 
increasing the volume fraction of CaZn13 dendrites [37]. 

The presence of Ca in Zn alloys altered the characteristics of the 
corrosion products, as evident from Fig. 13, where the corrosion prod
ucts on Ca-containing alloys are significantly thicker, less uniform, and 
with more cracks compared to those layers found in the Zn and Zn-0.5Cu 
alloys. Similar phenomena were also expected to occur in the Ca- 

Fig. 13. BSD image and elemental mapping of Zn, Ca, Cu, O and P for the cross section of (a) Zn, (b) Zn-0.5Cu, (c) Zn-0.5Ca-0.5Cu, and (d) Zn-1.0Ca-0.5Cu alloys 
after 8 weeks of immersion in Hank’s solution. CP, corrosion products; White arrow mark: cracks within the corrosion product. 
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containing alloys at the initial stage of biodegradation, judging by the 
CPE behaviours of the corrosion layer. The CPE2 values of the corrosion 
layer, as shown in Table 2, indicate that the Ca-containing alloys 
exhibited lower CPE2-T and n values compared to pure Zn and Zn–Cu 
alloy. Although the origin of the CPE behaviour in EIS measurement is 
still under debate, it is generally attributed to the time-constant distri
butions caused by interfacial heterogeneity, e.g. surface roughness [83], 
electrode porosity [84], the extent of which is determined by deviation 

of the CPE exponent n from the ideal capacitive behaviour n = 1. Hence, 
the small CPE exponent n obtained for the corrosion layers developed on 
Ca-containing alloys surfaces is possibly related to the higher level of 
surface inhomogeneity/porosity. CPE2-T represents the capacitive effect 
of the corrosion layer and is inversely proportional to the thickness of 
the corrosion products, assuming the corrosion products on all 
Ca-containing alloys possess similar electrical permittivity [85]. 
Therefore, the lower CPE2-T values obtained from EIS analysis for 
Ca-containing alloys may provide another indication of the formation of 
thicker corrosion products due to Ca addition. 

Fig. 15 presents a schematic of the proposed evolution of the 
biodegradation process of Zn-0.5Cu and Zn-0.5Ca-0.5Cu alloy in com
parison to pure Zn in Hank’s solution. As shown in Fig. 15 – a1, the 
degradation Zn in simulated body fluid is well known to proceed 
following anodic reaction [10]:  

Zn → Zn2+ + 2e− (4) 

And cathodic reaction:  

O2 + 2H2O + 4e− → 4OH− (5) 

And the corrosion products formation in Fig. 15 – a2 mainly involves:  

Zn2+ + 2OH− → Zn(OH)2                                                                (6) 

And  

Zn(OH)2 → ZnO + H2O                                                                   (7) 

Meanwhile, ZnO and Zn(OH)2 can redissolve into Zn2+ due to the 
presence of chloride, and further interact with the Ca2+, H2PO4

− , HPO4
2− , 

HCO3
2− in Hank’s solution [19,56], and eventually result in the forma

tion of Ca, O, P, C-rich complex compounds as observed in Fig. 13. 

Table 3 
Mechanical properties of studied alloys, reported pure Zn and Zn-nutrient 
element alloys, and absorbable/nonabsorbable metallic wound closure devices.  

Material YS 
(MPa) 

UTS 
(MPa) 

E (%) Source 

Pure ZnC – 29.4 0.2 [46] 
Pure ZnE 129.6 180.0 54.0 
Zn-3.0 MgC 65 84 1.3 [73] 
Zn-3.0 Mg ECAP 205 220 6.3 
Zn-1.0Mg-0.1MnC 114.10 131.94 1.11 [74] 
Zn-1.0Mg-0.1MnR 195.02 299.04 26.07 
Zn-0.5Ca-0.5CuC 13.3 84.8 0.37 Present 

paper Zn-0.5Cu-1.0CuC 18.4 96.6 0.28 
Zn-1.0Ca-0.5CuC 19.7 104.0 0.27 
Biodegradable metallic 

staple （Mg-based） 
147–260 196–290 14.6–22.0 [75–77] 

Biodegradable metallic 
staple （Zn-based） 

177–196 198–212 7–21 [78] 

Mg-based suturesE,D (ø 0.27 
mm)  

206–458 9.4–14.4 [79] 

Pure Zn sutureE,D (ø0.3 mm) 73.62 100.09 15.95 [18] 
316 Stainless steel sutures 170–310 480–620 30–40 [80] 

C: as cast; E: extruded; ECAP- equal channel angular pressing, R: hot rolled, D: 
drawned. 

Fig. 14. Corrosion rate as a function of area fraction of intermetallic phases calculated in Fig. 5 – b.  
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The presence of additional Cu within the corrosion products of Zn- 
0.5Cu alloy compared to pure Zn suggest that, in addition to the reac
tion (3), (4), (5), (6), Cu may have also participated in the biodegra
dation process as solute atoms within Zn matrix, as shown in Fig. 15 – 
b1, b2. The corrosion of pure Cu in simulated physiological fluid were 
investigated in several studies [58,60], which is found to proceed via the 
following reactions:  

Oxide formation: 8Cu + 2H2O + O2 → 4Cu2O + 4H+ +4e− (8) 

And  

oxide dissolution: Cu2O + 2H2O → 2Cu2+ + H2O +2e− (9) 

These reactions provide possible explanations for the presence of Cu 
within the corrosion products of Zn-0.5Cu alloy. However, regardless of 
the slight difference in corrosion mechanism between pure Zn and Zn- 
0.5Cu alloy, uniform corrosion is expected on both materials due to 
the homogeneity of microstructures, which corresponds to the observed 
uniform corrosion morphology as presented in Fig. 13 – a, b and Fig. 15 – 
a3, b3. 

In contrast, the corrosion of ternary Zn–Ca–Cu alloys proceeds in a 
less uniform manner due to the micro-galvanic corrosion between the 
Zn–Cu matrix and CaZn13 phase. As shown in Fig. 15 – c1, the CaZn13 
phase was preferably attacked during immersion in Hanks’s solution, 
which led to the formation of bulky corrosion products on top and 
within the intermetallic phase. On the other hand, the corrosion attack 
on the Zn–Cu matrix was less aggressive than that on the intermetallic 
phase. Therefore, the build-up of corrosion products occurred at 
different rates on different phases, which then led to the formation of a 
non-uniform, permeable corrosion layer with the presence of cracks, as 
shown in Fig. 15 – c2 and Fig. 13 – c, d. In summary, the increased 
corrosion rates in the Ca-bearing alloys can be attributed to: (1) the 
increased micro-galvanic corrosion activities through the formation of 
CaZn13, and (2) the formation of a less protective, permeable corrosion 
layer on the alloy’s surface. Nevertheless, the increased corrosion rate of 
the ternary alloys from Ca addition is considered to be an advantage to 
accelerate the degradation rate of biodegradable metallic staples to 
enable suitable strength retention period that coincides with that of soft 
tissue healing time and reduce unnecessary implant retention within the 
tissue [16]. 

In this study, the degradation rate of test specimens measured by the 
immersion test and electrochemical test had significant differences in 
terms of quantitative value. It should be noted that the mechanisms by 
which the corrosion rate is assessed by these two techniques are 
fundamentally different. The corrosion rate calculated by weight loss 
after immersion test is an average value over the exposure period 
(assuming uniform corrosion occurred on surface), while the electro
chemical polarization tests are conducted for a short period with po
tential applied on the test specimen. Nevertheless, immersion testing 
and electrochemical measurement indicated a similar trend in terms of 
the influence of Ca and Cu on the degradation rate of Zn alloys. 

5. Conclusion 

In this study, Zn–Ca–Cu alloys that are targeted for wound closure 
device applications were fabricated and characterized. Microstructure 
analysis revealed that the ternary alloys (i.e. Zn-0.5Ca-0.5Cu, Zn-1.0Ca- 
0.5Cu, Zn-1.0Cu-0.5Ca) consist of CaZn13 dendrites distributed within 
the Zn–Cu solid solution. The area fraction and relative volume of 
CaZn13 increased with increasing Ca content, which induced extensive 
micro-galvanic corrosion in the host phase during biodegradation pro
cess, and is considered as the major factor that influence the degradation 
characteristics of the ternary alloys. 

Compared to Zn–Ca and Zn–Cu binary alloys, the ternary Zn–Ca–Cu 
alloys demonstrated improved mechanical properties due to the com
bined effects of solid solution strengthening, grain size strengthening, 
and second phase hardening. The Zn-1.0Ca-0.5Cu alloy in particular, 
exhibited promising characteristics for the fabrication of wound closure 
device, which are indicated by its refined grain size and crack-free 
structure after significant compressive deformation at room tempera
ture, in addition, the increased corrosion rate of the ternary alloys from 
Ca addition is considered to be an advantage for biodegradable staple 
application. 

The as cast Zn–Ca–Cu ternary alloys are still facing several challenges 
before its adoption for practical wound closure device applications. 
Future research is geared on investigating processing techniques that 
will induce favourable microstructures (e.g. refined intermetallic 
dendrite structure, refined grain structure, pore and void-free lattice) 
and enhance the ensuing mechanical and corrosion properties of the 

Fig. 15. Schematic diagram of the evaluation of biodegradation process of (a) Zn, (b) Zn-0.5Cu, and (c) studied ternary Zn–Ca–Cu alloys in Hank’s solution.  
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Zn–Ca–Cu alloys. 
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