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Abstract: The co-continuous (HA+β-TCP)/Zn−3Sn composite was fabricated via vacuum casting-infiltration method. 
The microstructure, mechanical properties, corrosion behaviors, and hemolysis ratio of the composite were studied by 
scanning electron microscope, X-ray diffractometer, mechanical testing, electrochemical test, immersion test, and 
ultraviolet spectrophotometry. The results indicate that Zn−3Sn alloy infiltrated into porous HA+β-TCP scaffold, which 
resulted in the formation of a compact (HA+β-TCP)/Zn−3Sn co-continuous composite, without any reaction layer 
between the Zn−3Sn alloy and the HA+β-TCP scaffold. The compressive strength of the composite was equal to about 
3/4 that of Zn−3Sn alloy bulk. The corrosion rate of composite in simulated body fluid solution was slightly higher than 
that of Zn−3Sn alloy bulk. The main corrosion product on the composite surface was Zn(OH)2. The hemolysis rate of 
the composite was lower than that of Zn–3Sn alloy bulk and exhibited superior blood compatibility. 
Key words: co-continuous (HA+β-TCP)/Zn−3Sn composite; microstructure; mechanical properties; corrosion behavior; 
hemolysis rate 
                                                                                                             

 

 

1 Introduction 
 

In the past decade, temporary implanted 
biodegradable metals have attracted significant 
research interests due to their excellent 
biocompatibility and promising mechanical 
properties. Biodegradable implants provide 
mechanical support during the tissue repair period 
and then undergo gradual degradation in the 
physiological environment [1,2]. Current studies on 
biodegradable implants mostly focus on the 
following three alloying systems: Mg-based, 
Fe-based, and Zn-based alloys. Mg-based alloys, 
such as Mg−Ca [3], Mg−Zn [4], Mg−Zn−Mn− 
Sr [5], Mg−Sn [6], AZ91, and AZ31 alloys [7], are 
the mostly reported alloy systems; however, the key 

difficulty in achievement of their low degradation 
rate in the body fluid environment is a main 
problem for the extensive clinical application of 
these alloys [8,9]. Literature studies about Fe-based 
biodegradable materials, such as Fe−Mn [10], 
Fe−Mg [11], Fe/β-tricalcium phosphate (β-TCP) 
[12], and Fe/Mg2Si [13], indicate that the low 
degradation rate and the lack of bioactivity and 
osteoconductivity are the significant factors 
hindering their wide-spread use [14]. Some 
methods have been proposed to eliminate above- 
mentioned problems; nonetheless, till date very 
limited improvement has been achieved. In contrast, 
the electrode potential of Zn is in the middle of 
those of Mg and Fe, which have moderate 
degradation rate [15]. Furthermore, as an essential 
nutrient, Zn possesses many important biological 
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functions, including cell differentiation and growth 
and nervous system immunity [16]. Moreover, Zn 
can also promote the bone formation by improving 
osteoblast differentiation and activity whilst 
simultaneously inhibiting osteoclastogenesis and 
resorption [17−19]. Recently, a set of binary and 
ternary biodegradable Zn-based alloys, such as Zn− 
Mg [20,21], Zn−Mn [22], Zn−Ca [23], Zn−Cu [24], 
Zn−Cu−Mg [25], Zn−Mg−Fe [26], Zn−Mg− 
Mn [27], and Zn−Mg−Sr [28] have been proposed 
and fabricated to fulfill their functions as 
biomedical implants. These alloys exhibit sound 
strength; however, the degradation rate is too low to 
satisfy the biomedical requirements. On the other 
hand, the pharmacological performance of Zn ions 
is significantly dependent on the release process.  
In general, the initial burst release of Zn ion in   
the body may induce adverse reactions. Thus, 
systematic control of the release process is required, 
and a slow and sustained rate is necessary through 
the process of bone tissue regeneration. Moreover, a 
further improvement in the biocompatibility is a 
critical factor for Zn-based alloys to be widely used 
in the field of medical health. 

Till date, some significant research efforts 
have been devoted to obtaining the required 
degradation rate and biocompatibility of the 
Zn-based alloys, and development of new alloy or 
composite is one of the promising methods [29,30]. 
For instance, MIAO et al [29] fabricated a new 
biphasic ZnTCP/FHA layer on titanium alloy 
substrate. The results showed that ZnTCP could 
extend release of Zn ions in a much longer period 
for up to 10 d. Furthermore, the ZnTCP/FHA layer 
showed a statistically significant increase in cell 
viability compared to the corresponding biphasic 
TCP/FHA layer without Zn. In the previous 
research study [31], a co-continuous (β-TCP+ MgO)/ 
Zn−Mg composite was fabricated by suction 
exsorption technique. The (β-TCP+MgO)/Zn−Mg 
composite showed excellent mechanical properties 
and corrosion resistance, which were found to be 
superior compared to other biomaterials. One of the 
promising methods for improving the release ability 
of Zn-based alloys is to fabricate new composite, 
which should be reinforced with bioceramic 
material with natural human bone compositions 
such as hydroxylapatite (HA) and β-TCP. Moreover, 
the interpenetrating bio-composites with porous 
ceramic or porous nonmetal/metal have special 

structures and good fascinating properties,    
which are beneficial to fabricating the implant 
materials [32,33]. The main advantages of these 
composites include the improved mechanical 
properties and adjustable biodegradation rate for 
bone tissue ingrowth. The composite exhibited 
different biodegradation rates in its continuous 
networks. The bone tissue was expected to grow 
toward the fastest biodegrading network, while the 
remaining networks still maintained their 
geometrical shape and carried the physiological 
load for the tissue ingrowth. 

Furthermore, several studies have reported the 
superiority of osteoinduction of implanted BCP 
(HA+β-TCP) bioceramics over pure HA and pure 
β-TCP, respectively. The BCP containing 20% HA 
and 80% β-TCP was found to be the best [34]. On 
the other hand, Sn is one of the non-toxic and 
necessary elements in the human body [35], thus 
herein Sn was embraced as an alloying element to 
improve the mechanical properties and corrosion 
performance of Zn alloy. However, as far as we 
know, very limited research effort has been devoted 
to the study on the biodegradable Zn−Sn alloy. 
KUBÁSEK et al [6] reported that Mg−Sn alloys 
exhibited appropriate mechanical properties and 
good biocompatibility. In Ref. [36], (HA+β-TCP)/ 
Mg−5Sn composite was characterized and 
evaluated. The results showed that (HA+β-TCP)/ 
Mg−5Sn interpenetrating composite exhibited 
appropriate mechanical and corrosion properties, 
which made it a potential candidate material for 
bone repair. Therefore, due to the biocompatibility 
of Sn, it was speculated that alloying Zn with    
Sn could present new biodegradable alloy with 
desirable performance. 

In this study, a new co-continuous (HA+ 
β-TCP)/Zn−3Sn composite was prepared using 
Zn−3Sn alloy and HA+β-TCP scaffold as 
continuous phases, respectively. The microstructure, 
mechanical properties, corrosion behavior, and 
hemolytic property were studied systematically to 
evaluate its feasibility as structural material for 
biodegradable implant. 
 
2 Experimental 
 
2.1 Materials preparation 

The process of fabrication of (HA+β-TCP)/ 
Zn−3Sn composite involves the following three 
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steps: preparation of porous HA+β-TCP scaffold, 
Zn−3wt.%Sn alloy (expressed as Zn−3Sn alloy in 
the remaining part of the paper), and vacuum 
casting-infiltration of molten Zn–3Sn alloy into  
the porous scaffold. Commercial thermoplastic 
polyurethane (PU, 40 ppi) foam was used as      
a template to prepare porous HA+β-TCP. 
Pretreatment of PU foam and fabrication and 
adhesion of ceramic slurry were described in 
Ref. [37]. The ceramic powder was the mixture of 
HA powder (average particle size of 2 μm) and 
β-TCP powder (average particle size of 2.5 μm), 
and the HA/β-TCP mass ratio was 20/80. The 
ceramic slurry-coated PU foams were dried at 
60 C in a drying oven for at least 24 h. Then,  
they were heated to 600 C at a heating rate of 
0.6 C/min for pyrolysis of the PU foam in a 
furnace, which was followed by heat treatment at 
1100 C for 4 h to prepare porous HA+β-TCP. 
Subsequently, the furnace was cooled down to room 
temperature at a cooling rate of 5 C/min. Finally, 
each porous HA+β-TCP scaffold was removed, 
weighed, and kept in a desiccator. 

Zn−3Sn alloy was prepared by melting 
high-purity Zn and Sn ingots (purity > 99.9%) in an 
electrical resistance furnace at 530 C under 
shielding gas atmosphere of SF6+CO2. Molten alloy 
was mechanically agitated for 2 min to enhance  
the alloy melt homogeneity. The co-continuous 
(HA+β-TCP)/Zn−3Sn composite was prepared by 
infiltrating the molten Zn−3Sn alloy into the porous 
HA+β-TCP scaffold using a self-made vacuum 
casting-infiltration equipment, and the specific 
fabrication equipment was described in Ref. [31]. 
During the fabrication process, the porous 
HA+β-TCP was preheated at 150 C and placed in 
the vacuum casting-infiltration equipment. Then, 
the molten Zn−3Sn alloy was poured at (510±5) C 
into the HA+β-TCP scaffold, the equipment was 
vacuumized to −0.08 to −0.06 MPa simultaneously, 
and this pressure was maintained for about 4 min to 
ensure the infiltration of the liquid metal. Finally, 
the pressure was released after the complete 
solidification of the melt and the (HA+β-TCP)/ 
Zn−3Sn composite was removed from the vacuum 
casting-infiltration equipment. Zn−3Sn alloy bulk 
prepared by the above-mentioned vacuum casting- 
infiltration method was used as reference for 
comparative analysis. 

2.2 Microstructure characterization 
The constituent phases of Zn−3Sn alloy bulk, 

(HA+β-TCP)/Zn−3Sn composite, and their 
corrosion products were identified by X-ray 
diffraction (XRD) with Cu Kα radiation at the step 
size of 0.02° and a scan rate of 2 (°)/min. The 
microstructures of the porous HA+β-TCP and the 
(HA+β-TCP)/Zn−3Sn composite were investigated 
by scanning electron microscopy (SEM) combined 
with energy dispersive spectrometry (EDS). 
 
2.3 Compressive test 

The uniaxial compressive tests were conducted 
at a constant nominal strain rate of 7×104 s1 in 
accordance with ASTM E9—89a (2000) standard 
using a universal material test machine (Instron 
3365). The samples were machined into rectangular 
solid with dimensions of 3 mm × 3 mm × 6 mm. 
Five specimens were tested in parallel for each 
group. 
 
2.4 Electrochemical test 

The potentiodynamic polarization test was 
conducted with an electrochemical workstation 
(SI1287) at a temperature of (37±0.5) C in 
simulated body fluid (SBF). A traditional 
three-electrode cell was used for electrochemical 
measurement. A platinum foil and a saturated 
calomel electrode were used as the counter 
electrode and the reference electrode, respectively. 
The specimen with an exposed area of 1 cm2 was 
used as the working electrode. The potentiodynamic 
polarization test was performed at a scanning rate of 
1 mV/s. Three samples were tested for each group. 
The chemical composition (ions concentration in 
mmol/L) of the standard SBF solution was: 142.0 
Na+, 5.0 K+, 1.0 Mg2+, 2.5 Ca2+, 109.0 Cl, 27.0 
HCO3


, 1.0 HPO4

2
, and 1.0 SO4

2
 [38]. The pH of  

the SBF was adjusted to 7.4 using HCl and 
tris(hydroxy-methyl) aminomethane. 
 
2.5 Immersion test 

The immersion test was performed using 
samples with dimensions of 5 mm × 5 mm × 8 mm. 
The immersion test was carried out in SBF solution 
at (37±0.5) C according to ASTM-G31 — 72 
standard [39]. The pH of the solution was recorded 
during the immersion test at an interval of 1 d. Zn2+ 
concentration in the SBF solution was determined 
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by inductively coupled plasma atomic emission 
spectrometry (ICP-AES, 5300 DV). The samples 
were removed from SBF solution after different 
immersion periods, then gently rinsed with distilled 
water, and finally dried at room temperature. XRD 
was used to characterize the corrosion products 
formed on the exposed surface of samples. The 
so-formed corrosion products were removed using 
chromic acid (CrO3) solution before performing the 
morphological analysis by SEM. Cleaned samples 
were then reweighed using an electronic balance 
with a measuring sensitivity of 0.1 mg to determine 
their mass loss during immersion in SBF solution 
for 15 d. An average of five measurements was 
taken for each group. The corrosion rate was 
calculated according to the following equation: 
 
CR=KΔw/(ρAt)                           (1) 
 
where CR is the corrosion rate (mm/a), K is a 
constant that equals 87.6, Δw is the mass loss (mg), 
ρ is the density of sample (g/cm3), A is the initial 
sample area exposed to solution (cm2), and t is the 
immersion time (h) [1]. 
 
2.6 Hemolysis test 

Human blood from a healthy volunteer was 
mixed with sodium citrate (3.8 wt.%) in the ratio of 
9:1 and then diluted with physiological saline in a 
volume ratio of 4:5. Samples were then dipped in 
centrifuge tubes containing physiological saline 
(10 mL) and incubated at (37±0.5) C for 30 min. 
Then, diluted blood (0.2 mL) was added to these 
tubes and the mixtures were incubated at 
(37±0.5) C for 60 min. Thereafter, the samples 
were removed and all the mixture solutions    
were centrifuged at 1500 r/min for 5 min. The 
supernatant from each tube was transferred to a 
cuvette where the absorbance was measured using 
an ultraviolet (UV) spectrophotometer at 545 nm. 
The normal saline solution and deionized water 
were used as a negative control and a positive 
control, respectively. An average of three 
measurements was taken for each group. The 
hemolysis ratio was calculated as follows: 
 
HR=(Dt−Dnc)/(Dpc−Dnc)×100%              (2) 
 
where HR is hemolysis ratio; Dt, Dnc, and Dpc are 
absorbances of sample, negative control, and 
positive control, respectively. 

 
3 Results and discussion 
 
3.1 Microstructure and mechanical properties 

Figure 1(a) exhibits the structure of porous 
HA+β-TCP scaffold obtained by replicating the  
PU foam. The porous HA+β-TCP showed a 
three-dimensional network structure, and the 
porosity was 88% (determined by following the 
method described in Ref. [36]). The diameter of 
pores ranged from 400 to 600 μm. The porous 
structure of HA+β-TCP scaffold is beneficial to the 
infiltration of molten metal. On the other hand, 
some micropores and voids were also formed in the 
struts due to the burning out of PU sponge during 
the pyrolysis process. Figure 1(b) shows SEM 
image of the co-continuous (HA+β-TCP)/ Zn−3Sn 
composite. The dark, gray, and brilliant regions 
correspond to HA+β-TCP scaffold, α-Zn, and β-Sn, 
respectively. The results indicate that (HA+β-TCP)/ 
Zn−3Sn composite consisted of a closed-cell    
and compact structure. Furthermore, the interface 
between Zn−3Sn alloy and HA+β-TCP scaffold was 
 

 

Fig. 1 SEM images of porous HA+β-TCP (a) and 

(HA+β-TCP)/Zn−3Sn composite (b) 
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smooth and the co-continuous networks were still 
clear. Besides, the micropores and voids in the 
struts of the original HA+β-TCP scaffold were also 
filled with Zn−3Sn alloy. As a result, the volume 
fraction of HA+β-TCP in (HA+β-TCP)/Zn−3Sn 
composite was about 12%. 

Figure 2 demonstrates the interface micro- 
structure and EDS analysis of (HA+β-TCP)/ 
Zn−3Sn composite. There was no obvious gap or 
discernible debonding at the interface between Zn–
3Sn alloy and HA+β-TCP, which indicates good 
integration of interfaces, as shown in Fig. 2(a). 
Comparison of Figs. 2(e) and (f) with Fig. 2(a) 
reveals the existence of Zn and Sn elements in the 
pores, and the micropores and voids in the struts of 
HA+β-TCP scaffold, indicating that the molten 
Zn−3Sn alloy penetrated not only the pores, but 

also the micropores and voids in the struts of the 
HA+β-TCP scaffold. The compact structure of 
(HA+β-TCP)/Zn−3Sn composite also demonstrated 
that the effective infiltration of liquid alloy into  
the porous scaffold was realized via vacuum 
casting-infiltration method. Moreover, it was 
proved in Ref. [31] that the compact composite with 
interconnected network structure could be realized 
by suction exsorption technique. In general, the 
compact structure of the (HA+β-TCP)/Zn−3Sn 
composite fabricated by vacuum casting-infiltration 
technique could be attributed to the following two 
factors: (1) the good wettability of β-TCP and    
Zn [40], and (2) the gravity of Zn−3Sn matrix alloy 
and the external pressure exerted by the vacuum 
casting-infiltration equipment during the process of 
infiltration and solidification. 

 

 
Fig. 2 Interface microstructure (a) and EDS elemental mapping (b−f) of (HA+β-TCP)/Zn−3Sn composite: (a) SEM 

image; (b) Ca; (c) P; (d) O; (e) Sn; (f) Zn  
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Figure 3 shows the XRD patterns of Zn−3Sn 
alloy bulk and (HA+β-TCP)/Zn−3Sn composite. 
The XRD result indicated that both the alloy bulk 
and composite were mainly composed of α-Zn and 
β-Sn phases. Moreover, a small amount of β-TCP 
and HA phases were also found in the composite. 
Furthermore, no other new phases were detected, 
indicating that there was no any interaction between 
Zn−3Sn alloy and HA+β-TCP scaffold. 
 

 

Fig. 3 XRD patterns of porous HA+β-TCP (a), Zn−3Sn 

alloy bulk (b) and (HA+β-TCP)/Zn−3Sn composite (c) 

 
The representative compression stress–strain 

curves of (HA+β-TCP)/Zn−3Sn composite and 
Zn−3Sn alloy bulk are presented in Fig. 4. The 
results indicated that the composite exhibited a 
compressive strength of 115 MPa, approximately 
3/4 that of Zn−3Sn alloy bulk (159 MPa), and was 
far higher than that of the sintered HA+β-TCP 
ceramic bulk (about 8.47 MPa) [41]. In order to 
evaluate the strength of the (HA+β-TCP)/Zn−3Sn 
composite prepared in this study, the comparison of 
compressive strength was performed among Zn 
alloy bulk, composites, and human bone, and the 
corresponding results are summarized in Table 1. 
The results demonstrated that the compressive 
strength of (HA+β-TCP)/Zn−3Sn composite was 
comparable to that of the human bone. Apparently, 
the continuously distributed HA+β-TCP in Zn−3Sn 
matrix acts as brittle phase and reduces the 
compressive strength of the composite. It is 
believed that the interpenetration of metal stabilizes 
the porous ceramic struts and partially hinders 
cracks initiation and growth. Thus, an excellent 
interlocking structure is formed in the composite 
that stiffens the interface between matrix and 
improvement phases. This results in a higher 

compressive strength of the composite compared to 
that of the porous scaffold [43]. Although the 
interfacial combination was good in (HA+β-TCP)/ 
Zn−3Sn composite (as shown in Fig. 1(b)) and the 
hollow structure of HA+β-TCP scaffold was 
completely filled with Zn−3Sn alloy (as shown   
in Fig. 2(a)), the co-continuous brittle HA+β-TCP 
structure led to the decrease of compressive 
strength. Therefore, the compressive strength of the 
co-continuous (HA+β-TCP)/Zn−3Sn composite was 
slightly lower than that of Zn−3Sn alloy bulk. 

 

 
Fig. 4 Compressive behaviors of (HA+β-TCP)/Zn−3Sn 

composite and Zn−3Sn alloy bulk 

 

Table 1 Compressive strength of Zn alloy bulk and 

composites in comparison with strengths of human bone 

Materials Compressive strength/MPa Ref.

Zn−1Mg 350 [31]

Zn−4Mn 290 [22]

(β-TCP+MgO)/Zn−Mg 

composite 
244 [31]

Cortical bone 130−180 [42]

Femur 167 [42]

Tibia 159 [42]

 

3.2 Electrochemical behavior 
Figure 5 displays potentiodynamic polarization 

curves of (HA+β-TCP)/Zn−3Sn composite, with 
Zn−3Sn alloy bulk as the control. The corrosion 
potential of (HA+β-TCP)/Zn−3Sn composite was 
−1.06 V, which is slightly less (~10 mV) than that 
of Zn−3Sn alloy bulk. Moreover, the corrosion 
current density (Jcorr) calculated from the potentio- 
dynamic polarization curves indicates that Jcorr 
value of (HA+β-TCP)/Zn−3Sn composite was  
~64% higher than that of Zn−3Sn alloy bulk, i.e., 
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33.7 μA/cm2 against 20.6 μA/cm2, respectively. It 
can be inferred from the above-mentioned results 
that the corrosion behavior of the composite was 
slightly improved compared to that of Zn−3Sn alloy 
bulk. 
 

 
Fig. 5 Potentiodynamic polarization curves of 

(HA+β-TCP)/Zn−3Sn composite in SBF, with Zn−3Sn 

alloy bulk as control 

 
3.3 Immersion test results 

The pH variation of the SBF solution 
incubating Zn−3Sn alloy bulk and (HA+β-TCP)/ 
Zn−3Sn composite as a function of immersion time 
is shown in Fig. 6. Clearly, the pH of SBF solutions 
with (HA+β-TCP)/Zn−3Sn composite and Zn−3Sn 
alloy bulk exhibited similar change tendency with 
the immersion duration. During the entire 
immersion process, the pH of SBF solution with the 
composite was higher than the value with the alloy 
bulk; however, the increasing amplitude was not 
more than 0.42. The pH of SBF solution with the 
composite tended to increase during the first day of 
immersion due to the formation of significant 
amount of OH ions, jumping from original 7.4 to 
7.8, and then decreased slowly and stabilized at 
about 7.6 after immersion for up to 8 d. 

The dissolution of Zn in (HA+β-TCP)/Zn−3Sn 
composite was evaluated based on ICP-AES 
analysis by immersing the composite in SBF 
solution. Figure 7 presents Zn2+ concentration of the 
SBF solution after immersion of (HA+β-TCP)/ 
Zn−3Sn composite and Zn−3Sn alloy bulk for 3, 7, 
and 15 d, respectively. Clearly, the released Zn2+ 
concentration increased with increasing immersion 
time. In initial immersion period (3 d and 7 d), the 
released Zn2+ concentration from the composite was 
slightly lower than that from Zn−3Sn alloy bulk; 

 

 
Fig. 6 pH values of SBF solution incubating Zn−3Sn 

alloy bulk and (HA+β-TCP)/Zn−3Sn composite at 

different immersion time 

 

 
Fig. 7 Zn2+ concentration of SBF solutions after 

immersion of Zn−3Sn alloy bulk and (HA+β-TCP)/ 

Zn−3Sn composite for 3, 7 and 15 d 

 
however, after 15 d of immersion, more Zn2+ was 
released from the composite. The released Zn2+ 
concentration also showed that the degradation rate 
of the composite was improved compared to that of 
Zn−3Sn alloy bulk during the initial immersion 
period. Interestingly, no “burst” release of Zn2+ was 
observed from both the composite and Zn−3Sn 
alloy bulk. The Zn2+ release process was sustained 
for up to 15 d and was less than the Zn2+ 
concentration at normal blood serum level of 12.4− 
17.4 μmol/L [44]. Recently, CHENG et al [45] have 
reported that 15 μmol/L Zn was not toxic to 
ECV304 cells. Therefore, ICP-AES results revealed 
that (HA+β-TCP)/Zn−3Sn composite provided a 
continuous Zn2+ release platform and benefited to 
the bone repairing. In addition to the Zn2+ release, 
the dissolution of HA+β-TCP after implantation can 
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cause an increase in the local concentrations of Ca2+ 
and PO4

3, thereby facilitating the subsequent 
mineralization process, which is a crucial step in the 
bone formation process [29]. 

The corrosion rates after immersion in SBF 
solution at (37±0.5) C for 15 d were 0.26 mm/a for 
the composite and 0.02 mm/a for Zn−3Sn alloy 
bulk. Similarly, the Zn2+ concentration released into 
SBF solution during the exposure period showed 
that the composite exhibited the higher value 
(5.37 μmol/L) compared to Zn–3Sn alloy bulk 
(4.83 μmol/L), as shown in Fig. 7, which indicated 
a good correlation between these two results 
because low release of metal ions could be 
attributed to lower corrosion rate. It showed that 
Zn−3Sn alloy could be degraded in SBF solution, in 
particular, with HA+β-TCP scaffold addition; 
moreover, it was also found that the addition of 
HA+β-TCP scaffold enhanced the corrosion rate of 
the composite. This indicated that the corrosion 
behavior of the composite was improved compared 
to Zn−3Sn alloy bulk. Furthermore, it was 
confirmed that the corrosion rate of the studied 
composite was lower than that of the mostly 
reported Mg-based alloys for biomedical 
applications, and was higher than that of the 
degradable Fe-based and Zn-based alloys, and  
was close to the expected data (0.2 mm/a) as      
a promising biodegradable material [21,27]. 
According to Ref. [46], the typical model of the 
studied composite implants was assumed to be a 
cylinder with a diameter of 4 mm and a length of 
25 mm. Thus, implants in the body might provide a 
Zn dose of 1.62 mg/d, which is far below the 
suggested daily intake of 15 mg/d. Based on    
this, (HA+β-TCP)/Zn–3Sn composite could be 
considered as a biodegradable material with 
appropriate corrosion behavior. The difference in 
corrosion rate between the composite and Zn−3Sn 
alloy bulk could be explained according to the 
distribution pattern and morphology of HA+β-TCP 
scaffold in the Zn−3Sn matrix. On the one hand, the 
interconnected HA+β-TCP scaffold showed the 
lower corrosion resistance than that of Zn−3Sn 
alloy, as shown in Fig. 8. On the other hand, SEM 
images presented in Figs. 2(b) and 3 exhibited that 
some pores and voids inside HA+β-TCP scaffold 
were filled with the Zn−3Sn alloy; however, the 
extra interfaces thereby could become channels for 
further penetration of corrosive electrolyte into the 

 

 
Fig. 8 Morphologies of (HA+β-TCP)/Zn−3Sn composite 

after 3 d (a), 15 d (b) and 30 d (c) immersion in SBF 

solution 

 
scaffold, resulting in the increase in the chance of 
localized and crevice corrosion besides the 
commonly occurring uniform corrosion. However, 
the relatively flat surface morphology indicated that 
Zn−3Sn matrix alloy exhibited nearly uniform 
corrosion during immersion. 

Figure 8 shows the morphologies of (HA+ 
β-TCP)/Zn−3Sn composite after 3, 15 and 30 d 
immersion in SBF solution at (37±0.5) C. The 
composite appeared to undergo the localized 
degradation and the corrosion degree increased with 
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increasing immersion time. During degradation 
process, the corrosion pits were fine, shallow, and 
uniform for Zn−3Sn matrix alloy, which exhibited a 
uniform corrosion mode macroscopically. However, 
for the HA+β-TCP scaffold, some holes appeared 
on the surface after 3 d immersion due to the 
degradation of Zn−3Sn alloy within it. With the 
increase in the immersion time, the scaffold became 
looser, which exhibited progressively more number 
of pores. The corrosion extent of the HA+β-TCP 
scaffold aggravated gradually, and slight crevice 
corrosion along the interface between alloy and the 
scaffold was also found (Fig. 8(c)). On the other 
hand, the corroded morphology of the composite 
indicated that the corrosion rate of the HA+β-TCP 
scaffold was faster than that of Zn−3Sn matrix alloy. 
It is reasonable to expect that shortly after the 
implantation in the bone, the bone tissue grows 
toward the degradation networks of HA+β-TCP, 
while the remaining Zn−3Sn alloys still maintain 
their geometrical shape and carry the physiological 
load for the tissue ingrowth [32]. XRD results 
revealed that the main corrosion product on the 
composite surface was zinc hydroxide (Zn(OH)2), 
as shown in Fig. 9. 
 

 

Fig. 9 XRD patterns of (HA+β-TCP)/Zn−3Sn composite 

after 3 d (a), 15 d (b) and 30 d (c) immersion in SBF 

solution 

 
After samples were immersed in the SBF 

solution for 3, 15, and 30 d, respectively, it was 
observed that the degradation has taken place fairly 
uniformly over Zn−3Sn matrix surfaces (Fig. 8). 
When Zn-based alloy is exposed to SBF solution, 
its corrosion behavior is associated with electro- 
chemical dissolution of Zn occurring according to 
the following equation [20]: 
 

Zn2++2H2O=Zn(OH)2+H2↑                (3) 
 

It was reported that the as-generated Zn(OH)2 
could form a compact layer, and thus restrain    
the degradation of Zn alloys and protect Zn 
substrates [47]. After immersion test, Zn−3Sn 
matrix showed uniform corrosion surface without 
any severe local corrosion; however, the corrosion 
rate of the composite showed a little increasing 
trend compared to Zn−3Sn alloy bulk, indicating 
that HA+β-TCP phase may accelerate the corrosion 
because of its faster degradation rate or crevice 
corrosion. Figures 8(b) and (c) exhibit the 
occurrence of slight crevice corrosion along the 
interface between Zn−3Sn matrix and HA+β-TCP 
scaffold. In our previous study, occurrence of 
crevice corrosion was also observed along the 
interface between Zn−Mg alloy and β-TCP+MgO 
scaffolds [31]. With the extension in time, the 
corrosion reactions continued along the interface 
between Zn−3Sn matrix and HA+β-TCP scaffold, 
which resulted in the swelling of the composite and 
allowed the electrolyte to penetrate deeper till   
the complete breakdown of the composite  
occurred [48]. Moreover, the stability of Zn(OH)2 
film in physiological condition was only temporary. 
The chloride ions (Cl) in SBF solution shifted the 
passivity region toward the higher pH regions and 
readily converted Zn(OH)2 to the soluble ZnCl2, 
thus damaging the protective layer and promoting 
corrosion [31]. In this way, the formation and the 
damage of Zn(OH)2 film would cycle until the 
Zn−3Sn alloy was completely exhausted. In short, 
the corrosion rate of the composite was determined 
in terms of the corrosion of HA+β-TCP, Zn−3Sn 
matrix, and the crevice corrosion. 
 
3.4 Hemolysis property 

The hemolysis rates of (HA+β-TCP)/Zn−3Sn 
composite and Zn–3Sn alloy bulk were 0.40% and 
0.53%, respectively, which were far below the 
recommended value of 5%, a judging criterion   
for excellent blood compatibility [49]. It was also 
suggested that the composite showed less 
destructive effect on erythrocyte compared to the 
Zn−3Sn alloy bulk. LIU et al [28] also found that 
pure Zn and Zn−Mg−Sr alloys exhibited good 
hemocompatibility. 

Besides the appropriate mechanical properties 
of the composite, both the corrosion and hemolytic 
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properties indicated that (HA+β-TCP)/Zn−3Sn 
composite showed great potential application in the 
area of biodegradable implants, as it can guarantee 
the sufficient mechanical support and the biosafety 
during the tissue repair process. 
 
4 Conclusions 
 

(1) (HA+β-TCP)/Zn−3Sn composite for bio- 
degradable bone implant material was successfully 
fabricated by vacuum casting-infiltration technique. 

(2) (HA+β-TCP)/Zn−3Sn composite showed 
compact and co-continuous structure. The ultimate 
compressive strength of the composite was 
115 MPa, which is about 3/4 that of Zn−3Sn alloy 
bulk and comparable to that of the human bone. 

(3) Compared to Zn−3Sn alloy bulk, improved 
corrosion behavior was confirmed for (HA+β-TCP)/ 
Zn−3Sn composite by the electrochemical and 
immersion test. The corrosion rate of the composite 
in SBF solution was 0.26 mm/a. The main corrosion 
product on the composite surface was Zn(OH)2. The 
hemolysis rate of the composite was 0.40%. 

(4) Appropriate mechanical, corrosion 
properties and good blood compatibility of the 
(HA+β-TCP)/Zn−3Sn composite indicated the 
possibility as a biodegradable biomaterial for bone 
implant applications. 
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真空吸渗技术制备生物可降解(HA+β-TCP)/Zn−3Sn 
相互连续复合材料的显微组织和性能 
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哈尔滨工程大学 超轻材料与表面技术教育部重点实验室，哈尔滨 150001 

 

摘  要：利用真空吸渗技术制备(HA+β-TCP)/Zn−3Sn 相互连续复合材料。采用扫描电镜、X 射线衍射仪(XRD)、

力学性能测试、电化学实验、浸泡实验和紫外分光光度计分别研究复合材料的显微组织、力学性能、腐蚀行为和

溶血率。研究结果表明，Zn−3Sn 合金渗透到多孔 HA+β-TCP 骨架中形成致密的(HA+β-TCP)/Zn−3Sn 相互连续复

合材料，Zn−3Sn 合金和 HA+β-TCP 骨架之间未出现反应层。复合材料的压缩强度约为 Zn−3Sn 合金块体的 3/4。

复合材料在模拟体液中的腐蚀速率略高于 Zn−3Sn 合金块体的，表面腐蚀产物主要是 Zn(OH)2。复合材料的溶血

率低于 Zn−3Sn 合金块体的，具有较好的血液相容性。 

关键词：(HA+β-TCP)/Zn−3Sn 相互连续复合材料；显微组织；力学性能；腐蚀行为；溶血率 
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