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Zn-Li-based alloys have drawn great attention as promising candidates for load-bearing sites, such as
intramedullary nails and bone plates. They possess high monotonic strength (over 500MPa) and bet-
ter pitting resistance with lithium-rich layers acting as barriers for corrosion attack under (quasi-)static
conditions. However, their response to dynamic loadings such as fatigue is still unknown. Herein, the
corrosion fatigue behavior of a series of Zn-Li binary alloys with different lithium addition amounts was

Keywords: tested in simulated body fluid. Tensile and fatigue strength of the materials were proportional to lithium

Biodegradable metals content while corrosion fatigue strength was not. Extremely long cracks that extended parallel to the

Zn-Li alloys loading direction were found in Zn-1.0wt.%Li alloys. These cracks propagated by selective dissolution of

‘i‘_’mSiO" fatigue the lithium-rich phase in the eutectoid regions and drastically reduced the corrosion fatigue strength of
1r

Zn-1.0wt.%Li alloy owing to exacerbated crack propagation. To sum up, Zn-Li binary alloys showed fa-
tigue strength comparable to pure iron and pure titanium, which confirmed their loading capacity under
dynamic conditions.

Simulated body fluid

Statement of significance

Zn-Li-based alloys are qualified as biodegradable metals and are dedicated to load-bearing applications.
Current research has shown that lithium can suppress pitting corrosion by the formation of lithium-
rich layers on the alloy surface during (quasi-)static conditions. However, how these materials respond
to dynamic loading is still unknown. The present study investigated the influence of lithium amount
(0.1~1.0wt.%) on the corrosion fatigue behavior of binary Zn-Li alloys. The results showed that lithium
effectively improved the mechanical strength but can harm corrosion fatigue strength at high content
due to selective dissolution of lithium-rich phase. This demonstrated that the amount of lithium should
be controlled for optimal properties. Zn-0.8wt.%Li alloy demonstrated a good combination of tensile and
corrosion fatigue strength, which can be further improved by proper alloying and thermomechanical
treatment.

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction able metals have been proven to be one of the most potential can-

didates owing to their proper biodegradability and acceptable bio-

Biodegradable metals are a new generation of metallic bioma-
terials that aimed to eliminate the drawbacks of nondegradable
metallic materials, such as chronic inflammation and secondary
surgery [1-3]. After decades of development, Zn-based biodegrad-
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compatibility [4-8]. Zn-Li based alloys possess the highest strength
among all kinds of Zn-based biodegradable metals and meanwhile
have tunable degradation behavior, which makes them ideal ma-
terials for load-bearing applications, such as intramedullary nails
and bone plates [6,9-14].

Fatigue describes the crack initiation, propagation, and final
fracture induced by the cyclic loading of a structure [15]. Under
such circumstances, materials usually fail at a stress amplitude
much lower than their yield stress. Fatigue is common for struc-
tures in aircraft, offshore platforms, railways, and nuclear power
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plants. In the biomedical field, implants, particularly orthopedic
devices, are prone to corrosion fatigue during service [16]. Thus,
implant materials must have high fatigue resistance in the physio-
logical environment.

Two methods are normally applied for investigating the fatigue
behaviors of metallic materials: Cumulative Fatigue Damage (CFD)
and Fatigue Crack Propagation (FCP) [17]. The former method uses
the S-N curve (Stress Amplitude-Number of cycles to failure) for
predicting the fatigue life of a sample, while the latter focuses
on the crack propagation speed on a microscopic scale. Process-
ing history, surface roughness, and service environment all influ-
ence the corrosion fatigue property of a material [18]. For non-
degradable metallic biomaterials, Co-based alloys normally possess
the best fatigue strength, followed by Ti-6Al-4V and 316SS [19].
Biodegradable metals, on the other hand, do not own that high
corrosion fatigue strength considering their biodegradability. The
concern thus shifts to the durability of their mechanical integrity.
Gu et al. studied the fatigue behaviors of as-cast AZ91D and as-
extruded WE43 alloys [20]. The corrosion fatigue strength was cal-
culated to be 20MPa and 40MPa, respectively. Cracks were found to
initiate from corrosion pits. Jafari et al. came up with similar con-
clusions and determined that the crack propagated in a transgran-
ular manner by hydrogen embrittlement [21]. Bian et al. investi-
gated the corrosion fatigue behaviors of pure magnesium, Mg-1Ca,
and Mg-2Zn-0.2Ca in simulated body fluid (SBF) [22]. The corre-
sponding fatigue strength was calculated. Han et al. studied the
corrosion fatigue of AZ31B under various loading frequencies and
found that the stress and corrosion coupled more intensely under
higher frequencies [23]. Li et al. studied the corrosion fatigue prop-
erty of additively manufactured pure iron and found its corrosion
fatigue strength to be 65% of its fatigue strength in the air [24].

For industrial and biomedical zinc alloys, the number of such
research stays low. Fegredo et al. investigated the influence of grain
size and surface condition on the fatigue strength of pure zinc
[25,26]. Their results showed that finer grains and surface defor-
mation twins induced by processing benefited the fatigue strength.
In addition, fatigue cracks were found to propagate in an inter-
granular manner at or above room temperature. Tanaka et al.
found that compared to a mixed microstructure, a pure equiaxed
structure led to prolonged fatigue life in Zn-22Al alloys [27]. For
biomedical zinc alloys, Li et al. found that the corrosion fatigue
strength of an additively manufactured pure zinc stent reached 80%
of its fatigue strength in the air [28]. Li et al. tested and calcu-
lated the fatigue and corrosion fatigue strength of Zn-0.8wt.%Li and
Zn-2.0wt.%Cu-0.8wt.%Li alloys as 65MPa and 80MPa, respectively,
based on a relatively short fatigue life of 5.6 x 10° cycles [29].

Researchers have shown that the addition of lithium can lead to
a series of variations in phase and microstructure [11]. The resulted
Zn+«a-LiZn, eutectoid structure enhanced the mechanical proper-
ties. Herein, we formulated Zn-Li binary alloys with various com-
positions and performed tension-compression fatigue tests both in
the air and in simulated body fluid. The fatigue strengths were
determined and compared with previous results of biodegradable
alloys. We elucidated the crack-propagating mechanisms with the
help of metallography, fractography, Electron Backscattered Diffrac-
tion (EBSD) and Transmission Electron Microscope (TEM). There-
after the crack propagation mechanism was discussed.

2. Materials and methods
2.1. Materials and specimen preparation

The nominal compositions of the investigated materials were
pure zinc (99.99wt.%) and Zn-xLi (x=0.1, 0.4, 0.8, and 1.0 weight

percentages, respectively). The as-cast ingots were homogenized at
300°C for 1.5 hours in a nitrogen atmosphere. The ingots were then
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kept at 200°C for 10 minutes followed by extrusion to a diameter
of 10mm with a speed of 1mm/s (the extrusion ratio was 16:1) and
air cooling to ambient temperature. Dogbone specimens for tensile
tests, cylindrical specimens for compressive tests, and fatigue spec-
imens with a circular cross-section were all machined and loaded
parallel to the extrusion direction.

2.2. Microstructural characterization and phase identification

Mechanical polishing was performed on SiC abrasive papers
from 400 grit to 2000 grit gradually until mirror-like surfaces were
achieved. The samples were then electropolished for EBSD tests in
Scanning Electron Microscope (SEM). The experiments were con-
ducted on JSM-7200F, and data analysis was conducted via Chan-
nel 5 software. XRD analysis was applied for phase identification
on Rigaku DMAX 2400 which used Cu Ko radiation. The tests were
operated at 40 kV and 100 mA with a scanning rate of 4°/min and
a test range of 10°-90°.

2.3. Monotonic mechanical tests

The monotonic mechanical tests were carried out at an initial
strain rate of 0.001/s under ambient temperature on a universal
material testing machine (Instron 5969). Three parallel measure-
ments were taken for each material. Tension dogbone specimens
had a gauge length of 25mm, a width of 6mm, and a thickness of
2.5mm. The compression specimens were cylindrical with a diam-
eter of 5mm and a height of 7Z.5mm.

2.4. Fatigue tests in air and SBF

Fatigue tests were conducted on an all-electric dynamic test in-
strument (Instron E3000) under axial sinusoidal loading. The oper-
ating mode was a fully reversed fatigue test with a stress ratio of
R=-1 and a frequency of 10Hz. The stress-controlled fatigue tests
were continued until failure of the sample or until 1 x 107 cycles
were reached.

2.5. Fracture surface analysis and crack morphology

The fatigue fracture surfaces of samples that failed at over one
million cycles were observed under an SEM (Hitachi S-4800). For
better observation, the corrosion products were removed using hot
chromic acid. According to ASTM G1-03, 200g chromium trioxide
was added to reagent water to make 1000mL solution. The resulted
chromic acid was then heated to 80°C and the fractured samples
were rinsed for 1min in it. Thereafter, samples were mounted in
conductive resin and polished to reveal the crack morphology in-
side the substrate.

2.6. EBSD analysis around crack tips

To demonstrate the crack propagation mechanism, samples
with corrosion fatigue cracks of interest were electropolished and
analyzed using EBSD. Electropolishing was conducted under room
temperature in a solution containing 33 vol% orthophosphoric acid
and 67 vol% ethanol at an applied voltage of 3V. A scanning step
size of a tenth of the average grain size was applied during EBSD.

2.7. TEM analysis of fatigued microstructure

The microstructure after cyclic loading was characterized un-
der TEM (FEI Talos F200X) for Zn-0.8wt.%Li alloy. Samples were
first electropolished using 4% perchloric acid in ethanol at -35°C
(Struers Tenupol-5) and then ion-polished (Gatan 691) for better
image quality.
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2.8. Statistical analysis

Data from tension, compression, and fatigue tests were pre-
sented as mean =+ standard deviation (n = 3 for tension and
fatigue, n=4 for compression, independent samples). Fatigue
strength and fatigue limit values were calculated using linear re-
gression method according to measured data points (n = 18, in-
dependent samples). The grain size data were obtained through
a built-in program of Channel 5 software and were presented as
mean + standard deviation. For each material, over 100 grains
were included.

3. Results
3.1. Microstructure and phases

Fig. 1 shows the XRD patterns of the investigated biodegradable
metals. For pure zinc sample, data analysis confirmed the exis-
tence of the Zn phase (PDF card No0.04-005-9306). Another «-LiZn,
phase [30] was confirmed in all Zn-Li alloy samples. The lattice
parameters were different from the literature and were corrected
according to the XRD results (Space Group: Cmcm, a=2.818 A,
b=4.812 A, c=4.363 A, a=B=y=90°). The intensity of the a-LiZn,
peaks increased as Li amount increased, suggesting an increasing
amount of this phase. Strong diffraction peaks emerged at low an-
gles (such as in the range of 18.2°~18.5°) and might derive from
an unknown LPSO (Long Period Stacking Ordered) phase consider-
ing the large d-spacing they represented [31].

Fig. 2 reveals the Inverse Pole Figure (IPF) maps of pure zinc
and experimental Zn-Li binary alloys, corresponding microstruc-
ture features were summarized in Table 1. Hot extruded pure zinc
(Fig. 2a) had near equiaxed grains and an average grain size of 95
+ 59 pm. It also possessed typical <0110>-<1210> double fiber
texture, which was commonly observed in hot extruded h.c.p. met-
als [32]. Alloying with 0.1wt.%Li significantly refined the grains to
2.7 + 1.3 pm (Fig. 2b) and introduced a small fraction (~4%) of new
texture whose extrusion direction (ED) was parallel to <0001>.
When the lithium amount reached 0.4wt.% (Fig. 2c), the average
grain size decreased to 2.0 + 0.9 pm and the fraction of the newly
formed texture reached 19%.
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Fig. 1. Phase identification of the studied materials.
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Table 1
Microstructure parameters of the investigated materials. (fg,: Area fraction of the
eutectoid region.)

Grain Size in Equiaxed

Materials Grain Regions (pm) feu (%)
Pure zinc 95 + 59 0
Zn-0.1wt.%Li 27+13 4
Zn-0.4wt.%Li 2.0 +£09 19
Zn-0.8wt.%Li 2.1+0.38 44
Zn-1.0wt.%Li - 100

Table 2
Monotonic mechanical properties of pure zinc and Zn-Li alloys. (Eu: Uniform Elon-
gation, El: Fracture Elongation.)

Tensile YS/MPa UTS/MPa Eu/% El/%
Pure zinc 389 +1.0 106.5 + 2.4 19+1 22 + 4
Zn-0.1wt.%Li 319 £ 11 319 £ 11 32 +0.1 394+ 2
Zn-0.4wt.%Li 337 £ 14 434 + 18 4.6 + 0.1 52 + 4
Zn-0.8wt.%Li 412.7 £ 0.6 576 £ 6 6.5 £ 0.1 61 £ 11
Zn-1.0wt.%Li 4342 + 14 661 + 2 54 + 0.1 52.7 £ 2.1
Compressive YS/MPa

Pure zinc 122 + 3

Zn-0.1wt.%Li 267 £ 19

Zn-0.4wt.%Li 432 +9

Zn-0.8wt.%Li 558 + 6

Zn-1.0wt.%Li 679 + 3

Further increasing the lithium amount to over 0.8wt.% in-
duced a series of complexity. Firstly, the newly formed texture
(with ED||<0001>) became prevalent and its fraction boosted to
44%, and 100% respectively for Zn-0.8wt.%Li and Zn-1.0wt.%Li alloy.
These regions had a lamellar structure that was probably formed
by the eutectoid reaction at 65°C [33]. The remaining portion
in Zn-0.8wt.%Li alloy still exhibited the original double fiber tex-
ture and an equiaxed structure with an average grain size of 2.1
+ 0.8 pm. Hereafter, the two regions with totally different mi-
crostructures will be referred to as the eutectoid region and the
equiaxed grain region separately. Secondly, although XRD results
confirmed the existence of the «-LiZn, phase, EBSD analysis rec-
ognized only the Zn phase. Current opinions believed that those
equiaxed grains and 200nm-thick lamellae with their<0110>||ED
should be Zn, while the rest regions with their<0001>||[ED should
belong to the «-LiZn, phase [34,35]. Finally, grain boundaries in
the equiaxed regions were well-defined but became discontinuous
in eutectoid regions. The «-LiZny phase and Zn phase inside eu-
tectoid regions showed a misorientation similar to {1012}<1011>
deformation twins (86°<1210>).

3.2. Monotonic mechanical tests

Fig. 3 gives the tensile (Fig. 3a) and compressive (Fig. 3b) en-
gineering stress-strain curves of pure zinc and Zn-Li binary al-
loys obtained under room temperature at an initial strain rate of
£=103/s. Obtained mechanical parameters are listed in Table 2.
Under monotonic condition, pure zinc had a tensile yield strength
(YS) of 38.9 + 1.0MPa and an ultimate tensile strength (UTS) of
106.5 + 2.4MPa. It exhibited work hardening after yielding and
had a uniform elongation of 19 + 1% followed by a sudden frac-
ture without necking. Alloying with Li effectively strengthened the
materials. The improved UTS reached 319 4+ 11MPa for Zn-0.1wt.%Li
alloy. As the lithium amount increased, the tensile YS and UTS in-
creased simultaneously for Zn-Li binary alloys. The highest value
was obtained by Zn-1.0wt.%Li alloy, which gave a YS of 434.2
+ 14MPa and a UTS of 661 + 2MPa. However, it was observed
that necking became more obvious and the work softening be-
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d) Zn-0.8wt.%Li e) Zn-1.0wt.%Li
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Fig. 2. EBSD analysis of the investigated materials: a) Pure zinc. b) Zn-0.1wt.%Li alloy. c) Zn-0.4wt.%Li alloy. d) Zn-0.8wt.%Li alloy. e) Zn-1.0wt.%Li alloy. (Figures here demon-
strate the Inverse Pole Figure maps which reflect the orientation of extrusion direction).
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Fig. 3. Stress-Strain curves of pure zinc and Zn-Li alloys under a) Tensile tests. b) Compressive tests.

Table 3
Fatigue strength and fatigue limit values of the investigated materials.
Fatigue Fatigue
Fatigue Limit  Strength (Air, Fatigue Limit  Strength

Materials (Air)/MPa 107)/MPa (SBF)/MPa (SBF, 107)/MPa
Pure Zinc 6.2 20.3 7.1 24.4
Zn-0.1wt.%Li  52.5 73.9 26.8 53.0
Zn-0.4wt.%Li 614 89.8 9.2 50.8
Zn-0.8wt.%Li  66.0 98.7 25.5 67.9
Zn-1.0wt.%Li ~ 70.7 117.5 9.7 52.0

havior was more prominent at the same time (the slope became
steeper downwards). During compressive tests, all materials kept
deforming without failure and the tests were stopped at a strain of
about 0.6. Similarly, compressive YS became higher as the lithium
amount rose and the highest value reached 679 4+ 3MPa for Zn-
1.0wt.%Li alloy. Tension-compression yield asymmetry was signifi-
cant for all the experimental Zn-Li binary alloys, and the compres-
sive YS was usually higher, as had been reported in another work
[36].

3.3. Fatigue and corrosion fatigue tests

Fig. 4 gives the fatigue and corrosion fatigue results. Calculated
mechanical parameters were listed in Table 3. In each case, the fa-

tigue strength for a predetermined fatigue life of 107 cycles was
calculated using the Basquin model [37]:

o =C;N% (1)

where o is the stress amplitude, N is the number of cycles to fail-
ure, and C; and C, are material constants. As can be seen from
Fig. 4a and c, the fatigue strength of pure zinc was as low as
20.3MPa in air and slightly increased to 24.4MPa when corrosion
was introduced. Generally, fatigue strength increased with mono-
tonic mechanical strength in air and reached a maximum in Zn-
1.0wt.%Li alloy (117.5MPa). But in SBF, fatigue strength dropped sig-
nificantly for Zn-Li binary alloys.

In addition, fatigue limits were calculated based on Stromeyer
law [37] (Fig. 4b and d):

o = 0w +C(10°N) " (2)

where o is the stress amplitude, o is the fatigue limit, N is the
number of cycles to failure and C is a material constant. Pure zinc
had a fatigue limit of 6.2MPa in air, while Zn-1.0wt.%Li alloy had a
much higher fatigue limit of 70.7MPa. In a corrosive environment,
the fatigue limit value turned out to be slightly higher for pure
zinc (7.1MPa) and dropped drastically for Zn-Li binary alloys. Zn-
1.0wt.%Li alloy, which possessed the highest fatigue limit in air, had
a fatigue limit of only 9.7MPa in SBE.

Fig. S1 presents the hysteresis loops of the 5% to the 5000000t
cycle during stress-controlled fatigue tests in air. The shrinking
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Fig. 4. Fatigue behaviors of the investigated materials in air: a) S-N curves, b) Fatigue limit analysis, and in SBF: c) S-N curves, d) Fatigue limit analysis.

strain amplitude reflected the slight cyclic hardening effect of the
four binary alloys. Pure zinc, on the other hand, showed no such
hardening since the strain amplitude remained almost unchanged.
Fatigue tests in circulating SBF showed similar results and thus
were not shown.

3.4. Fatigue fracture analysis and crack morphology

Fig. 5 shows typical high-cycle fatigue fracture surfaces pro-
duced in air. For each kind of metal, an overview of the fracture
surface, a magnified view of the crack propagation zone, and a
magnified view of the overload zone were given in series. In the
overview, the crack initiation site, the propagation zone, and the
overload zone were separated using yellow and red dashed lines,
respectively. Meanwhile, the direction of crack propagation was
indicated using orange arrows. It was obvious that the fracture sur-
face of pure zinc (Fig. 5a) was rough, while for Zn-Li alloys (Fig. 5b-
d) the fracture surfaces were rather flat. A large portion of the
fracture surfaces belonged to the crack propagation zone. White
arrows pointed out the locations of typical fatigue striations which
were characteristic lines formed due to partially reversed slip at
crack tips [38]. These striations were observed on cleavage surfaces
that were considered to locate in equiaxed grain regions. When
cracks propagated through the eutectoid regions, quasi-cleavage
fracture occurred and flutes were formed as indicated by the black
arrows. High magnification images for striations and flutes were
provided in Fig. S6. When an active crack grew to a critical size,
fracture occurred similarly to monotonic overloading, and fractog-
raphy resembled tensile fracture surfaces in the overload zone.
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Fig. 6 presents the fracture surfaces of samples after cor-
rosion fatigue in SBF. Corrosion products were cleaned in hot
chromic acid. Compared with those in Fig. 5, fracture surfaces be-
came rougher for samples undergoing corrosion fatigue. Generally,
more than one crack initiation site could be found and overload
zones stood in the middle of the samples. The middle column
in Fig. 6 shows the magnified view of crack initiation sites, and
white arrows pointed out the corrosion pits. These localized cor-
rosion events could be one of the drives for crack propagation.
Flutes were observed only on pure zinc (black arrows) and might
be covered by the corrosion attack in Zn-Li alloys. Deep secondary
cracks that were rarely seen in Fig. 5 were very common in the
overload zones of corrosion-fatigued samples, especially those with
high lithium content (Fig. 6d-e).

For a better interpretation of the crack propagation and the in-
fluence of corrosion, failed samples were mounted and cut along
the loading direction to reveal the crack morphology inside. Fig. 7
shows the results for Zn-0.1wt.%Li alloy. Pure zinc and Zn-0.4wt.%Li
alloy showed a similar pattern and their results are presented
in Fig. S2-3. Generally, fatigue crack propagation in these mate-
rials was not significantly intensified by corrosion. For pure zinc
(Fig. S2), although fracture surfaces were rough, secondary cracks
turned out to be shallow for both testing conditions. Most of them
were about 20 pm long and very few of them exceeded 100 pm
(Region A, Fig. S2g). Zn-0.1wt.%Li and Zn-0.4wt.%Li alloys showed
similar results (Fig. 7, S3), with slightly extended secondary cracks
observed in Zn-0.4wt.%Li alloy. However, for Zn-0.8wt.%Li and Zn-
1.0wt.%Li alloys, the drastic effect of corrosion on crack propagation
was captured. Fig. S4 and Fig. S5 compare the cracks observed in
Zn-0.8wt.%Li alloy under different fatigue conditions. When tested
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Overload Zone

Fig. 5. Fracture surface images of samples fatigued in the air: a) Pure zinc, Ao [2=20MPa, N=3.4 x 106 cycles. b) Zn-0.1wt.%Li alloy, Ao [2=100MPa, N=1.3 x 10° cycles. c)
Zn-0.4wt%Li alloy, Ao [2=120MPa, N=1.1 x 106 cycles. d) Zn-0.8wt.%Li alloy, Ao [2=120MPa, N=2.1 x 10° cycles. e) Zn-1.0wt.%Li alloy, Ao /2=140MPa, N=2.0 x 10° cycles.
(Yellow and red lines denote the location of crack initiation sites and overload zones separately, while the orange arrows point out the crack propagating directions. White

and black arrows point to the observed fatigue striations and flutes, respectively.)

in the air (Fig. S4), very few secondary cracks could be observed,
but when tested in SBF (Fig. S5), long cracks of over 100 pm
long extended from the fracture surface. The propagation of such
cracks is parallel to the loading direction and thus should be driven
mainly by corrosion instead of cyclic stress. An even more signifi-
cant effect of corrosion was observed in Zn-1.0wt.%Li alloy (Figs. 8,
9), where secondary cracks were extended from ~20 pm in the air
to over 250 um in SBF. The adverse effect of intensely extended
crack propagation lay in that multiple cracks could be connected,
undermining the loading capacity of the material. The abovemen-
tioned phenomena were summarized in Table 4.
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4. Discussion
4.1. Microstructure in fatigued samples

Fig. 10 shows the microstructure of a pure zinc sample after
cyclic loading. Chains of recrystallized grains that were aligned per-
pendicular to the loading direction were formed in a large parent
grain. A few discontinuous low-angle grain boundaries were ob-
served and a very low dislocation density was presented through-
out the whole region. The location of recrystallized grains might
demonstrate sites where deformation was concentrated, as had
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Overload Zone

Fig. 6. Fracture surface images of samples fatigued in SBF: a) Pure zinc, Ao [2=30MPa, N=2.1 x 10° cycles. b) Zn-0.1wt%Li alloy, Ao [2=60MPa, N=1.5 x 10° cycles. c)
Zn-0.4wt.%Li alloy, Ao [2=40MPa, N=7.5 x 10° cycles. d) Zn-0.8wt.%Li alloy, Ac[2=80MPa, N=1.6 x 10° cycles. e) Zn-1.0wt.%Li alloy, Ao [2=60MPa, N=2.3 x 10° cycles.
(Yellow and red lines denote the location of crack initiation sites and overload zones separately, while the orange arrows point out the crack propagating directions. White

and black arrows point to the observed corrosion pits and flutes, respectively.)

Table 4
Observed fatigue crack morphology correlated to material microstructure.

Materials Microstructure features Corrosion fatigue crack morphology
Pure zinc Coarse equiaxed grains Similar to that of fatigue cracks in air
Zn-0.1wt.%Li and Zn-0.4wt.%Li Large fraction of equiaxed grain regions Similar to that of fatigue cracks in air
mixed with limited eutectoid regions
Zn-0.8wt.%Li and Zn-1.0wt.%Li Large fraction of eutectoid regions Significantly extended in length compared to fatigue cracks in air
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Fig. 7. Secondary crack and microcrack morphology on longitudinal sections of Zn-0.1wt.%Li specimens: a-c) A specimen tested in air, Ao [2=80MPa, N=5.8 x 105 cycles.

d-e) A specimen tested in SBF, Ao [2=60MPa, N=1.5 x 10° cycles.

Fig. 8. Secondary and microcrack morphology on the longitudinal section of a Zn-1.0wt.%Li specimen tested in air, Ao [2=140MPa, N=2.0 x 105 cycles.

been observed by Li et al. [28]. Meanwhile, some deformation
twins were triggered and might participate in the dynamic recrys-
tallization process. Recrystallization consumed the stored energy in
dislocations and explained the absence of work hardening in pure
zinc during fatigue.

Persistent slip bands (PSBs) characterized by a ladder-like
structure are usually formed in samples after fatigue [15]. These
structures denote preferential sites for cyclic deformation and are
responsible for cyclic hardening. Fig. S1 has shown that almost no
cyclic hardening was observed for pure zinc and very limited cyclic
hardening was observed for Zn-Li alloys. This indicated that the
cyclic response might vary with microstructure. Fig. 11 presents
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the TEM bright field images of a Zn-0.8wt.%Li specimen fatigued
in air. Large differences in dislocation density and structure were
found in different regions. In eutectoid regions, dislocation vein
structures and sparse PSBs could be found, indicating a high
dislocation density (Fig. 11a). In contrast, very few dislocations
were observed in equiaxed grain regions (Fig. 11b). The bound-
aries between the two regions also appeared as boundaries that
separated regions with different dislocation densities (Fig. 11c-d).
Such results suggested a disparity in dislocation storing ability
between the two regions and further explained the enhanced
fatigue strength in Zn-Li alloys with a large fraction of eutectoid
regions.
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Fig. 9. Secondary crack morphology on the longitudinal section of a Zn-1.0wt.%Li specimen tested in SBF, Ao [2=60MPa, N=2.3 x 10° cycles. (Orange arrows denote the
crack propagating directions of two secondary cracks that intersected. Note that the length of secondary cracks was extremely extended compared to Fig. 8).

4.2. Fatigue crack propagation in corrosive environments

Fig. 12a-c presents the microstructure near a crack tip in pure
zinc fatigued in SBF. This crack lay perpendicular to the loading
direction (Fig. 12c). Apparently, the crack propagated in an inter-
granular manner which could be related to the localized corro-
sion at grain boundaries [39]. However, very few branches were
observed and the preferential dissolution at grain boundaries was
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therefore believed to be mild. This was supported by the similar-
ity in secondary crack lengths between samples fatigued in air and
SBF (Fig. 9).

Fig. 12d-e gives the EBSD results near a crack tip in Zn-
0.4wt.%Li alloy. The sample fractured in SBF after millions of cy-
cles, and the captured crack tip propagated entirely in the equiaxed
grain region. In Zn-0.4wt.%Li alloys, fatigue cracks were usually
short and lay perpendicular to the loading direction. The prop-
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Fig. 10. Microstructure of pure zinc near fatigue fracture.

agation of such cracks was driven by both corrosion and cyclic
stress. By comparing the band contrast map (Fig. 12e) and the
IPF map (Fig. 12d), it could be concluded that both intergranu-
lar and transgranular fractures took place. Red crossings denoted
sites where transgranular fractures occurred. This suggested the
lack of a predominant fracture mode in these equiaxed grain
regions.

Li et al. showed that in additively manufatured porous pure
zinc, fatigue cracks propagated dominantly in a transgranular man-
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ner both in air and in SBF [28]. Besides, dynamic recovery and
recrystallization were observed around crack tips. Fegredo et al.
came up with the opposite conclusion that fatigue cracks propa-
gated predominantly by intergranular fracture [26]. According to
our observation, in the equiaxed grain regions of Zn-Li alloys, fa-
tigue cracks propagated in a mixed mode.

Strongly intensified crack propagation could be attributed to
high lithium content, which also represented a large area fraction
of eutectoid regions. Fig. 12f illustrates the EBSD analysis around a
crack tip in Zn-1.0wt.%Li alloy which was composed purely of eu-
tectoid structures. It was believed that the Zn and «-LiZn4 phases
distributed in an intertwined manner, and thus lack of the «-LiZny
phase around the captured crack suggested preferential dissolution
of this phase during crack propagation. This phenomenon should
not be surprising considering the much higher lithium amount
in this phase, as had been demonstrated via direct or indirect
methods [10,34,40]. With the help of this new driving force,
corrosion fatigue cracks proceeded more easily in Zn-0.8wt.%Li
and Zn-1.0wt.%Li alloys. This mode of crack propagation could be
terminated by equiaxed grain regions where preferential dissolu-
tion no longer existed. However, in Zn-1.0wt.%Li alloy where no
equiaxed grain region stood, cracks propagated freely throughout
the whole material till fracture. This could explain the significantly
undermined corrosion fatigue strength of the Zn-1.0wt.%Li alloy
observed.

Fig. 11. Microstructure near fatigue fracture of a Zn-0.8wt.%Li specimen: a) Dislocation structure in eutectoid regions. b) Microstructure of equiaxed grain regions. c-d)
Microstructure of eutectoid regions and equiaxed grain regions in the same view. Note the great difference in dislocation density. (Grey and orange texts marked Zn lamellae
and the nearby o-LiZn, phase. Yellow and blue arrows point to dislocation vein structures and PSBs respectively).
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Fig. 12. Crack propagation during corrosion fatigue. a-c) Pure zinc: a) IPF map around the crack, b) Band contrast map at the same site, c) Macroscopic view of the
investigated crack. d-e) Zn-0.4wt.%Li alloy: d) IPF map around the crack tip, e) Band contrast map at the same site. (Red crossings mark the sites where transgranular
fractures occur.) f) Zn-1.0wt.%Li alloy: f) IPF map around the crack tip. (Inset shows the macroscopic view.).

a)

1Hm

100pm

Pure Zinc

Alloys with Low Li Content

500nm

Alloys with High Li Content

Fig. 13. Schematic diagram illustrating the mechanisms of corrosion fatigue crack propagation in different materials: a) Pure zinc. b) Alloys with low lithium content
(Zn-01wt.%Li and Zn-0.4wt.%Li alloys) and composed mainly of equiaxed grain structures. c) Alloys with high lithium content with a large fraction of eutectoid regions

(Zn-0.8wt.%Li and Zn-1.0wt.%Li alloys).

Fig. 13 depicts the proposed mechanisms for fatigue crack prop-
agation under corrosive conditions. For pure zinc, cracks prop-
agated in an intergranular manner, which was attributed to lo-
calized corrosion at grain boundaries. In Zn-Li alloys with low
lithium content i.e., Zn-0.1wt.%Li and Zn-0.4wt.%Li alloys, the mi-
crostructure was predominantly equiaxed grain structure. Fatigue
cracks propagated in a mixed manner with no preferential propa-
gation path due to chemical homogeneity. On the contrary, in Zn-
0.8wt.%Li and Zn-1.0wt.%Li alloys, eutectoid regions accounted for a
large portion of the microstructure and cracks propagated by selec-
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tive dissolution of the «-LiZng phase, which led to enhanced sec-
ondary crack growth.

4.3. Fatigue strength comparison with other biodegradable alloys and
pure titanium

Zn-Li alloys are promising candidates for a new generation of
biodegradable metals largely due to their outstanding mechanical
properties that are comparable to pure titanium [6,9,11]. As shown
in Fig. 14a, the present study proved that they possessed com-
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Fig. 14. Comparison of fatigue behaviors between Mg-based, Fe-based, Zn-based alloys, and pure titanium: a) Fatigue strength-UTS. b) Corrosion fatigue strength-fatigue
strength [20-22,41-46]. (A: Annealed, E: Extruded, AM: Additively Manufactured, HT: Heat Treated, SC: Sand Casted, DC: Die Casted, EBM: Electron Beam Melted, ECAP:

Equal Channel Angular Pressed).

petitive fatigue strength, which was slightly lower than pure iron
and pure titanium but higher than magnesium alloys [20-22,41-
46]. As regards corrosion fatigue property (Fig. 14b), Zn-Li alloys
outperformed Mg-based alloys and remained comparable to pure
iron. Copper addition could further improve their corrosion fatigue
strength [29]. This further elucidated that Zn-Li alloys could main-
tain sufficient mechanical integrity in a rather long time range.

5. Conclusions

In this research, fatigue and corrosion fatigue behavior of
biodegradable Zn-Li binary alloys were studied with pure zinc as
a control. Microstructure analysis was conducted to help clarify
the underlying mechanisms of crack propagation. The main con-
clusions were as follows:

Lithium addition led to the formation of eutectoid regions in
Zn-Li alloys and strengthened the materials without ductility sac-
rifice. Monotonic mechanical strength reached its maximum when
1.0wt.% lithium was introduced and a microstructure with pure eu-
tectoid structure was formed.

Fatigue strength rose synchronously with lithium content and
monotonic strength, however, corrosion fatigue strength was
adversely affected when lithium content reached 1.0wt.%. Zn-
1.0wt.%Li alloy owned the highest fatigue strength of 117.5MPa and
Zn-0.8wt.%Li alloy exhibited the highest corrosion fatigue strength
of 67.9MPa.

Massive dynamic recrystallization was triggered in pure zinc
during cyclic loading, which explained the absence of work hard-
ening. Equiaxed grain regions in Zn-Li alloys behaved similarly
where few dislocations were captured. In contrast, dislocation vein
structures and sparse PSBs were observed in eutectoid regions
which accounted for the observed work hardening during cyclic
loading.

Cracks found a new way of propagation in Zn-0.8wt.%Li and
Zn-1.0wt.%Li alloys. This was based on chemical heterogeneity and
preferential dissolution of the «-LiZn, phase in eutectoid regions.
Notably longer cracks were formed in such manner. Therefore,
the corrosion fatigue strength was significantly lowered for Zn-
1.0wt.%Li alloy.

Fatigue strength comparable to pure iron and pure titanium
was attained by extruded Zn-Li alloys. This further guaranteed
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the mechanical integrity necessary for tissue regeneration after
implantation.
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