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A B S T R A C T   

Stress corrosion cracking (SCC) may lead to brittle, unexpected failure of medical devices. However, available 
researches are limited to Mg-based biodegradable metals (BM) and pure Zn. The stress corrosion behaviors of 
newly-developed Zn alloys remain unclear. In the present work, we conducted slow strain rate testing (SSRT) and 
constant-load immersion test on a promising Zn-0.8 wt%Li alloy in order to investigate its SCC susceptibility and 
examine its feasibility as BM with pure Zn as control group. We observed that Zn-0.8 wt%Li alloy exhibited low 
SCC susceptibility. This was attributed to variations in microstructure and deformation mechanism after alloying 
with Li. In addition, both pure Zn and Zn-0.8 wt%Li alloy did not fracture over a period of 28 days during 
constant-load immersion test. The magnitude of applied stress was close to physiological condition and thus, we 
proved the feasibility of both materials as BM.   

1. Introduction 

Zn-based materials are considered as promising candidates of BM 
and have been widely studied over past few years [1–6]. They are 
prevalent due to their moderate biodegradability and acceptable 
biocompatibility [7–14]. From a manufacturing point of view, Zn alloys 
have low melting temperature and good castability [15]. Thus, fabri
cating and processing Zn alloys normally cost less and consumes lower 
energy [16]. 

Zn–Li alloys possess excellent mechanical properties which vary with 
Li amount and processing methods. Thus, these alloys are favorable as 
raw materials for load-bearing devices and are intensively studied 
[17–23]. Zhao et al. investigated hot-rolled Zn-xLi alloy (x = 0.2, 0.4, 
0.7 wt%) and claimed that addition of Li to over 0.4 wt% led to decrease 
in ductility [17]. However, later work by Li et al. proved that hot-warm 
rolled Zn-0.8 wt%Li alloy had excellent strength and ductility (elonga
tion-to-failure of about 80%) [18]. Further addition of Mg to Zn-0.8 wt% 
Li alloy gave the highest tensile strength reported so far (Zn-0.8 wt% 
Li-0.4 wt%Mg alloy with an ultimate tensile strength of 646.69 ± 12.79 
MPa) [24]. 

However, it is worth noticing that for biodegradable applications, 

high tensile strength alone is not sufficient [25]. Strong interactions 
between stress and corrosion of the materials in physiological micro
environment may lead to premature, brittle fracture. According to pre
vious researches, formation of micro cracks and a decrease in time to 
failure by approximately 25% were observed for pure Zn tested in 
simulated body fluid [26]. At current status, researchers believe that 
pure Zn is not very sensitive to SCC in physiological environments, while 
little is known regarding the SCC susceptibility of biodegradable Zn al
loys. Previous researches have shown that Zn–Li alloys (Zn-xLi alloy, x 
= 0.1, 0.4, 0.8 wt%) possessed much higher corrosion rates compared 
with that of pure Zn during in vitro immersion tests [24]. Also, localized 
corrosion pits were observed on sample surfaces of Zn-0.8 wt%Li alloy 
[24]. These results indicated more severe localized corrosion of Zn–Li 
alloys compared with pure Zn. Under mechanical loading, stress con
centration at these pits may induce active dislocation motion and 
enhance crack propagation by continuously providing fresh substrate 
that undergoes anodic dissolution. 

Hence, this research is aimed at unveiling the interactions between 
stress and corrosion for a promising Zn-0.8 wt%Li alloy. SSRT was 
conducted for examining the SCC susceptibility. Simultaneously, self- 
made loading devices were used for constant-load immersion test to 
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simulate the service condition and examine the feasibility of Zn-0.8 wt% 
Li alloy as BM. 

2. Materials and methods 

2.1. Materials and sample preparation 

As-cast pure Zn (99.9 wt%) ingots were purchased from Jinzhou 
Kunteng Nonferrous Metal Materials Technology Co. Ltd., China (here
after denoted as pure Zn). As-cast Zn-0.8 wt%Li alloy ingots were 
fabricated by Rare Earth and Alloy Research Institute, Hunan Province, 
China (hereafter denoted as Zn-0.8 wt%Li alloy). Non-vacuum inter
mediate frequency melting furnaces and graphite crucibles were applied 
to prepare alloys. First, the metal Li with a purity of 99.95 wt% and Zn 
with a purity of 99.99 wt% were made into a Zn-5wt% Li master alloy. 
Then, the Zn-5wt% Li master alloy was added to the molten Zn solution, 
and the temperature was kept at about 550 ◦C for 8 min before casting. 
Pure Zn and Zn-0.8 wt%Li alloy ingots were then heated to 200 ◦C, held 
for 10 min and extruded at the same temperature with an extrusion ratio 
of 16:1. As-extruded rods with a diameter of 10 mm were cooled in air 
and fabricated into samples as described in Fig. 1. 

2.2. Microstructure characterization 

2.2.1. Electron backscatter diffraction (EBSD) analysis 
EBSD analysis were conducted on scanning electron microscopy 

(SEM, JEOL 7001 FEG), coupled with electron backscatter diffraction 
(EBSD, Aztec analysis system). The EBSD samples were prepared by 
electro-polishing in a solution containing 33 vol% orthophosphoric acid 
and 67 vol% ethanol at room temperature and a voltage of 5 V. Data 
were analyzed using HKL Channel 5 software. 

2.2.2. X-ray diffraction (XRD) analysis 
XRD analysis was conducted on high-energy X-ray diffractor 

(SmartLab, Rigaku) with a scanning speed of 20◦/min. Samples were 
mechanically grinded to 2000 grit before analysis. Raw data were 
collected and phase identification was conducted using MDI JADE 6.5. 

2.3. SSRT 

2.3.1. SSRT setup 
SSRT were conducted on a universal testing machine (Instron 5969) 

at an initial strain rate of 10− 5/s in air at room temperature (RT) and in 
circulating SBF at 37 ◦C. Dog-bone shaped specimens with a gauge 
length of 25 mm, a width of 6 mm and a thickness of 2 mm were 
machined from extruded bars with the tensile axis parallel to the 
extrusion direction, as shown in Fig. 1b. Tensile samples were me
chanically polished to 5000 grit prior to testing in order to eliminate 
surface defects. 

2.3.2. ISCC 
The SCC susceptibility can be evaluated in terms of susceptibility 

index (ISCC) [27]:  

ISCC (El) = (ElAir - ElSBF)/ ElAir                                                         (1) 

where ElAir and ElSBF are the elongations to failure measured at the end 
of the tests in air and in SBF respectively. ISCC can also be calculated 
according to ultimate tensile strength (UTS) data [27]:  

ISCC (UTS) = (UTSAir - UTSSBF)/ UTSAir                                            (2) 

where UTSAir and UTSSBF are the UTS values measured during the tests in 
air and in SBF respectively. The El and UTS data in Table 1 were used for 

Fig. 1. Metallic samples and PEEK rings used in SSRT and constant-load immersion tests: a) dog-bone samples used for SSRT (gauge length G = 25 mm, width W = 6 
mm, thickness T = 2 mm, Radius of fillet R = 6 mm, overall length L = 80 mm, length of reduced section A = 32 mm, length of grip section B = 20 mm, width of grip 
section C = 8 mm); b) cylindrical samples and PEEK rings designed for constant-load immersion test. 

Table 1 
SSRT results of pure Zn and Zn-0.8 wt%Li alloy in air at room temperature and in 
circulating SBF at 37 ◦C.  

Materials Yield Strength 
(MPa) 

Ultimate Tensile 
Strength (MPa) 

Elongation to 
Failure (%) 

Pure Zn (Air) 29.5 ± 2.9 75.6 ± 4.0 46.8 ± 5.0 
Zn-0.8 wt%Li 

alloy (Air) 
161.8 ± 7.6 272.7 ± 9.5 146.9 ± 16.4 

Pure Zn (SBF) 25.3 ± 0.5 64.8 ± 2.0 36.9 ± 9.4 
Zn-0.8 wt%Li 

alloy (SBF) 
133.6 ± 8.3 210.3 ± 5.0 139.5 ± 14.1  
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generating the ISCC data for these alloys in corrosive media. 

2.3.3. Fracture analysis and surface damage analysis 
After SSRT, the fractured samples were collected and dried. They 

were cut from near the fragmented sites, cleaned in absolute ethanol, 
acetone and observed using SEM (Hitachi S-4800). The morphology at 
the fracture surfaces and the surface damage near the fracture sites were 
carefully examined to deduce the fracture mechanism in different 
environments. 

2.4. Constant-load immersion test 

2.4.1. Immersion test setup 
Cylindrical specimens for immersion test were fabricated according 

to Fig. 1a. These specimens were ultrasonically cleaned in absolute 
ethanol and acetone before experiment. Polyether ether ketone (PEEK) 
rings were designed to provide tensile or compressive stress during 
immersion. Similar method was proved effective in previous research by 
Gao et al. [28]. Each metallic specimen was mounted in a PEEK ring by 
the groove in the specimen and the ring. After installation, the PEEK 
rings were elastically deformed and thus could apply tensile/com
pressive stress to the metallic specimens. The magnitudes of the tensile 
and compressive stress were measured on a universal testing machine 
(Instron 5969) and calculated to be 11.1 ± 0.2 MPa and 17.7 ± 0.3 MPa 
respectively. The excellent mechanical property of the PEEK rings 
guaranteed an enduring stress on metallic specimens without obvious 
loss after 28 days of immersion (tensile and compressive stress were 
calculated to be 10.6 ± 0.4 MPa and 18.4 ± 0.2 MPa after 28 days of 
immersion). 

For each kind of materials, fifteen specimens were prepared and 
cleaned. Five of them were subjected to tensile stress, five of them to 
compressive stress and the rest of them were not stressed. A ratio of 
surface area to electrolyte volume of 2.16 mm2/mL were adopted by 
placing each specimen in a centrifuge tube containing 45 mL c-SBF 
(8.035 g/L NaCl, 0.355 g/L NaHCO3, 0.225 g/L KCl, 0.231 g/L 
K2HPO4⋅3H2O, 0.311 g/L MgCl2⋅6H2O, 0.292 g/L CaCl2, 0.072 g/L 
NaSO4, 6.118 g/L Tris and suitable HCl) [21] with an initial PH of 7.40. 
All centrifuge tubes were kept in a 37◦C-water bath during the immer
sion test and the SBF solution was refreshed every 5 days. 

2.4.2. Corrosion morphology and corrosion product analysis 
After immersion, the specimens were taken out, rinsed by deionized 

water and dried. Their surface morphology was examined by scanning 
electron microscope (SEM; Hitachi S-4800). The elemental composition 
of selected area was investigated using energy-dispersive spectrometer 
(EDS) at 20 kV accelerating voltage. 

In order to evaluate the extent of localized corrosion, cross-section 
analysis was conducted on the corroded samples. After removal of 
corrosion products, the samples were mounted in epoxy resin. The 
mounted samples were then polished until mirror-like surfaces were 

achieved for SEM observation. 

2.4.3. Corrosion rate evaluation 
According to ASTM G1-03, corroded specimens were cleaned in hot 

chromic acid solution (80 ◦C, 200 g/L CrO3) for 1 min in order to remove 
corrosion products. Then, they were rinsed in deionized water, absolute 
ethanol and dried in open air. Weight loss was measured to calculate the 
corrosion rate (mm/y) using the following equation:  

Corrosion Rate = (K × W)/(A × T × D)                                            (3) 

where K is a constant (8.76 × 104), T is the time of exposure (h), A is the 
surface area of the specimen (cm2), W is the mass loss (g) and D is the 
density of the material (g/cm3). 

3. Results 

3.1. Microstructures of extruded pure Zn and Zn-0.8 wt%Li alloy 

The cross-sections of extruded pure Zn and Zn-0.8 wt%Li alloy were 
examined under SEM. As shown in Fig. 2a, pure Zn exhibited single- 
phase, recrystallized structure with a certain degree of grain growth 
[29]. Large grains could reach a size of over 200 μm, while small grains 
were less than 50 μm. Zn-0.8 wt%Li alloy (Fig. 2b), on the other hand, 
was composed of two distinct regions: 1) α-LiZn4+Zn eutectoid region 
with lamellar structures and 2) Zn region consisting of recrystallized 
grains. This result was in accordance to Li–Zn phase diagram [30]. The 
LiZn4 phase should be α-LiZn4 instead of β-LiZn4 since the latter is not 
stable during storage at room temperature [31]. Inside the eutectoid 
region, lamellar phase with brighter contrast should be Zn and the rest 
area with darker contrast should be α-LiZn4. Inside eutectoid area, Zn 
phase had a characteristic thickness of less than 1 μm. Meanwhile, 
recrystallized Zn grains that distributed evenly throughout the 
cross-section had a diameter of a few microns. 

XRD analysis was conducted to identify the phase composition of 
these materials. Data analysis confirmed the existence of Zn and α-LiZn4 
as shown in Fig. 2c. Published crystal parameters of α-LiZn4 [32] were 
applied to simulate XRD patterns for comparing with experimental re
sults. Diffraction peak intensities varied from standard patterns due to 
the strong texture developed after extrusion (as revealed by EBSD results 
in Fig. 3). For Zn-0.8 wt%Li alloy, diffraction peaks at the 2θ value of 
about 18◦ and 30◦ was hard to explain. These peaks might correspond to 
oxide composed of Li, Zn and O since no protection gas was adopted 
during casting of these alloys. Or they might derive from the modulated 
structure of α-LiZn4 [32]. 

Further analysis of the extruded microstructure was done by EBSD 
and corresponding results are shown in Fig. 3 (pure Zn) and Fig. 4 (Zn- 
0.8 wt%Li alloy). Clearly, the microstructure of extruded pure Zn was 
composed of large number of small grains and a few very large grains. 
Data analysis reveals that pure Zn has an average grain size of 39.5 ±

Fig. 2. Microstructure and XRD results of pure Zn and Zn-0.8 wt%Li alloy: SEM images of a) pure Zn and b) Zn-0.8 wt%Li alloy; c) XRD results of pure Zn and Zn-0.8 
wt%Li alloy. 
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46.9 μm (304 grains). Large grains could reach a size of ~230 μm while 
the diameters of small grains are less than 10 μm. IPZ map in Fig. 3c 
shows that for most grains, <-12-10> and <01–10> directions were 
aligned parallel to extrusion direction. Also, it can be concluded from 
pole figures that extruded pure Zn possessed a texture of <0001> di
rection lying perpendicular to the extrusion direction with a maximum 
intensity of 8.71. Such an orientation inhibits basal slip and favors 
<c+a> pyramidal slip during tension along extrusion direction as 

revealed by Schmid factor calculation in Fig. 3e. For better under
standing of dynamic recrystallization that happened during hot extru
sion. KAM map and recrystallized fraction were calculated. Several low- 
angle grain boundaries (red, 2–10◦) can be observed amid large number 
of high-angle grain boundaries (black, >10◦). KAM calculation indicates 
little misorientation inside each grain and suggests a low internal stress 
state left after processing. This is further confirmed by recrystallization 
analysis (Fig. 3g) in which blue region represents fully recrystallized 

Fig. 3. EBSD measurements of pure Zn after extrusion: a) band contrast map; b) grain size distribution; c) inverse pole figure (IPF) map of Z direction which is 
parallel to extrusion direction; d) {0001}, {11–20} and {10-10} pole figures; e) Schmid factor distribution of basal slip, prismatic slip, pyramidal <a> slip and 
{10–12}<10-1-1> deformation twinning; f) Kernel Average Misorientation (KAM) map with color bar corresponding to local misorientation from 0◦ to 2◦; g) 
recrystallization analysis map where blue represents fully recrystallized region, yellow represents substructure and red represents deformed region. 
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area while yellow region suggests the existence of substructure. 
Deformed region (colored red) with high stored energy is not observed. 

Fig. 4 displays the EBSD results of Zn-0.8 wt%Li which is composed 
of Zn and α-LiZn4. However, α-LiZn4 was identified as pure Zn phase by 
the testing instrument due to the similarity of its crystal structure with 
Zn. The influence of such misidentifications was avoided by removing 
α-LiZn4 phase from the final results and analyzing merely the Zn phase 
[31]. The average grain size of Zn grains was 1.4 ± 0.7 μm. According to 

IPZ map (Fig. 4c) and pole figure (Fig. 4d), Zn-0.8 wt%Li alloy possessed 
similar texture with pure Zn but with a weaker intensity of 5.69. 
Compared with pure Zn, Zn-0.8 wt%Li alloy had slightly larger internal 
stress as elucidated by the KAM map. In addition, deformed structure 
can be found at the boundaries of recrystallized Zn region and 
α-LiZn4+Zn eutectoid region. Both KAM map and recrystallization 
analysis suggest that the eutectoid area retains some deformation stored 
energy after hot extrusion. 

Fig. 4. EBSD measurements of Zn phase in Zn-0.8 wt%Li alloy after extrusion: a) band contrast map; b) grain size distribution; c) inverse pole figure (IPF) map of Z 
direction which is parallel to extrusion direction; d) {0001}, {11–20} and {10-10} pole figures; e) Schmid factor distribution of basal slip, prismatic slip, pyramidal 
<a> slip and {10–12}<10-1-1> deformation twinning; f) Kernel Average Misorientation (KAM) map with color bar corresponding to local misorientation from 0◦ to 
2◦; g) recrystallization analysis map where blue represents fully recrystallized region, yellow represents substructure and red represents deformed region. 
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Fig. 5. Engineering stress-strain curves of pure Zn and Zn-0.8 wt%Li alloy: a) pure Zn tested in air at room temperature; b) Zn-0.8 wt%Li alloy tested in air at room 
temperature; c) pure Zn tested in circulating SBF at 37 ◦C; d) Zn-0.8 wt%Li alloy tested in circulating SBF at 37 ◦C. 

Fig. 6. Fractography and surface damage morphology of pure Zn and Zn-0.8 wt%Li alloy tested in air at room temperature: a) fractography of pure Zn; b) surface 
damage morphology of pure Zn; c) fractography of Zn-0.8 wt%Li alloy; d) surface damage morphology of Zn-0.8 wt%Li alloy. 
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3.2. SSRT 

3.2.1. Stress-strain curve and ISCC 
Engineering stress-strain curves of SSRT are shown in Fig. 5. Me

chanical properties of pure Zn, Zn-0.8 wt%Li alloy tested in air and in 
SBF are presented in Table 1. Pure Zn exhibited relatively low strength 
and ductility. In engineering stress-strain curve of pure Zn, the strain 
hardening region was followed by a serrated region which might result 
from formation of deformation twins [29]. Necking was not prominent 
for pure Zn and cross-section reduction was limited, as will be shown by 
fractography. Alloying with Li significantly improved the mechanical 
properties of pure Zn regarding to strength and ductility. Limited strain 
hardening range was followed by pronounced necking phenomena 
indicating that strain was restricted to limited area near fracture end. 
Such results suggested that Zn-0.8 wt%Li alloy might deform by grain 
boundary sliding and/or dynamic recrystallization, as had been 
observed on another Zn–Li alloy [19]. 

When tested in circulating SBF at 37 ◦C, both strength and 
elongation-to-failure decreased compared to the experimental data 
under ambient condition. Such a trend was confirmed by ISCC values. 
The loss in strength as a result of exposure to corrosive solution was 
more obvious for Zn-0.8 wt%Li alloy (ISCC (UTS) = 0.229). The loss in 
elongation-to-failure, on the other hand, was not prominent for Zn-0.8 
wt%Li alloy (ISCC (El) = 0.050). 

3.2.2. Fractography and surface damage 
Fig. 6 showed the fractography and surface damage morphology of 

the samples tested in air at room temperature. These figures could help 
us speculate the deformation and fracture mechanisms of these mate
rials. For pure Zn, the surface was curvy and uneven showing signs of 
slip and grain rotation. Limited cross-section reduction and large dim
ples suggested restricted ductility which was probably due to the large 
grain size of pure Zn. Addition of Li induced effective grain refinement 
and led to great improvement in mechanical properties. The cross- 
section reduction was very large for Zn-0.8 wt%Li alloy and the size of 
dimples at fracture surface decreased to a few microns. Meanwhile, the 
surface remained rather flat with obvious stripes parallel to the loading 
direction and protruding cavities near fracture end. These stripes might 
be the traces of grain boundary sliding and the cavities on them were 
probably formed at triple junctions during deformation process [33]. 

Fig. 7 showed the fractography and surface morphology of the 
samples tested in circulating SBF at 37 ◦C. Both materials were tested at 
a strain rate of 10− 5/s, and corrosion did not change their intrinsic 
ductile behaviors at this strain rate. For pure Zn (Fig. 7a–b), dimples and 
tearing edges could still be seen at fracture ends and cracks were found 
far away from fracture ends contributing little to the failure of the 
sample. In terms of Zn-0.8 wt%Li alloy (Fig. 7c–d), corrosion had made 
it difficult to observe the small dimples at fracture ends, leaving only 
corrosion morphology at the fracture surfaces. The cracks were shallow 
in the corrosion product layer and did not seem to attack the metallic 
substrate. Fig. 7e–f showed the longitudinal section of the materials after 

Fig. 7. Fractography, surface damage 
morphology and longitudinal sections of 
pure Zn and Zn-0.8 wt%Li alloy tested in 
circulating c-SBF at 37 ◦C: a) fractography of 
pure Zn; b) surface damage morphology of 
pure Zn; c) fractography of Zn-0.8 wt%Li 
alloy; d) surface damage morphology of Zn- 
0.8 wt%Li alloy; e) longitudinal section 
showing brittle cracks on pure Zn after SSRT 
in SBF; f) longitudinal section showing cav
ities containing corrosion products and 
micro-cracks in Zn-0.8 wt%Li alloy after 
SSRT in SBF.   
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SSRT in SBF. The differences were quite obvious. For pure Zn, brittle 
cracks were observed with a length of about 20 μm. These cracks usually 
located at corrosion pits which undermined the substrate and provided 
relatively occluded environments for localized corrosion. On the other 
hand, Zn-0.8 wt%Li alloy was characterized by cavities filled with 
corrosion products near fracture end. The cavities formed arrays parallel 

to the loading direction (as shown in Fig. 6d) and were in touch with 
corrosive medium by holes at sample surfaces. A few micro-cracks could 
be found inside the cavities and many large cavities extended perpen
dicular to the loading direction. 

Fig. 8. Surface morphology and selected EDS analysis results of pure Zn after 28 days immersion in SBF under different stress state: a-c) overview of corrosion 
morphology; d-f) corrosion pits on sample surfaces; g-l) EDS analysis of selected area. 

Fig. 9. Surface morphology and selected EDS analysis results of Zn-0.8 wt%Li alloy after 28 days immersion in SBF under different stress state: a-c) overview of 
corrosion morphology; d-f) corrosion pits on sample surfaces; g-l) EDS analysis of selected area. 
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3.3. Constant-load immersion test 

3.3.1. Corrosion morphology and corrosion products 
Constant-load immersion test provided a strain rate of near zero and 

simultaneously a stress value close to physiological condition. However, 
despite the differences in alloying composition and stress state, the 
corrosion morphology appeared very similar macroscopically, as shown 
in Fig. 8a–c (pure Zn) and Fig. 9a–c (Zn-0.8 wt%Li alloy). All test groups 
were characterized by large area of flat and uniform corrosion layer 
(Fig. 8g–i and Fig. 9g–i) together with some localized corrosion area 
(Fig. 8d–f and Fig. 9d–f). Mass accumulation of particulate matter could 
be observed around pitting holes. This corrosion mode seemed unaf
fected by neither the stress state nor the material composition. EDS 
analysis of selected area was conducted and the results were displayed in 
Fig. 8g-l (pure Zn) and Fig. 9g-l (Zn-0.8 wt%Li alloy). Typical areas were 
selected on uniform corrosion surfaces and near localized corrosion pits. 
C, O, Zn, Ca and P were detected on both uniform corrosion zones and 
surface deposits. Small variations between the compositions of these 
areas could be recognized. Higher Ca, P peaks could be expected for 
surface deposits. According to EDS results, dense corrosion layer should 
mainly be composed of ZnO/Zn(OH)2 and some carbonates. Tiny par
ticles dispersed on compact corrosion layer as well as particulate matter 
that accumulated around the corrosion pits were probably apatite, 
which explained the higher Ca and P peaks detected. At some of these 
selected areas with sediments, Cl was detected, which might come from 

residual chlorine salts. 

3.3.2. Corrosion rate evaluation 
After removing corrosion products, samples were dried and weighed. 

The measured weight loss and calculated corrosion rate were presented 
in Table 2. The corrosion rates of pure Zn and Zn-0.8 wt%Li alloy were 
close to each other suggesting that Li addition did not significantly 
change the corrosion behavior of Zn. For both materials, it can be 
concluded that the corrosion rate is not significantly affected by tensile 
or compressive stress. This might be due to the fact that the stress 
applied by the PEEK rings were relatively small and the influence of 
stress on corrosion was low at this stress level. 

4. Discussion 

4.1. Stress corrosion behavior of pure Zn and Zn-0.8 wt%Li alloy 

The microstructures of pure Zn and Zn-0.8 wt%Li alloy were rather 
different, as shown in the previous section. Compared to pure Zn, Zn-0.8 
wt%Li alloy possessed finer grains with similar texture and an extra 
Zn+α-LiZn4 eutectoid region. Such a difference caused a variation in 
deformation mechanism, which also influenced the stress corrosion 
behavior. By analyzing stress-strain curve and surface damage 
morphology, it was deduced that large surface curvatures induced by 
slip/deformation twinning/rotation of large grains during deformation 
of pure Zn eased the formation of SCCs. For further evidence, the 
deformed structure near fracture end of pure Zn and Zn-0.8 wt%Li alloy 
was analyzed by EBSD (Fig. 10). Grains whose <0001> directions were 
nearly parallel to the extrusion direction (also the tensile direction) 
could be found in pure Zn. These grains might be deformation twins that 
grew after nucleation or they might have experienced grain rotations. 
Anyway, they should be responsible for the curvatures and SCCs 
observed for pure Zn. 

Based on experimental results, we proposed that the dominating 
mechanism of SCC formation on pure Zn should be slip-anodic disso
lution mechanism [34]. A schematic description is displayed in Fig. 11a. 
For pure Zn, surface curvatures resulting from grain rotation or twin 

Table 2 
wt loss and corrosion rate data measured and calculated after removal of 
corrosion products. (T: tensile stress; N: no stress; C: compressive stress).  

Test groups Weight Loss (mg) Corrosion rate (mm/y) 

Pure Zn (T) 6.7 ± 0.3 0.127 ± 0.006 
Pure Zn (N) 6.2 ± 0.8 0.118 ± 0.016 
Pure Zn (C) 6.6 ± 0.7 0.125 ± 0.013 
Zn-0.8 wt%Li alloy (T) 6.6 ± 0.9 0.129 ± 0.017 
Zn-0.8 wt%Li alloy (N) 6.3 ± 1.2 0.124 ± 0.023 
Zn-0.8 wt%Li alloy (C) 6.3 ± 0.3 0.125 ± 0.006  

Fig. 10. EBSD results of pure Zn (a and b) and Zn-0.8 wt%Li alloy (c and d) after SSRT: a) and c) band contrast map; b) and d) inverse pole figure (IPF) map of Z 
direction which is parallel to tensile direction. 
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growth provided preferential sites for crack initiation. Dislocation 
movements were highly activated and fresh surfaces were produced 
which experienced anodic dissolution leading to formation of 
micro-cracks. Then stress concentration and dislocation slip near crack 
tips cause intense anodic dissolution and further growth of the cracks to 
form SCCs. For Zn-0.8 wt%Li alloy (Fig. 11b), no such curvatures were 
formed during deformation. The uniform corrosion layer was stressed 
and shallow cracks could be found. Nevertheless, they were not able to 
attack deeply into the metallic substrate. Stripes that were parallel to 
tensile deformation (as shown in Fig. 6) could not be expanded by stress. 
This explained the very low Iscc (El) of Zn-0.8 wt%Li alloy. Surface 
cavities introduced corrosive medium into the metallic substrate and 
created a few micro-cracks inside Zn-0.8 wt%Li alloy. This enhanced the 
cross-section reduction and could explain the prominent decrease in 
tensile strength. 

Generally, materials are subjected to two kinds of stress that may 
influence their stress corrosion behaviors: internal stress and external 
stress. Zn-based materials normally have low melting temperatures and 
are susceptible to dynamic recrystallization during processing [19]. 
EBSD results have shown that little internal stress is accommodated in 
dislocation structure after hot extrusion and thus should contribute little 
to SCC. During fabrication of cylindrical samples for immersion test, 
surface tension induced by milling might be introduced. Stent fabrica
tion procedures such as laser cutting are capable of creating stress and 
heat treatment is normally applied for this sake. Characterizations and 
investigations of such stress state are important for optimizing the 
fabrication of biodegradable stents. 

Considering the external stress involved in SSRT, the applied strain 
rate may significantly influence the results of the experiment [35]. 
Earlier studies had shown that Mg alloys are more sensitive when tested 
at a strain rate of 10− 7/s than at 10− 6/s [36]. However, no such 
comparative results were given for Zn alloys. Therefore, a strain rate 
sensitivity of 10− 5/s was applied in current paper for better comparison 
with previous research data [26]. The observed fracture surfaces 
confirmed that the fracture was dominated by mechanical failure 
instead of SCC due to the relatively high strain rate applied in the pre
sent research. Lower strain rate is needed to clarify the sensitive region 
of these materials. 

4.2. Comparison of the SCC susceptibility of Zn-based and Mg-based BM 

Fig. 12 shows the SCC susceptibility of AZ91 [36], AZ61 and pure Zn 
[26] extracted from published results. Apparently, Mg alloys possessed 
higher ISCC than pure Zn and Zn-0.8 wt%Li alloy. This could be attrib
uted to the lower strain rate applied during SSRT of Mg alloys. In 
addition, it is worth noticing that the SBF applied in the present research 
was c-SBF, which had 58.0% lower HCO3

− concentration compared with 
m-SBF [37]. Such large discrepancies might also contribute to the high 
ISCC observed for AZ61 since SCC formation on Mg alloys has been re
ported to be sensitive to HCO3

− [36,38]. It has been concluded that the 
existence of organic species in whole blood reduced the effect of stress 
corrosion by covering the material surface with passive film [26,28]. In 
present study, Zn-0.8 wt%Li alloy was tested in SBF without the exis
tence of any organic species. Thus, even higher SCC resistance can be 
expected during practical applications. 

During constant-load immersion test, although localized corrosion 
was observed, SCC that stretched perpendicular to loading direction was 
absent. Moreover, unlike pure Mg, the corrosion rates of pure Zn and Zn- 
0.8 wt%Li were not significantly accelerated by tensile or compressive 
stress. This was probably due to the fact that the applied constant stress 
was lower than the stress required to induce SCC, commonly known as 
threshold stress (σth). Larger stress was proved to be capable of inducing 
significant differences in corrosion rate [39]. However, the stress 
magnitude chosen in present study was believed to be close to the stress 
in vivo [28] and was thus sufficient to mimic the service condition. 
Similar experimental setup caused the fracture of pure Mg samples but 
did not undermine the mechanical integrity of pure Zn and Zn-0.8 wt%Li 
alloy. More sustainable mechanical support can thus be provided by 
Zn-based BM. 

5. Conclusions 

In the present research, the stress corrosion behaviors of pure Zn and 
Zn-0.8 wt%Li alloy were investigated using SSRT and constant-load 
immersion test. Following conclusions were drawn: 

Fig. 11. Proposed mechanism of crack formation on a) pure Zn and b) Zn-0.8 
wt%Li alloy. Fig. 12. Comparison of the SCC susceptibility of Mg-based and Zn-based BM 

investigated by SSRT. 

G.-N. Li et al.                                                                                                                                                                                                                                    



Bioactive Materials 6 (2021) 1468–1478

1478

1) Alloying with Li resulted in the formation of Zn+α-LiZn4 eutectoid 
region and significantly refined the grain size of pure Zn. Meanwhile, 
introducing Li improved both the strength and ductility but short
ened the work hardening range of pure Zn. 

2) When stressed in SBF, the strength and elongation-to-failure of 
pure Zn and Zn-0.8 wt%Li alloy decreased. Compared with pure Zn, the 
strength of Zn-0.8 wt%Li alloy was more sensitive while its elongation- 
to-failure was less sensitive to the corrosive environment (SBF). 

3) After SSRT, SCCs were observed for both materials. However, 
cracks failed to attack deeply into the metallic substrate of Zn–Li alloy 
and thus had little influence on elongation-to-failure.  

4) Constant load as large as 11.1 ± 0.2 MPa (tensile) and 17.7 ± 0.3 
MPa (compressive) did not significantly change the corrosion be
haviors of pure Zn and Zn-0.8 wt%Li alloy within a time scale of 28 
days. 

5) After constant-load immersion test, cracks were not observed but 
pitting corrosion was obvious. Pure Zn and Zn-0.8 wt%Li alloy did not 
fracture after 28 days of immersion under tensile or compressive stress. 
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