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A B S T R A C T   

Zn–Li alloys have been shown to be promising for biodegradable vascular stent applications due to their 
favourable biocompatibility and superior strength. This work presents a thorough evaluation of the micro
structure, room temperature mechanical properties and human body temperature creep behaviour of hot- 
extruded Zn-xLi (x ¼ 0.1, 0.3 and 0.4) alloys. All alloys show typical basal texture after the extrusion but the 
recrystallized grains are much finer with increasing Li content. Consequently, not only the room temperature 
yield and tensile strengths but also the elongation to fracture is significantly increased with increasing Li content. 
However, increasing Li content has an adverse effect on the creep resistance at human body temperature. 
Moreover, there is a transition in the operative creep mechanism from dislocation creep in the Zn-0.1Li alloy to 
grain boundary sliding in the Zn-0.3Li and Zn-0.4Li alloys. The observed mechanical behaviour in these alloys 
can be well related to the grain size effect, i.e. strengthening to softening by grain boundaries with decreasing 
strain rate. This work suggests that grain size of biodegradable zinc alloys should be optimized in order to 
achieve a balance between room temperature mechanical properties and human body temperature creep 
resistance.   

1. Introduction 

As biodegradable metallic materials, magnesium (Mg) and iron (Fe) 
based alloys have received tremendous research on tailoring mechanical 
properties and corrosion performance to meet the requirements for 
vascular stent applications [1,2]. In recent years, zinc (Zn) based alloys 
have emerged as another family of biodegradable material due to 
promising biocompatibility and biodegradability [3,4]. Like Mg and Fe, 
Zn is also an essential element in human nutrition but has an interme
diate corrosion potential between Fe and Mg [5]. The binary Zn alloys 
studied so far include Zn-Li [6–8], Zn-Mg [9–13], Zn-Ca [12], Zn-Mn 
[14,15], Zn-Cu [16,17], Zn-Ag [18] and Zn–Zr [19]. 

Li was proposed as a promising alloying element to Zn by Zhao et al. 
[6,7]. Zhao et al. [6] investigated the mechanical properties and the in 
vivo biodegradability and biocompatibility of Zn-0.1Li (wt. %) alloy 
wires fabricated by hot extrusion and drawing. It was found that alloying 
of 0.1% Li increased the yield strength from 86 � 14 MPa (pure Zn) to 

238 � 60 MPa with an elongation of 17 � 7%. The Zn-0.1Li alloy had a 
moderate low degradation rate and a moderate inflammation with a 
non-obstructive neointima, which are similar to the in vivo biodegrad
ability and biocompatibility of pure Zn. Zhao et al. [7] also studied the 
structural characteristics, mechanical properties and in vitro corrosion 
performance of hot-rolled Zn-0.2Li, Zn-0.4Li and Zn-0.7Li alloys, which 
correspond to the hypoeutectic, eutectic and hypereutectic composi
tions, respectively. It was shown that the alloying of Li led to the for
mation of LiZn4 intermetallic phase and an improvement in strength, but 
there was a severe decrease in ductility when the addition of Li was 
above the eutectic composition. It was thus suggested that Li additions 
into Zn should not exceed 0.4%. Similar in vivo corrosion performance to 
pure Zn was found for the hot-rolled Zn-0.2Li and Zn-0.4Li alloys. Dai 
et al. [8] evaluated the microstructure and mechanical properties of 
hot-extruded pure Zn and Zn-0.5Li alloy. It was shown that both strength 
and ductility were improved by the addition of 0.5% Li to pure Zn, with 
the tensile strength increased from 125.6 MPa to 364.9 MPa and the 
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elongation increased from 15% to 22%. The strength improvement in 
the Zn-0.5Li alloy was attributed to the grain refinement and precipi
tation of nano-sized LiZn4 precipitates. 

This work presents a systematic study of the microstructure, room 
temperature mechanical properties and human body temperature creep 
performance of a series of extruded Zn-xLi (x ¼ 0.1, 0.3 and 0.4) alloys. 
Creep performance is evaluated here because it has long been known 
that pure Zn and Zn alloys can undergo creep deformation at room 
temperature [20–22], which is actually a high homologous temperature 
(~0.43 of the melting temperature). The creep and rupture properties of 
the extruded Zn-0.1Li alloy have been briefly reported by the current 
authors [23]. The present paper focuses on the effect of increasing Li 
content on microstructure and its relationship with mechanical behav
iour. The understanding gained from this work should be helpful for the 
design and processing of Zn alloys for biodegradable vascular stent 
applications. 

2. Experimental details 

Alloys with nominal compositions of Zn-0.1Li, Zn-0.3Li and Zn-0.4Li 
(wt.%) were cast into ingots from high purity pure Zn and Zn–5Li master 
alloy by induction melting under the protection of mixed gas of SF6 (1 
vol%) and CO2 (balance). Cylindrical blocks of 40 mm in diameter were 
cut from the ingots and were extruded at 300 �C into billets of 10 mm in 
diameter, corresponding to an extrusion ratio of about 16:1. Cylindrical 
specimens with a gauge length of 16 mm and a diameter of 3.5 mm were 
machined from the extruded billets for mechanical testing. Room tem
perature mechanical properties were evaluated by tensile testing using a 
screw-driven Instron machine. The crosshead speed employed was 1 
mm/min, corresponding to a nominal strain rate of 1 � 10� 3 s� 1. Creep 
resistance was evaluated by constant-load tensile creep tests at 37 �C, a 
typical human body temperature. The creep specimens were heated by 
immersing into heated oil baths, with the temperature controlled to 
within �1 �C. The creep strain was measured by an extensometer that 
was attached directly to the gauge section of the specimens. While most 
creep tests were run until the specimens ruptured or were stretched to 
the limit of the creep rig, some tests were interrupted after running for 
500 h. 

Microstructural features in the extruded alloys were characterized by 
scanning electron microscopy (SEM) and electron backscatter diffrac
tion (EBSD) using a JEOL 7001 FEG SEM machine equipped with an 
Aztec analysis system. The EBSD samples were prepared by electro
polishing either in a solution containing 5.3 g lithium chloride, 11.16 g 
magnesium perchlorate, 500 ml methanol and 100 ml 2-butoxy-ethanol 
at � 45 �C and a voltage of 100 V or in a solution containing 33 vol% 

orthophosphoric acid and 67 vol% ethanol at room temperature and a 
voltage of 3 V. From the EBSD orientation maps, grain size of the 
extruded alloys was determined by the mean linear intercept method 
(ASTM Standard E112) implemented in Oxford Instruments HKL 
Channel 5 software. SEM was also employed to examine the specimen 
fracture surfaces after the room temperature tensile tests and human 
body temperature creep tests. 

3. Results 

3.1. As-extruded microstructure 

The SEM microstructural observations of the Zn–Li alloys along the 
extrusion direction are shown in Fig. 1. All alloys are characterized by 
equiaxed grains and stringers of intermetallic phase (presumably LiZn4 
according to the binary Li–Zn phase diagram [24]) aligned along the 
extrusion direction, which are typical of fully recrystallized extrusion 
microstructure. With increasing Li content, it appears that the LiZn4 
phase fraction is increased while the grain size is significantly reduced, 
indicating that the LiZn4 phase facilitates the dynamic recrystallization 
of Zn, most likely by the particle stimulated nucleation (PSN) [25]. The 
operation of PSN is clearly evidenced by a bi-modal grain structure in 
the 0.1Li alloy, with fine grains being associated with the stringers of the 
LiZn4 phase. The bi-modal grain structure is less apparent in the 0.3Li 
and 0.4Li alloys as a result of increased PSN. 

The EBSD orientation maps and inverse pole figures of the Zn–Li 
alloys perpendicular to the extrusion direction are shown in Fig. 2. The 
bi-modal grain structure in the 0.1Li alloy is verified by the orientation 
map (Fig. 2a). The grain size determined from the orientation maps is 
21.7 � 11.3, 6.4 � 1.7 and 5.9 � 1.4 μm for the 0.1Li and 0.3Li and 0.4Li 
alloys, respectively. It is noted that all alloys have developed the typical 
(0001) fibre texture, i.e. the c-axis of grains is aligned perpendicular to 
the extrusion direction. The (0001) fibre texture is slightly weaker in the 
0.3Li and 0.4Li alloys as compared with the 0.1Li alloy. This seems to 
provide further support for the operation of PSN in these alloys since 
PSN tends to waken the recrystallization texture [25]. 

3.2. Room temperature mechanical properties 

Room temperature tensile curves of the Zn–Li alloys are shown in 
Fig. 3 and the yield strength, tensile strength and elongation to failure 
determined from the tensile curves are listed in Table 1. It is noted that 
the elastic region is not linear in these alloys, in particular for the 0.3Li 
and 0.4Li alloys. Such nonlinear elasticity has been observed in other 
hcp metals or alloys, such as uranium [26], zirconium [27] and cast 

Fig. 1. SEM secondary electron images showing the grain structure and stringers of intermetallic phase (dark contrast) along the extrusion direction (ED) in the (a) 
Zn-0.1Li [23], (b) Zn-0.3Li and (c) Zn-0.4Li alloys. Note the increase in intermetallic phase fraction while the decrease in matrix grain size with increasing Li content. 
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magnesium alloys [28–30], and is termed as anelasticity or pseudoe
lasticity. The anelasticity is generally caused by twinning, which is 
partially reversible upon unloading. With the presence of anelasticity, 

the yield strength determined using the conventional 0.2% offset 
method is underestimated. To account for the anaelsticity, using a 
higher offset (e.g. 0.5%) can give a more approximate estimation of 
yield strength than using the conventional 0.2% offset [29]. In this 
study, for the purpose of comparison, both 0.2% yield strength and 0.5% 
yield strength are measured for the three alloys (Fig. 3b and Table 1). 
Apparently, the 0.1Li alloy has the lowest strength properties and also 
the lowest ductility, with an elongation of only ~4.0%. It is interesting 
to see that increasing Li content not only increases the strength prop
erties but also leads to an improvement in ductility. Consequently, both 
0.3Li and 0.4Li alloys readily meet the benchmark mechanical proper
ties required for vascular stent materials, i.e. yield strength >200 MPa, 
ultimate tensile strength >300 MPa, elongation >15–18% [31]. How
ever, it should be noted that, while the 0.1Li alloy exhibits pronounced 

Fig. 2. EBSD orientation maps and inverse pole figures perpendicular to ED for the (a) Zn-0.1Li [23], (b) Zn-0.3Li and (c) Zn-0.4Li alloys. The red features in the 
orientation maps should be LiZn4 phase, but somehow were incorrectly identified by the Aztec analysis software as Zn grains with [0001] orientation. These [0001] 
grains were excluded from the inverse pole figures and grain size measurements. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 3. Room temperature tensile curves of the Zn–Li alloys in the (a) whole range and (b) initial stage. The 0.2% and 0.5% offset strains are indicated by dashed lines 
with gradient 108 GPa in (b). Note the anelastic behaviour in these alloys, which is more pronounced in the 0.3Li and 0.4Li alloys. 

Table 1 
Room temperature tensile properties of the Zn–Li alloys.  

Alloy 0.2% Yield 
Strength 
(MPa) 

0.5% Yield 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Elongation 
(%) 

Zn-0.1Li 
[23] 

189.1 � 4.7 202.9 � 3.0 230.2 � 0.4 4.0 � 0.6 

Zn-0.3Li 292.0 � 3.9 335.2 � 4.3 367.2 � 6.5 19.3 � 0.9 
Zn-0.4Li 363.7 � 9.1 398.5 � 9.1 405.3 � 7.0 27.4 � 10.8  
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strain hardening, the strain hardening appears to be modest in the 0.3Li 
and 0.4Li alloys. 

The SEM fractographs of the Zn–Li alloys after room tensile testing 
are shown in Fig. 4. Apparently, the 0.1Li alloy is dominated by trans
granular cleavage fracture, a typical brittle fracture mode for pure Zn 
with large grains [32–34]. The cleavage fracture is consistent with the 
low ductility of the 0.1Li alloy. For the 0.3Li and 0.4Li alloys, the frac
ture appears to be a mixture of transgranular cleavage fracture and 
ductile dimple fracture. The mixed cleavage and dimple fracture has 
been observed in fine-grained Zn–Al, Zn–Mg and Zn–Mn alloys [11,14]. 

3.3. Creep behaviour at human body temperature 

Typical creep curves for the 0.3Li and 0.4Li alloys are shown in 
Fig. 5, where three stages are identified, i.e. the primary stage in which 
the creep rate decreases with increasing creep time, the secondary stage 
in which the creep rate remains steady and the tertiary stage in which 
the creep rate increases with time until fracture. Similar to the 0.1Li 
alloy, the 0.3Li and 0.4Li alloys exhibit very limited secondary creep 
stage, followed by an “extended period of tertiary creep” [35]. However, 
it is worth noting that the primary stage is also very limited in the 0.3Li 
and 0.4Li alloys, which is in contrast to the 0.1Li alloy in which a fair 
amount of primary creep is observed [23]. The brief primary stage in the 
0.3Li and 0.4Li alloys is considered to be associated with the modest 
strain hardening as primary creep is dominated by strain hardening. 

The creep curves of the 0.3Li and 0.4Li alloys at 37 �C under various 
stresses are shown in Fig. 6. Also shown in Fig. 6 are the creep curves at 
three different temperatures under a constant stress of 80 MPa. Both 
alloys exhibit substantial creep deformation at 37 �C, even under the 
lowest stress of 80 MPa, which corresponds to ~0.27 and ~0.22 room 
temperature yield strength for the 0.3Li and 0.4Li alloys, respectively. It 
is worth mentioning that the specimens at low stresses did not fail after 
~40% elongation when the limit of the extensometer was reached, 
suggesting the possibility of superplasticity. Appreciable creep defor
mation is also evidenced for both alloys at room temperature (23 �C) 
under 80 MPa. As expected, the creep deformation is facilitated with 
increasing temperature from room temperature to 51 �C. 

Plots of the minimum creep rate against the applied stress and 
reciprocal of temperature using double logarithmic coordinates for the 
0.3Li and 0.4Li alloys are shown in Fig. 7a and b, respectively. Also 
shown are the creep data of the 0.1Li alloy [23] for comparison. It can be 
seen from Fig. 7a that there is a transition from power-law creep regime 
at low stresses to power-law breakdown regime at high stresses for all 
alloys. The Li content appears to have opposite influences on the mini
mum creep rate in the power-law creep and power-law breakdown 

regimes, i.e. the minimum creep rate becomes higher with increasing Li 
content at low stresses but the trend is reversed at high stresses. The 
stress exponent in the power-law regime is found to be 2.3 for the 0.3Li 
and 0.4Li alloys while it is 4.1 for the 0.1Li alloy [23], suggesting that 
different creep mechanisms could be operating in the 0.3Li and 0.4Li 
alloys as in the 0.1Li alloy. This is further supported by the activation 
energy values determined from Fig. 7b. For the 0.1Li alloy, the creep 
activation energy is determined to be 87 kJ/mol, which is close to that 
for the lattice self-diffusion of Zn (92 kJ/mol [36]). For the 0.3Li and 0.4 
alloys, however, the creep activation energy is determined to be 58 
kJ/mol and 63 kJ/mol, respectively. These values are much lower than 
that for the lattice self-diffusion of Zn, but are close to that for the grain 
boundary diffusion of Zn (61 kJ/mol [36]). 

The SEM fractographs of the Zn–Li alloys crept to failure at 37 �C 
under the same stress of 130 MPa are shown in Fig. 8. There appear 
different features in the fracture surface for the 0.3Li and 0.4Li alloys as 
compared with the 0.1Li alloy. As reported earlier [23], the fracture of 
the 0.1Li alloy is a mixture of intergranular and transgranular modes, 
evidenced by the cavities at grain boundaries and the dimple-like fea
tures. For the 0.3Li and 0.4Li alloys, no obvious grain boundary cavities 
can be seen in the fracture surface, but there are more dimple-like fea
tures, especially some very large dimples. Similar large dimples have 
been observed in the fracture surface of pure Zn with a small grain size 
(70 μm) after room temperature tensile testing at a low strain rate (3 �
10� 4 s� 1) and were considered to result from the growth of the small 
dimples initiated at grain boundary triple junctions under the complex 
triaxial state of stress due to necking [33]. 

4. Discussion 

4.1. Effect of Li content on the room temperature mechanical properties 

On interesting result of the tensile tests is that both strength prop
erties and ductility of the Zn–Li alloys are improved with increasing Li 
content, with the mechanical properties of the 0.3Li and 0.4Li alloys 
readily meeting the benchmark requirements for vascular stent mate
rials. In view of the synergistic improvements in strength and ductility, 
the grain refinement with increasing Li content, which is revealed by the 
microstructural characterizations shown in Figs. 1 and 2, is considered 
to play an important role in influencing the mechanical properties of the 
current alloys. Another influencing factor is the fraction of the LiZn4 
phase, which has been related to the mechanical properties of Zn–Li 
alloys [6,8]. However, given that the LiZn4 phase tends to enhance the 
strength properties but have a detrimental effect on ductility [6], its 
direct strengthening contribution is not considered to be significant for 

Fig. 4. SEM micrographs showing the fracture surfaces of the (a) Zn-0.1Li, (b) Zn-0.3Li and (c) Zn-0.4Li alloys after room temperature tensile testing. The arrows in 
(b) and (c) indicate cleavage fracture. 
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the current Zn–Li alloys. Rather, the LiZn4 phase affects the mechanical 
properties in an indirect way, i.e. by promoting recrystallization during 
the extrusion and thus grain refinement. The influence of texture is 
considered to be marginal in this work since there is no significant dif
ference in texture between the current alloys. 

The transition in fracture mode from the transgranular cleavage 
fracture in the 0.1Li alloy to the mixed transgranular cleavage and 
ductile dimple fracture in the 0.3Li and 0.4Li alloys also supports the 
important role of grain refinement in mechanical properties of the cur
rent alloys. Similar grain size effect on fracture mode has been observed 
in pure Zn [33] and Zn–Mg alloys [37]. 

Another interesting result of the tensile testsis that the strain 

hardening appears to be decreased with increasing Li content. It has 
been realized recently [10,38] that, as vascular stent materials, Zn alloys 
are also required to possess a sufficient strain hardening rate to avoid 
strain localization since vascular stents need to undergo significant 
plastic deformation when radially expanded into the working state. A 
high strain hardening rate is expected to be beneficial for the fatigue life 
of vascular stents, which is at least 10 million cycles before the complete 
dissolution [38]. In this regard, further work is needed towards opti
mising the mechanical properties of Zn–Li alloys. 

Fig. 5. Total strain and creep rate plotted against time for the (a) 0.3Li alloy and (b) at 37 �C under a stress of 130 MPa. The primary (I), secondary (II) and tertiary 
(III) stages are indicated. Inserted is an enlarged portion of the primary stage. 

Fig. 6. Creep curves of the (a) Zn-0.3Li under various stresses at 37 �C, (b) Zn-0.4Li under various stresses at 37 �C, (c) Zn-0.3Li at different temperatures under a 
constant stress of 80 MPa and (d) Zn-0.4Li at different temperatures under a constant stress of 80 MPa. The arrows indicate where the limit of the extensometer was 
reached prior to specimen fracture. 
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4.2. Effect of Li content on the creep behaviour at human body 
temperature 

The preceding creep results indicate that the Li content has opposite 
influences on the minimum creep rate in the power-law creep and 
power-law breakdown regimes, i.e. the minimum creep rate becomes 
higher with increasing Li content at low stresses but the trend is opposite 
at high stresses. This creep behaviour can be explained by the grain size 
effect. It is well known that grain boundaries are obstacles to disloca
tions in a crystalline material at low homologous temperatures and thus 
the material strength is higher at a smaller grain size, i.e. the Hall-Petch 
relationship. However, when temperature is sufficiently high and strain 
rate is sufficiently low, grain boundaries can act as effective sinks to 
annihilate dislocations and grain boundary hardening will turn into 
grain boundary softening. The transition from grain boundary hard
ening to softening has been extensively observed in ultrafine-grained 
(UFG) and nanocrystalline materials [39–41]. For the current Zn–Li al
loys, the creep deformation in the power-law breakdown regime is 
similar to the room temperature tensile testing where the strain rate is 
high; in these circumstances, grain boundary hardening is believed to be 
predominant. In the power-law regime, however, the strain rate is much 
lower and grain boundary softening becomes effective. 

The different stress exponent and activation energy values in the 
power-law regime for the current alloys suggest that different creep 
mechanisms could be operating in the 0.3Li and 0.4Li alloys as in the 

0.1Li alloy. It has been revealed [23] that lattice diffusion controlled 
dislocation creep is the operative creep mechanism for the 0.1Li alloy. 
For the 0.3Li and 0.4Li alloys, given that the stress exponent is close to 2 
and the creep activation energy is close to that for the grain boundary 
diffusion of Zn, grain boundary diffusion controlled grain boundary 
sliding is considered to be most likely the operative creep mechanism. 
Grain boundary sliding has been well known to be the dominant 
mechanism in creep and superplastic deformation of crystalline mate
rials [42,43]. The superplastic-like deformation features of the 0.3Li and 
0.4Li alloys, such as the large deformation exceeding 50% and the 
dimple-like features, are in support of the operation of grain boundary 
sliding. It has been suggested that, for ultrafine-grained materials with 
imperfect grain boundaries, the activation energy of grain boundary 
sliding should be higher than that for grain boundary diffusion, but 
lower than that for lattice diffusion [44]. The creep activation energy 
values of the 0.3Li and 0.4Li alloys seem to agree well with this 
mechanism. 

5. Conclusions 

The strength properties of pure Zn and Zn alloys in the as-cast con
dition cannot meet the requirements for biodegradable applications 
such as vascular stents. The most effective way to improving the strength 
properties of pure Zn and Zn alloys has been grain refinement via 
deformation processing, e.g. hot extrusion and hot rolling. The current 

Fig. 7. Dependence of the minimum creep rate on the (a) applied stress at 37 �C and (b) testing temperature under a constant stress for the Zn-0.3Li and Zn-0.4Li 
alloys. The data for the Zn-0.1Li [23] are also shown for comparison. 

Fig. 8. SEM micrographs showing the fracture surfaces of the (a) Zn-0.1Li [23], (b) Zn-0.3Li and (c) Zn-0.4Li alloys crept to failure under a constant stress of 130 
MPa at 37 �C. The horizontal arrows indicate wedge-shaped cavities at grain boundaries while the vertical arrows indicate large dimples. 
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work demonstrates that, while the strength properties of Zn–Li alloys 
can be significantly improved by grain refinement via extrusion, such a 
strength improvement is not accompanied by an improvement in creep 
resistance at human body temperature. Actually, it is the alloy with the 
smallest grain size (highest strength properties) that has the poorest 
creep resistance. It is thus suggested that grain size of biodegradable Zn 
alloys needs to be controlled to achieve a balance between room tem
perature mechanical properties and human body temperature creep 
resistance. 
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