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Biodegradable Zn-based alloys exhibit promising application prospects due to their suitable degradation rates
and acceptable biocompatibility. However, unstable mechanical properties during room-temperature storage
limit their application potential. In this study, Zn-2Cu-0.8Li (wt%) alloy wires with excellent and stable me-
chanical properties were prepared by hot extrusion followed by multi-pass cold drawing. For the as-extruded Zn-
2Cu-0.8Li alloy of a [1210]//ED texture, (Li, Cu)Zn4 phase (volume fraction: 84.4 + 2.4%) is found to be the
matrix, and the remaining phase is Zn-based solid solution (#-Zn phase). During cold drawing, the (Li, Cu)Zng
phase was continuously elongated, and its original texture gradually evolved into intensive [0110]//DD fiber
texture. In contrast, the #-Zn phase exhibits an evidently refined grain structure and weakened texture due to
dynamic recrystallization (DRX). Accordingly, the ultimate tensile strength was significantly improved
from348.1 + 3.1 MPa (as-extruded rod: @ 6 mm) to 450.3 + 8.7 MPa (as-drawn wire: @ 3 mm), with the
elongation decreasing from 37.1 + 2.1% to 29.5 + 1.3%. After 6-month natural aging, the as-drawn wire showed
desirable mechanical stability, with basically unchanged mechanical properties. The corrosion rate of as-drawn
wire with a diameter of 3 mm in c-SBF solution exhibits a 46% increase (from 212.07 &+ 10.73 pm/year to 309.81
+ 16.53 pm/year) after cold drawing. Given the excellent mechanical properties and suitable corrosion rate, the

Zn-2Cu-0.8Li wires are proposed as a promising material for biodegradable implants.

1. Introduction

Biodegradable metals including Fe-based alloys, Mg-based alloys and
Zn-based alloys have attracted increasing attention in the past two de-
cades, because not only do these alloys possess good mechanical and
processing properties as metallic materials, but they also are absorbable
in the human body [1-3]. Among them, Zn alloys exhibit suitable
degradation rates that are usually lower than the rates observed for Mg-
based alloys but higher than those of Fe-based alloys, along with
promising application prospects for application in various biodegrad-
able implant devices. However, the mechanical properties of pure Zn [4]
are far from the critical benchmarks for clinical applications like
vascular stents requiring the ultimate strength of more than 300 MPa
and elongation of more than 20% [5]. To improve the comprehensive
mechanical properties of Zn alloys, alloying is an efficient strategy.
Many new medical zinc alloys have been developed by alloying with a
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wide range of elements including Cu [6,7], Mn [8,9], Ag [10,11], Fe
[12,13], Li [14,15], Mg [16,17], Ca [18], Sr [19]. A Zn-0.8Li-0.4 Mg
alloy has the highest strength of about 650 MPa that has ever been re-
ported in biodegradable Zn alloys [20]. However, such high strength is
acquired by significantly sacrificing the plasticity which results in a low
elongation of about 3%. Wtroba et al. [21] fabricated an as-rolled Zn-
3Ag-0.5 Mg alloy which exhibited excellent ductility with about 200%
elongation but an insufficient ultimate strength lower than 230 MPa.
However, the ideal medical biodegradable alloys need both high
strength and enough ductility. Moreover, another challenge in Zn alloys
is natural aging caused by phase transformations occurring below or at
room temperature. For instance, after storage at room temperature for
three months, the elongation of Zn-Mg alloy decreased from 34% to 3%,
accompanied by a sharp increase in mechanical strength due to the
lower stability of microstructure and the precipitation of hard MgsZn;
phases in grain boundaries [22]. The natural aging appearing in Zn-
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based clinical materials would make it difficult to maintain the me-
chanical stability in the treatment period, resulting in early failure.

Aiming to solve the natural aging problem, our group has developed
a Zn-Cu binary alloy, with a strength lower than 300 MPa and elongation
of about 50% [23]. The mechanical properties of the Zn-Cu alloy were
almost unchanged during 20 months of storage at room temperature,
showing excellent thermostability and anti-aging property [24]. Mean-
while, in vitro and in vivo experiments have demonstrated that Zn-xCu
(x < 4 wt%) alloys have good biocompatibility and antibacterial ability
[25,26]. In addition, by adding the third component, their mechanical
properties could be further improved [27-29]. According to our previ-
ous work using first principle calculations, Li is one of the most efficient
alloying elements for Zn alloys strengthening [30]. Furthermore, the Li
element has good biocompatibility in a low concentration according to
the previous studies [31]. Zhao et al. [32] fabricated the as-rolled Zn-xLi
alloy and found that with the increase of Li content, the strength of the
alloy was significantly increased. When the content of Li was more than
0.6% wt%, the tensile strength of alloy could easily exceed 450 MPa, but
the elongation was less than 2%. Therefore, in this work we further
added Li element to some proper extent into Zn-Cu alloy and developed
a novel Zn-Cu-Li ternary alloy with high strength and ductility

On the other hand, biodegradable zinc alloys need to be processed
into various profiles before final fabrication into different implants.
Wires are one kind of important raw material, which could be used in
small screws, anastomotic nails, braided scaffolds [33,34], etc. During
the preparation of wires, Zn alloys would usually experience large
deformation through multi-pass drawing, and their mechanical prop-
erties could also be regulated by adjusting the microstructures of the
alloys. Moreover, Zn-based alloys usually have excellent deformation
ability at relatively low temperatures due to their low melting temper-
ature and activating of dynamic recrystallization, which is conducive to
the production of Zn-based wires. Wang et al. [35] prepared Zn-0.02wt
%Mg wires (0.8 mm in diameter) with a tensile strength of 455 MPa
through a multi-pass drawing, but the elongation was only 5.4%.
Mostaed et al. [36] fabricated Zn-Ag-Mn ultrafine wires, which exhibi-
ted high ductility with an elongation of more than 200%, but the me-
chanical strength was only 130 MPa. Therefore, further studies are
necessary on the drawing process and microstructure regulation to
improve the mechanical properties of Zn alloy wires.

In this work, the newly developed Zn-2Cu-0.8Li ternary alloy with
high strength and ductility was processed into wires through mulita-pass
cold drawing. The microstructure evolution during the drawing, as well
as its effect on mechanical properties and corrosion behavior were
discussed.

2. Material and methods
2.1. Materials fabrication and processing

The Zn-2Cu-0.8Li alloy (wt%) was prepared by gravity casting using
commercially pure Zn (99.99%), pure Cu (99.99%) and pure Li
(99.999%). The pure Zn ingot, Cu sheet and Li particles were succes-
sively melted in a graphite crucible. When the Li particles were added, a
mixed protective gas of COy and SF¢ was used to isolate the air and
prevent the burning loss of lithium. After fully melting and standing for
10 min, the melt was poured into a cold mold for solidification. The
chemical compositions of Zn-2Cu-0.8Li alloy were measured through an
inductively coupled plasma atomic emission spectrometer (ICP-AES).
The results have shown that the content of Cu and Li was 1.93 wt% and
0.75 wt%, respectively. After homogenization at 350°C for 24 h, the as-
cast ingot was extruded at 300°C with an extrusion ratio of 100, and the
extruded rod with a diameter of 6 mm was obtained. Then, the extruded
rod underwent multiple passes cold drawing along the extrusion direc-
tion and was finally processed into Zn alloy wires with a diameter of 3
mm. The amount of deformation during each drawing pass was about
7%, and the speed was about 10 m/min. The deformation was measured
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through area reduction (AR) of the cross-section according to equation
(1):

AR = ((D3—D}) /D3 ) x 100% ¢3)

Where the Dy and Ds represent the initial diameter of extruded rod
and final diameter of drawn wire, respectively. The wires with a diam-
eter of 5 mm (30.6% AR), 4 mm (55.6% AR) and 3 mm (75%AR) were
chosen for the this study.

2.2. Microstructure characterization

The phase composition of as-cast, as-extruded and as-drawn samples
were analyzed through X-ray diffraction (XRD, Rigaku, Japan) with Cu
Ko radiation where the scanning speed was 5°/min and 26 was from 20°
to 90°. The samples for microstructure analysis were ground through
320#, 1200#, 3000# and 7000# emery paper and then polished by 0.5
pm diamond paste, and subsequently etched by a Crp03-NaSO4 mixed
aqueous solution. These samples were observed using an optical mi-
croscope (OM, Zeiss Axio Observer A1, Germany) and scanning electron
microscope (SEM, Nova230, FEI, America) with energy dispersive
spectrometry (EDS). Because Li element cannot be detected by EDS, the
ultra-high resolution scanning electron microscope-focused ion beam
time of flight secondary ion mass spectrometry (TOFSIMS, GAIA3 GMU
Model, Czech Republic) was used to detect the distribution of Li. The
texture of the as-extruded and as-drawn samples and the volume fraction
and grain size of different phases were measured through electron back-
scattering diffraction (EBSD). The phase structure parameters and
morphology of the secondary phase of as-drawn wire were identified
further using transmission electron microscope (TEM, 2100F, JEOL,
Japan). The samples for TEM observation were cut into disks from the
cross-section of the as-drawn wires. After the disks were ground to a
thickness of 40 pm, they were firstly thinned through an automatic twin-
jet electro-polisher in a perchloric acid alcohol solution at 55 V and
—40°C, and then experienced the final ion beam thinning by Gatan
Precision Ion Polishing System for 30 min at —160°C.

2.3. Tensile test

The standard cylindrical samples for tensile testing were cut from the
as-extruded rod and as-drawn wires with a length of 60 mm and a gauge
length of 20 mm according to the ASTM E8-16a [37]. Three parallel
samples were conducted to ensure the accuracy of the tensile test. The
mechanical properties were measured by a universal material testing
machine (Zwick/Roell Z20, Germany) with an extension rate of 1 x 1073
s L. The tensile direction was parallel to the drawing (extrusion) di-
rection. In addition, the tensile mechanical properties of the as-drawn
wires after storage at room temperature for 6 months were also tested
to evaluate the thermostability.

2.4. Corrosion measurement

2.4.1. Immersion test

The samples for immersion tests were cut into cylinders with a length
of 20 mm. The surface of all the samples was ground by 1200# emery
paper. After ultrasound cleaning in alcohol and drying, these samples
were immersed into conventional simulated body fluid (c-SBF) with the
initial PH of 7.4 at 37 £+ 0.2°C. The ratio of solution volume to the
surface area was 25 ml: 1 cm? according to ASTM G31-72 [38]. The
solution was renewed every 48 h. After immersion for 21 days, the
samples were washed with CrOs solutions for 15 min to remove the
corrosion products. The corrosion rates were calculated according to
ASTM G31-72 [38].

2.4.2. Polarization test
The cylindrical samples with a length of 20 mm were prepared for


hp
高亮

astm:G31
astm:G31

Z. Gao et al.

polarization tests. All the samples were ground by 3000# emery paper
and then ultrasonic washed in ethanol. The exposed length was 12 mm
and the other end was connected to a Cu wire and mounted by silicone
rubber. The samples immersed in c-SBF solution at 37 + 0.2°C were
tested through an electrochemical workstation (DH7000, China), which
was equipped with a conventional three-electrode system, i.e., a satu-
rated calomel solution as the reference electrode, a platinum sheet as the
counter electrode and the sample as the working electrode. In order to
obtain a relatively steady electric potential value, open circuit potential
(OCP) test was conducted for 30 min firstly. Then the potentio-dynamic
polarization was carried out with the voltage ranging from —1.5V to 1.5
V, and the potentio-dynamic polarization curves were fitted using the
Tafel extrapolation method for the calculation of corrosion rate ac-
cording to ASTM G102-89 [39].

3. Results
3.1. Microstructure characterization

The XRD patterns of as-extruded and as-drawn (with a diameter of 3
mm) Zn-2Cu-0.8Li alloy samples were displayed in Fig. 1. The results
revealed that only two groups of characteristic diffraction peaks were
clearly detected both in as-extruded and as-drawn samples, which
represent the #-Zn phase and the other unknown phase (temporally
denoted as o phase hereafter). Herein, the characteristic peaks of the «
phase were very close to that of the hexagonal close-packed (hcp) LiZng
phase studied in many Zn-Li binary alloys [40-42]. Hence, the o phase
may also have an hcp crystal structure like the LiZn,4 phase. The HCP «
phase was identified as the dominated phase in Zn-2Cu-0.8Li alloy due
to its stronger peaks than the #-Zn phase. Therefore, the a phase rather
than the #-Zn phase is the matrix in Zn-2Cu-0.8Li alloy that is contrary to
the other microalloyed Zn alloys [6,10]. Moreover, the a phase
including Zn, Cu and Li elements can be almost identified due to the
lower solid solubility of Cu and Li in binary Zn-Cu and Zn-Li phase di-
agrams than alloying contents and the relatively small fraction of #-Zn
phase [43]. In addition to the small amount of Cu and Li alloying ele-
ments solidly dissolved in the #-Zn phase, the remaining alloying ele-
ments formed the o phase with the remaining Zn. Therefore, based on
the above results, it is reasonable to define the a phase as (Li, Cu)Zng4
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Fig. 1. XRD patterns of as-extruded and as drawn with 75.0% AR Zn-2Cu-
0.8Li alloy.
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phase. This (Li, Cu)Zn4 phase can be considered as the LiZn4 phase with
partial substitution of Li atoms by Cu atoms. Similar secondary solid
solutions like the (Ag, Cu)Zn4 phase have been studied by Chen [27].

The SEM images and EDS results of as-extruded and as-drawn sam-
ples are shown in Fig. 2. The as-extruded sample consisted of the
dominant (Li, Cu)Zng4 phase matrix and dispersive 7-Zn phase zones,
which exhibit the stripe structure parallel to the extrusion direction. In
addition, many needle-like phases with about 1 pm width were diffusely
distributed in the (Li, Cu)Zns phase matrix. Fig. 2b-d shows the
microstructure of the as-drawn samples. The grains of the (Li, Cu)Zng
phase matrix were elongated along the drawing direction and many
newly formed particles precipitated in the 7-Zn phase after drawing.
With the increase in deformation, these phenomena became more
evident. Fig. 2e shows the EDS results of three points in Fig. 2a and d.
The Cu contents of the (Li, Cu)Zn4 matrix, #-Zn phase and particle phase
are 2.21 wt%, 0.59 wt% and 2.37 wt%, respectively. Moreover, ac-
cording to the microtopography in Fig. 2a-d, the 5-Zn phase region is
lower than that of the (Li, Cu)Zn4 matrix and precipitated particles after
the same etching condition. This is probably because the corrosion
resistance of the (Li, Cu)Zn4 phase and particle phase is better than the
n-Zn phase due to the higher content of Cu elements with high standard
electrode potential.

In order to further determine the phase constitution of the extruded
sample, EBSD analysis was performed as shown in Fig. 3a. The crystal
parameters of (Li, Cu)Zn4 phase measured through XRD and referenced
the lattice parameters of the LiZn4 phase was imported to the crystal
structure library of EBSD and the (Li, Cu)Zn4 phase (shown in red) and
n-Zn phase (shown in blue) were clearly distinguished in the image. It
can be clearly observed that the needle-like phase and small amount
banded phase were both 7-Zn phase while the remaining phase was the
(Li, Cu)Zn4 phase matrix. Since the Li element cannot be detected by
EDS, the Li element distribution was measured by the TOFSIMS method
(Fig. 3b) to further determine the phase composition. It shows that the Li
content in the (Li, Cu)Zn4 phase matrix and particle phase (marked by
the red arrow) is significantly higher than that in the »-Zn phase.
Therefore, it can be identified that the matrix phase and particle phase
are both Zn-Cu-Li ternary phases. Moreover, according to the XRD
pattern of the as-drawn alloy with a diameter of 3 mm, new diffraction
peaks do not exist compared to the as-extruded sample. So the compo-
sition of these new particles is most probably the (Li, Cu)Zn4 phase.

In order to study the detailed microstructure of the #-Zn phase and
submicron-sized precipitated particles in as-drawn alloys, the micro-
structure image and selected area diffraction pattern (SADP) of as-drawn
alloy with a diameter of 3 mm are shown in Fig. 4. The phase boundary
of the matrix phase and DRXed #-Zn zone phase can be easily seen in
Fig. 4a and b. The SADP of the DRXed 5-Zn phase (marked by yellow
arrow) is shown in the inset of Fig. 4b, which can be identified as hcp Zn
(a = 0.266 nm, ¢c = 0.495 nm). Besides, the SADP of the matrix (marked
by yellow arrow) is likewise shown in the inset of Fig. 4c, which could be
demonstrated that the matrix has a set of hcp parameters approaching
those of the LiZng4 phase (a = 0.278 nm, ¢ = 0.439 nm). Herein, the
matrix shown in Fig. 4c can be almost be proved to be the (Li, Cu)Zn4
matrix phase. The submicron-sized particle precipitated from the DRXed
n-Zn zone can be clearly seen in Fig. 4d. Similarly, its corresponding
SADP shown in the inset can also identify as a close hcp crystal structure
compared to the LiZn4 phase, which indicates the submicron-sized
particle may also be the (Li, Cu)Zn4 phase.

The EBSD map and inverse pole figures (IPF) for (Li, Cu)Zn4 matrix
and 5-Zn phase, both exhibit equiaxed grains, are shown in Fig. 5a. The
n-Zn phase was marked separately by the black arrow in IPF maps
(Fig. 5a—d). In the as-extruded sample, (Li, Cu)Zn4 matrix (Fig. 5e) and
17-Zn phase (Fig. 5i) both have a fiber texture with the [1210]// ED and
the maximum intensities are 5.09 and 5.32 mean uniform distribution
(MUD), respectively. During drawing, the texture of (Li, Cu)Zn4 matrix
was gradually tilted to [0110] //DD, and the intensity increased
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Fig. 2. SEM micrographs of as-drawn Zn-2Cu-0.8Li alloy for different degree AR and the high magnification images are also inserted: (a) 0% AR (as-extruded), (b)
30.6% AR, (c) 55.6% AR and (d) 75.0% AR. (e) the EDS results of spots shown in (a) and (d).

continuously, while the texture of the 7-Zn phase was tilted from [1210]
//ED to [0001] //DD. The maximum intensity of the n-Zn phase
increased from 5.32 to 5.75 MUD for 30.6% AR (Fig. 5j), and with
deformation further increasing, the maximum intensity was weakened
to 2.01 MUD with about a 60° deviation angle from the c axis (Fig. 5k
and ).

The statistical results on the grain size of the #-Zn phase during the
drawing process are shown in Fig. 6. The grain size gradually decreased
from 3.57 pm for the as-extruded sample to 2.34, 1.11 and 0.91 pm for
as-drawn samples. The initial grain size of the (Li, Cu)Zn4 matrix phase
was calculated to be 11.54 pm for extruded sample. However, the grain
size variation in the drawing of (Li, Cu)Zn4 matrix was not recorded by
EBSD owing to the gradually elongated grains. Moreover, the

misorientation angle of the (Li, Cu)Zn4 matrix is shown in Fig. 7. It can
be seen that the volume fraction of low angle grain boundary (LAGB)
which is lower than 15°, was persistently increased with the increase of
deformation (Fig. 7a—d). However, it shows an opposite trend for the
n-Zn phase (Fig. 7e-h).

3.2. Mechanical properties

The tensile tests were conducted on as-extruded and as-drawn sam-
ples and their corresponding representative tensile curves are shown in
Fig. 8a. Their corresponding UTS, YS and elongation values are pre-
sented in Fig. 8b. With the drawing deformation, the ultimate tensile
strength (UTS) and the yield strength (YS) continuously increased from
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Fig. 3. (a): The image quality and phase map of EBSD for as-extruded Zn-2Cu-0.8Li alloy, (b): the high magnification SEM micrograph of 75.0% AR as-drawn Zn-
2Cu-0.8Li alloy with the corresponding map of the Li distribution through TOFSIMS.

348.1 + 3.1 MPa and 314.2 + 3.7 MPa for 0% AR to 450.3 + 8.7 MPa
and 417.2 + 6.8 MPa for 75.0% AR, respectively. However, the elon-
gation firstly increased from 37.1 + 2.1% for 0% AR to 43.6 + 2.7% for
30.56.0% AR, but then gradually decreased to 29.5 + 1.3% for 75% AR.
The variation of other parameters like grain size and LAGB density
mentioned in Fig. 7 is shown in Fig. 8c. The increasing deformation from
drawing resulted in the grain refinement of the 5-Zn phase by DRX and
the increasing LAGB density of (Li, Cu)Zns matrix. Generally, the
increasing drawing deformation resulted in the different microstructure
changes on (Li, Cu)Zn4 matrix and #-Zn phase. The combined influence
of the two phases further resulted in changes in mechanical properties
during the drawing process.

Since Zn alloys usually exhibit different degrees of aging phenomena
and unstable mechanical properties [22], the mechanical properties of
the as-drawn sample with 75.0% AR after aging for 6 months at room
temperature were also measured, as shown in Fig. 9(a). The tensile
strength of the as-drawn sample was only reduced lower than 1.2% and
the elongation increased about 8.7% after natural aging, which indicates
excellent stability of the mechanical properties during aging at room
temperature. Fig. 9(b) and (c) show the SEM micrograph of as-drawn
alloy with 75.0% AR and its corresponding samples aged for 6
months, respectively. According to Fig. 9(c), the (Li, Cu)Zn4 matrix

maintained good stability, and there were no second phase particles
precipitating from the (Li, Cu)Zn4 matrix during natural aging.

3.3. Corrosion behavior

In order to investigate the influence of cold drawing on corrosion
behavior, the immersion tests and electrochemistry tests were con-
ducted on as-extruded and as-drawn samples. The results of the im-
mersion test in c-SBF are shown in Fig. 10. With the increase in drawing
deformation, the average corrosion rate within 21 days gradually
increased from 212.07 + 10.73 pm/year for 0% AR to 309.81 + 16.53
pm/year for 75.0% AR. The SEM micrographs of as-extruded and as-
drawn samples after immersion test are shown in Fig. 10a-d. With the
increase in drawing deformation, the content of the corrosion product
was more evenly distributed on the alloy surface. The EDS results show
that the corrosion products contain O, Zn, P and Ca elements, which are
probably ZnO, Zn(OH); and phosphates of Zn or Ca, according to the
previous studies [44-46]. In addition, the Li-rich corrosion products like
LiOH and Li»CO3 may exist on the surface oxide film [47].

The Potentio-dynamic polarization curves and parameters calculated
through Tafel extrapolation fitting are shown in Fig. 11 and Table 1,
respectively. The above curves show that with the increase of drawing
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Fig. 4. TEM analysis of as-drawn alloy with 75% AR: (a) TEM graph for low magnification, (b) the high magnification TEM bright field graph of #-Zn phase with it
corresponding SADP, (c) the high magnification TEM bright field graph of (Li, Cu)Zn4 matrix based with it corresponding SADP, (d) the TEM image of particle (Li, Cu)

Zn4 phase and the insert image is corresponding SADP.

deformation, the corrosion potential (V) slightly decreased from —1.168
V for 0% AR to —1.191 V for 75.0% AR. Moreover, the passivation
process can be seen in the curves on the anodic branch. With the increase
of AR, the passivation process would attenuate gradually and the passive
film became less protective. According to the results by Tafel extrapo-
lation fitting, the corrosion current densities (Icorr) Were gradually
increased from 68.278 =+ 2.496 pA/cm? for 0% AR to 96.425 + 6.375
pA/cm? for 75.0% AR. At the same time, the corrosion rates gradually
increased from 0.394 + 0.016 mm/year for 0% AR to 1.121 + 0.074 mm
/year for 75.0% AR. Although the dynamic corrosion rates tested by the
electrochemical method were significantly higher than that of the im-
mersion test and this similar result has been reported in pure Zn wires
[4], the overall trend of corrosion rate with drawing deformation is
consistent.

4. Discussion
4.1. Effects of cold drawing on microstructure evolution

Owing to Cu and Li’s high atomic proportion addition, the as-

extruded Zn-2Cu-0.8Li alloy exhibited the particular microstructure
where the (Li, Cu)Zn4 phase (a ternary Zn-Cu-Li intermediate phase
compounds) became the matrix. In the previous study, the ternary phase
diagram of Zn-Li-Cu alloy was plotted by simulation using the PANDAT
software [46], which predicted that the Zn-2Cu-0.8Li alloy had e-CuZng
phase, a-LiZn4 phase and Zn phase at room temperature. Actually, in this
study, the as-extruded Zn-2Cu-0.8Li alloy had only two phases, i.e. (Li,
Cu)Zn4 phase and n-Zn phase. Herein, the (Li, Cu)Zn4 phase can be
considered an intermediate phase between the CuZns phase and the
LiZn4 phase whose crystal structure may approach that of the LiZng
phase rather than the CuZns phase due to the higher atomic fraction of Li
than that of Cu. In addition, many (Li, Cu)Zn4 particles were newly
precipitated from the 7-Zn phase during the cold drawing due to the
lower solid solubility of Cu and Li elements at room temperature than
that at the extrusion temperature and large deformation. Therefore, the
Zn-2Cu-0.8Li alloy with the matrix of (Li, Cu)Zn4 intermediate phase is
different from almost all microalloyed Zn alloys based on the #-Zn phase
during cold deformation.

After hot extrusion, the (Li, Cu)Zns matrix and #-Zn phase both
exhibited the equiaxed grains structure due to fully dynamic
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recrystallization (DRX). After cold drawing, the DRX was constantly
occurring in the #-Zn phase due to its low DRX temperature and the
grains were further refined. In contrast, the (Li, Cu)Zn4 matrix phase was
only elongated despite massive deformation with no evidence of DRX.
According to the binary Zn-Li and Zn-Cu phase diagrams, the LiZn4 and
CuZns phases both have a higher melting temperature than Zn. The (Li,
Cu)Zn4 matrix phase as the ternary phase including Zn, Cu and Li ele-
ments is more likely to possess a higher melting temperature, which
indicates a relatively higher recrystallization temperature than room
temperature. Moreover, this might also contribute to the difference in
texture evolution between the (Li, Cu)Zn4 matrix phase and #-Zn phase.
After hot extrusion at 300°C, (Li, Cu)Zn4 matrix and #-Zn phase both had
a fiber texture with [1210]//ED due to the complete DRX. Then when
the drawing deformation was conducted from 0% to 35.6%AR, the
fraction of {1012} twinning boundaries (86.3 + 5°) calculated from
Fig. 7 significantly reduced in the (Li, Cu)Zn4 matrix phase. It may be
because the (Li, Cu)Zn4 matrix phase has excellent ductility and defor-
mation accommodation by twinning is not needed [48]. The dominant
basal dislocation sliding made the initial texture slightly tilt to [0110]//
DD. In the following drawing, the texture component model of the (Li,

Cu)Zn4 matrix phase did not change due to the invariant dislocation
slipping direction but the intensity consistently was enhanced by grad-
ually elongated grains. In order to demonstrate the major basal dislo-
cation slipping, the significant <a > dislocation entanglements were
observed in (Li, Cu)Zng matrix phase by two-beam dark-field TEM
analysis (Fig. S1 in supplementary data). However, with the combina-
tion of relatively high fraction (20%) of {1012} twinning boundaries
(Fig. 7) and dislocation slip, the texture tilted about 90° from [1210]//
ED to [0001]//DD in most 5-Zn grains at the early drawing stage.
Moreover, with the increase in drawing deformation, the DRX with a
specific orientation at room temperature continually occurred in the
n-Zn phase and formed the new recrystallized texture tilted about 60°
away from the [0001] basal plane (Fig. 7g and h). In the #-Zn zone, the
(Li, Cu)Zny particles continually precipitated with a low Gibbs free en-
ergy [49]. With the increase in drawing deformation, the supersaturated
Li and Cu elements were likely segregated at the lattice defects and
precipitated from the 7-Zn phase [50,51]. These (Li, Cu)Zn4 particles
then became the nucleation sites formed by particle stimulated nucle-
ation (PSN) [52], which gradually weakened the intensity of the new
crystallographic texture. The Zn-0.02%Mg alloy [35] had a similar DRX
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texture evolution process during cold drawing due to the PSN.

4.2. Effects of cold drawing on mechanical properties

The mechanical properties of Zn-2Cu-0.8Li alloy depend on the joint
action of the (Li, Cu)Zn4 matrix and the #-Zn phase due to its almost
dual-phase microstructure. The cold drawing process was acting on the
as-extruded samples resulted in different microstructure evolution in-
fluences on (Li, Cu)Zn4 matrix and #-Zn phase. These two phases may
together affect the comprehensive mechanical properties of the as-
drawn samples.

As for the improved strength of the as-drawn samples, (Li, Cu)Zn4
matrix played a major strengthening effect due to its dominant volume
fraction proportion (84.4 + 2.4%). The refined grain and secondary
phase precipitation resulting in the DRX softening in the #-Zn phase are
not dominant here [53]. The grains of the (Li, Cu)Zns matrix were
continually elongated, resulting in dislocation pile up and increasing
texture intensity in the (Li, Cu)Zn4 matrix. The work hardening caused
by dislocation accumulation and tangling during the grain elongating of
(Li, Cu)Zn4 matrix and texture effects were the primary strengthening
mechanism during cold drawing. With the increase in dislocation pileup
and texture intensity, the fraction of the LAGB in (Li, Cu)Zn4 matrix
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continually increased. Therefore, the fraction variation for the LAGB in
(Li, Cu)Zn4 matrix can quantify the reinforcement effects caused by
dislocation pileup and enhanced fiber texture. Hence, the strengthening
degree of (Li, Cu)Zn4 matrix phase can be roughly summarized by LAGB
and HAGB and it can be explained by the following Eq. [54]:

AO-LAGB = M(XGb\/ Po + 3f6LAGB/(bL) (2)
A6uon = k(T =)L 3

where the a (0.2) and M (about 3.1) are a constant, G is shear modulus, b
is burgers vector, pg is primary dislocation density in the phase boundary
(Li, Cu)Zng matrix phase before drawing, L is spacing between phase
boundary of (Li, Cu)Zn4 matrix, f is the fraction of LAGB, Opacs is the
average misorientation angle of LAGB and k is the slope of corre-
sponding Hall-Petch. According to the above equation and Fig. 7, the
LAGB in the (Li, Cu)Zn4 matrix phase gradually contributed the more
strengthen effects in the strength increment in the later drawing stages
due to its high fraction.

As for the plasticity of as-drawn Zn-2Cu-0.8Li alloy, its integral
ductility depends on the individual ductility of (Li, Cu)Zn4 matrix and
n-Zn phase and the compatible deformation capability between them.
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The substantially elongated grains of the (Li, Cu)Zn4 matrix was the
result of its sufficient ductility in the initial state. However, with the
increase in drawing deformation, the work hardening and residual
stresses in (Li, Cu)Zn4 matrix due to grain elongation would significantly
reduce its ductility. In addition, Huang et al. [55] found that with the
deformation texture tilting from [1210]//ED to [0110]//DD for hcp Mg
alloy, it became more difficult for dislocation sliding. Therefore, both
texture change and work hardening can lead it difficulties for (Li, Cu)Zn4
matrix deformation. On the contrary, the increase in drawing defor-
mation induced the gradual DRX and grain refinement in the #-Zn phase,
which can improve its ductility. In general, the basal {0001} <1120 >
dislocation slipping and {1012} twinning are the main deformation
methods at room temperature in the Zn grains [56]. With the decrease in
grain size to critical grain size (about several pm) during cold drawing,
the other dislocation slip systems were more likely activated rather than
twinning [57], especially pyramidal {1122} < 1123 > dislocation slip.
The decreasing fraction of {1012} twin boundaries (86.3 + 5°) from
21% for 0% AR to 9% for 75.0% AR calculated from Fig. 7 can
demonstrate the decreasing ratio on deformation in the #-Zn phase,
which is favorable to improve ductility. Meanwhile, with the increase of
total crystal boundary length, grain boundary sliding occurred more
easily in the #-Zn phase and this further resulted in the increasing
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ductility of the 5-Zn phase. Moreover, the (Li, Cu)Zn4 particles phase
substantially participating from the #-Zn phase may result in precipitate
softening due to phase boundary sliding which had been identified in
many Zn alloys [21,53]. Herein, with the increase of drawing defor-
mation, the ductility of the (Li, Cu)Zns matrix decreased while the
ductility of the 5-Zn phase was continually improved. So in the early
drawing stages, combining the excellent compatible deformation capa-
bility of the #-Zn phase, the integral ductility of the as-drawn sample was
improved inversely. In order to investigate the details of these two
phases’ compatible deformation situation in the tensile test, the micro-
structure near the fracture surface of tested samples is shown in Fig. 12.
It can be clearly seen that the #-Zn phase converged in the fracture re-
gion and appeared closed to necking. With the increase in drawing
deformation in the early stage, the significant DRX that occurred in the
n-Zn phase near the fracture resulted in the increase in elongation.
However, with further drawing to 75.0% AR, the strength mismatch
between the (Li, Cu)Zn4 matrix and #-Zn phase resulted in the crack
appearing at the phase boundaries (Fig. 12d). Therefore, the elongation
of the as-drawn sample with 75.0% AR decreased significantly after
further drawing.

In addition, the mechanical properties of the as-drawn Zn-2Cu-0.8Li
samples after natural aging for 6 months were basically stable, avoiding
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the aging problem that appeared in Zn-Mg and Zn-Li alloys [22,58]. This
is because the dominant (Li, Cu)Zn4 matrix present in as-drawn samples
had a relatively high thermodynamic stability compared to the 5-Zn
phase. The slight dislocation recovery in the (Li, Cu)Zn4 matrix may be
the primary reason for the little decline of strength and increase in
ductility. Therefore, the as-drawn Zn-2Cu-0.8Li can maintain mechani-
cal stability at room temperature for a rather long time.

4.3. Effects of cold drawing on corrosion behavior

The corrosion rates of the Zn-2Cu-0.8Li alloy with different drawing

12

Table 1
Corresponding fitting parameters by Tafel extrapolation.
Diameter of Ecorr(Vsec) Teorr(RA/ pa(mVv/ pe(-mV/ Corrosion
Zn2Cu0.8Li cm?) decade) decade) rate (mm/
wires year)
6 mm —-1.169 + 68.278 42.380 91.133 + 0.394 +
0.012 + 2.496 + 4.206 6.711 0.016
5 mm -1.183 + 81.305 43.975 104.079 0.555 +
0.011 + 4.356 + 4.004 =+ 5.566 0.043
4 mm —1.188 + 93.455 43.944 109.85 + 0.898 +
0.008 + 8.045 + 4.032 2.459 0.028
3 mm —1.190 + 96.425 36.348 146.999 1.121 +
0.014 + 6.375 + 1.836 + 16.001 0.074

deformation in c-SBF were around 200-320 pm/year, significantly
higher than most Zn-based alloys [59]. This may be attributed to two
major reasons: (1) extensive micro-galvanic coupling corrosion; (2)
forming intensive defects after cold drawing such as dislocation. Ac-
cording to the microstructure of these test samples after acid pickling,
the electrode potential of the (Li, Cu)Zn4 matrix and particle phase was
higher than that of the -Zn phase, leading to micro-galvanic corrosion.
Moreover, with the increase in cold drawing deformation, the (Li, Cu)
Zn4 particles further precipitated from the #-Zn phase would increase the
phase boundaries. Hence, the increasing phase boundaries can accel-
erate the integral corrosion rate. In addition, after drawing, dislocation
accumulated in the grain boundary of (Li, Cu)Zns matrix phase and
formed the high energy low angle grain boundaries [60]. On the one
hand, the formation of defects can accelerate diffusion and stress
corrosion. On the other hand, it is adverse to the formation of passiv-
ation film and ultimately leads to accelerated corrosion. Therefore, the
corrosion rates of the Zn-2Cu-0.8Li alloy increased with the drawing
deformation. However, although the corrosion rate increases to 309.81
=+ 16.53 pm/year for 75.0% AR, this rate is well suited to the degrada-
tion rate required for clinical applications [59].
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Fig. 12. Microstructure near the fracture after tensile test of different drawing deformation: (a) 0%AR. (b) 30.6%AR, (c) 55.6%AR and (d) 75.0%AR.

5. Conclusions

In this study, Zn-2Cu-0.8Li wires with high strength and ductility
were developed by multiple pass cold drawing. The effects of cold
drawing on microstructure evolution, mechanical properties and
corrosion behavior were studied and discussed, and the following con-
clusions can be obtained:

1. The as-extruded Zn-2Cu-0.8Li alloy contains the dominant (Li, Cu)
Zn4 matrix phase (84.4 + 2.4% volume fraction) and 5-Zn phase.
During cold drawing, the (Li, Cu)Zn4 matrix phase was continuously
elongated, while the #-Zn phase was significantly refined due to DRX
with newly precipitated (Li, Cu)Zn4 particles. The hep (Li, Cu)Zng
phase, a Zn-Cu-Li ternary phase, had crystallographic parameters
approaching those of the LiZn4 phase.

2. After cold drawing, [0110]//DD fiber texture with high intensity
formed for the (Li, Cu)Zn4 matrix while the typical weak DRX texture
with about 60° angle tilted from [0001] formed for the #-Zn phase.

3. The deformation associated with drawing improved, the mechanical
strength sharply from YS 314.2 + 3.7 MPa and UTS 348.1 &+ 3.1 MPa
of the as-extruded alloy to YS 417.2 + 6.8 MPa and UTS 450.3 + 8.7
MPa (75% AR), while the elongation decreased from 37.1 + 2.1% to
29.5 + 1.3%. The (Li, Cu)Zn4 matrix played a major strengthening
effect and the softened #-Zn phase zone showed an excellent ability
to accommodate the deformation which maintained the certain in-
tegral ductility of the as-drawn samples.

4. The as-drawn Zn-2Cu-0.8Li alloy was basically stable in 6 months of
natural aging due to the excellent thermostability of (Li, Cu)Zng
matrix.

5. The corrosion rates of as-drawn samples were around 210-310 pm/
year. With the increase in drawing deformation, the corrosion rate
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increased due to extensive micro-galvanic coupling corrosion and
intensive defects.
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