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Abstract: Through the optimization of processing parameters, including pressure, temperature, and deformation degree, a high pressure
torsion (HPT) regime was identified. This regime allows for the creation of a unique microstructure in the biodegradable Zn—1%Li—
2%Mg alloy, which exhibits exceptional physical and mechanical properties. Following 10 revolutions of HPT treatment (resulting in
an accumulated deformation degree, y= 571) at the temperature of 150 °C and an applied pressure of 6 GPa, the Zn—1%Li—2%Mg alloy
displayed notable mechanical characteristics, including a high yield strength (~385 MPa), ultimate tensile strength (~490 MPa), and
ductility (44 %) during tensile tests. To elucidate the underlying reasons for these remarkable mechanical properties, an examination
of the alloy’s microstructure was conducted employing electron microscopy and X-ray phase analysis (XPA). The study revealed the
formation of a distinct microstructure characterized by alternating bands of the o.-phase Zn, a mixture of Zn and ~LiZn; phases, as well
as the o.-phase Zn containing Mg,Zn ; particles, as a consequence of HPT treatment. Additionally, it was observed that HPT treatment
induced a dynamic strain aging process, leading to the precipitation of Zn particles in the LiZn; phase and the precipitation of Mg,Zn
and B-LiZn, particles in the Zn phase. These precipitated particles exhibited a nearly spherical shape. The application of the XPA
method helped to confirm that the Zn phase becomes the predominant phase during HPT treatment, and microscopy data showed the
formation of an ultra-fine grained (UFG) structure within this phase. A comprehensive analysis of the hardening mechanisms, based
on the newly acquired microstructural insights, revealed that enhanced strength and ductility of the Zn—1%Li—2%Mg UFG alloy can
be attributed primarily to the effects of dispersion, grain boundary, and hetero-deformation-induced hardening, including dislocation
strengthening.
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AunoTtamusa: [lyTem onmTuMu3anuu NMapaMeTpoB IMPOILECCUHTA (JaBlIeHUE, TeMmIepaTtypa, cTelneHb nedopMaluu) HaiieH pe-
KUM WHTEHCUBHOU maacTtuueckoi nedopmanuu kpyuenus (MI1JK), mo3Bonsiiomuii chpopMupoBaTs B OMopasiaraeMoM crjiaBe
Zn—1%Li—2%Mg HeoObIYHY 0 MUKPOCTPYKTY DY, POSIBISIONIYIO YHUKaTbHbIe (GU3MKO-MexaH4Yeckue cBoiicTBa. Tak, mocie 10 060-
poroB UITJK (cTtenenb HakorieHHOU nebopmanuu y = 571), peanusoBanHoii npu Temnepatype 150 °C u npuaoXeHHOM JaBlIeHUU
6 I'la, cnnaB Zn—1%Li—2%Mg nipu UCIBITAHUSIX Ha pACTsSIKeHUE TTPOAEMOHCTPUPOBAJ BBICOKME MMOKAa3aTeJN Mpejiesia TeKy4ecTn
(~385 MIla), npenena npouHoctu (~ 490 MIla) u nnactuaHoct (44 %). Ansg 0o0bSICHEHUST IPUYMH YHUKAJbHBIX MEXaHUYECKUX
XapaKTepUCTUK JAaHHOTO MaTepuaja MpoaHaJlM3upOBaHa €ro MUKPOCTPYKTYpa METOJaMU 3JIEKTPOHHOW MUKPOCKOIUYN U PEHTTE-
Hoda3zoBoro aHanusza (PMA). [lokasaHo, uTo B criuaBe B pesyabrate UITK dhopmupyeTcs ocobast MUKPOCTPYKTYpa, COCTOSI A U3
yepeaylowmmnxcs nouoc o-dassl Zn, cmecu das Zn u ~LiZn;, a Takxke o-das3sl Zn, coaepxaiieit yactuibl Mg,Zn ;. YcTaHOBJIEHO,
yTo npu obpadorke MITJIK Ttakxke peanusyercs npouecc IMHAMMYECKOro CTapeHUs, B pe3yjbTaTe KoToporo B haze ~LiZnj Bbina-
JAloT yacTULbl Zn, a B dhase Zn — Mg,Zn|; u B-LiZny. [1pn 3TOM nokasaHo, 4To 3TH YacTUILBI 110 popme Gin3ku K chepe. Mero-
nom PDA takxke ycTaHOBJIEHO, 4TO Ipu o6paboTke MITIK ocHOBHOI cTaHOBUTCS (ha3a Zn, B KOTOPOU, IO JaHHBIM MUKPOCKOIUH,
dopmupyercst yabrpaMmenko3epuuctas (Y M3) cTpykTypa. AHAJIN3 MeXaHU3MOB YIIPOUHEHUsI, OCHOBAHHBIN Ha MOJTYyYeHHBIX HO-
BBIX CBEICHUSIX O MUKPOCTPYKTYpE, MOKa3aJl, YTO OCHOBHBIMY MPUUYMHAMY MOBBIIIEHUSI TPOYHOCTHU U MIacTUYHOCTH Y M3-cnnaBa
Zn—1%Li—2%Mg siBAsIOTCSI BO3MEUCTBUS AUCIEPCUOHHOTO, 36PHOIPAHUYHOTO U reTepoaedOopMalilMOHHOTO TUIOB YIPOUYHEHMSI,
BKJIIOYasl AUCJIOKAllMOHHBI/ TUII.

KoueBbie cJ10Ba: IMHKOBBIH CIIJIaB, MTHTEHCUBHAS IJIacTHYecKast fepopMaIiusi, MpOYHOCTh, JIACTUIHOCTh, MUKPOCTPYKTY A, (ha30BbIit
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Introduction

Inrecent years, there has been a growing focus among
specialists on research aimed at developing and opti-
mizing the physical and mechanical properties of new
biodegradable zinc-based alloys for medical applications
[1—5]. These materials possess the unique characteristic
of complete dissolution within the body, obviating the
need for repeated surgical interventions to remove im-
planted devices [6; 7].

Zinc, as a base material, is well-known for its rela-
tively low ultimate tensile strength (o, ~ 34 MPa) and
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low ductility (6 ~ 1.2 %) [8]. Consequently, substantial
strengthening measures are required to ensure that the
material meets the stringent clinical trial criteria for bi-
odegradable stents. These criteria demand an ultimate
tensile strength exceeding 300 MPa and a minimum
ductility of 15 % [6]. To achieve these specifications,
a range of techniques is employed, including alloying
methods involving various impurity elements (such as
Li, Mg, Mn, Ca, Cu), heat treatments, and different
plastic deformation schemes [9—11].
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Specifically, a study referenced in [10] established
that the ultimate strength of zinc can be substantially en-
hanced, reaching 213 MPa, by alloying it with 0.8 wt.%
of Li. The authors further demonstrated that a combina-
tion of alloying and extrusion processes can elevate the
ultimate strength of the same alloy (Zn—0.8 wt.%' Li)
to ~ 500 MPa, placing it on par with the strength level of
stainless steel. Moreover, the study discovered that addi-
tional alloying of the Zn—Li alloy with Mg, followed by
4 cycles of hot extrusion, can push the ultimate tensile
strength to a remarkable 647 MPa [10], marking an all-
time high for zinc alloys.

Conversely, another study [12] demonstrated that
by increasing the degree of zinc alloying with lithi-
um to 6 at.% and employing a different deformation
scheme (warm rolling), samples with enhanced ultimate
strength (560 M Pa) can be obtained. However, it’s essen-
tial to note that in all of these studies [10; 12], the zinc
alloys exhibited extremely low ductility, not exceeding
5 %. This limitation significantly restricts the range of
potential applications for these materials.

In pursuit of enhancing the properties of zinc alloys,
researchers are actively exploring novel approaches
and thermomechanical processing techniques. These
methods include severe plastic deformation (SPD)
processes, such as Equal Channel Angular Pressing
(ECAP) and High-Pressure Torsion (HPT), as men-
tioned in [13; 14]. The primary objective of these defor-
mation schemes is to enhance the ductility of zinc al-
loys, while simultaneously refining the grain structure
to the nanometer level, thereby creating high-strength
materials. For example, as indicated in [15], the ap-
plication of HPT treatment, even to pure zinc, results
in a notable increase in ultimate strength, reaching
140 MPa, and an impressive ductility of 40 %. In a re-
lated study [14], it was observed that subjecting a doped
zinc alloy, Zn—0.6Mg—0.1Ca, to ECAP (12 cycles) ele-
vated its ultimate tensile strength to 300 MPa, along
with an improved ductility of 20 %.

The paper referenced in [13] details the development
of a high-strength alloy, boasting an ultimate tensile
strength of 318 MPa and a remarkable ductility of 34 %,
following four ECAP cycles of the Zn—1Cu—0.5Mg al-
loy. Furthermore, the authors demonstrated that by in-
creasing the Cu doping level in the alloy to 3 % while ap-
plying the same processing methods, the ultimate tensile
strength (o) rise to 358 MPa, was elevated to 358 MPa,
and the ductility (8) increased to an impressive 51 %.

I Hereinafter the content of alloy components is given
in wt.%.

The concise review highlights the capability to sig-
nificantly enhance the ductility of zinc alloys by adjust-
ing the degree of impurity element doping and optimiz-
ing the conditions and methods of SPD. Consequently,
this paper aims to identify the specific conditions, in-
cluding pressure, temperature, and degree of deforma-
tion, required for the high-pressure torsion method to
create a unique ultra-fine-grained (UFG) structure in
the Zn—1Li—2Mg alloy. This UFG structure is integral
to achieving not only high strength but also exceptional-
ly high ductility in the material.

Materials and methods

The research involved the casting of high-purity
Zn—1Li—2Mg bioresorbable zinc alloy ingots. These
ingots were then subjected to HPT to achieve optimal
mechanical properties. The HPT was carried out at
a pressure of 6 GPa, with the upper striker rotating at
a speed of 1 revolution per minute. This resulted in the
formation of disk-shaped samples, each 1.1 mm thick
and with a radius of 10 mm. Furthermore, the level of
deformation was adjusted by varying the number of
HPT revolutions, ranging from 0.5 to 10, and the tem-
perature, which was set between 27 °C and 150 °C. The
accumulated deformation degree was calculated using
the formula [16]:

Y= 2nNr/h,

where 4 and r represent the thickness and the radius of
the sample, respectively, mm, N is the number of revolu-
tions applied in the HPT process.

To determine the mechanical properties of the alloy,
small flat samples with a gauge length of 4 mm, a thick-
ness of 1.0 mm, and a width of 1.0 mm were tested for
elongation. These tests were conducted using a specia-
lized testing machine, the Instron 8801 (UK). To assess
the ductility of the alloy, the total extension of the sam-
ple was calculated using the following formula:

&= AI-100 %/I,

where [ is the length of the sample’s gauge part, mm,
Al'is the in the length of the sample’s gauge part after the
sample’s destruction, mm.

During the alloy elongation tests, the incremental
step was set at 10~* mm, and the deformation rate was
maintained at 4-10~* mm/s. Mechanical tests were con-
ducted at least three times for each structural state of the
alloy to ensure consistent and reliable results.

The microstructure of the alloy was analyzed using
a Q250 scanning electron microscope (SEM) (Ther-
mo Fisher Scientific, USA). The SEM operated with
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an accelerating voltage of electrons reaching 25 kV. The
electron beam diameter was adjustable within the range
of 1 to 5 um, and the focal length was varied within the
8—10 mm range. During the analysis, the pressure in the
chamber did not exceed 107> Pa.

To estimate the parameters of the alloy’s fine struc-
ture, the X-ray diffraction (XRD) patterns were recorded
and analyzed using a D8 Advance diffractometer (Bru-
ker, Germany) in Bragg-Brentano geometry. The X-ray
diffraction patterns were captured in the continuous
mode at a rate of 1°/min, covering angles 26 = 15°+155°.
The X-ray radiation source used was Cuk,, generated
from a wide-focus X-ray tube with settings of U = 40 kV
and /=40 mA.

Qualitative X-ray phase analysis (XPA) was carried
out using the EVAplus program (www.bruker.com) with
reference to the PDF-2 diffractometric database. Addi-
tionally, quantitative analysis was performed to deter-
mine the phase ratios with the identified phases using the
Rietveld method in TOPAS v.4.2 (www.bruker.com) [17].

Results and discussion

The results of mechanical tensile tests demonstrated
that the parent Zn—1Li—2Mg alloy had the following
properties: a yield strength 6, ~ 150 MPa, an ultimate
tensile strength 6, ~ 155 MPa, and a ductility § < 0.5 %
(See Table). HPT treatment at the room temperature
with 10 revolutions (y = 571) significantly improved the
alloy’s mechanical properties, increasing o, to 330 MPa
and o, to 409 MPa, while also enhancing ductility
to 47 %.

By further varying the temperature and HPT degree,
a specific regime (150 °C, 10 revolutions, y = 571), at
which the alloy exhibited remarkable mechanical prop-
erties (o, ~ 385 MPa, 6, ~ 490 MPa, and 6 = 44 %), was
identified. Notably, during the initial HPT stages (up to
0.5—1.0 revolutions, y= 28.5+57.1), the samples also ex-

Mechanical properties of the Zn—Li—2Mg alloy
in the initial state and after HPT treatment

Mexanuueckue cBoiicTBa craBa Zn—1Li—2Mg
B MCXO/JIHOM COCTOSIHUHU U TIOCJIe 06paboTKM

State o, MPa | o, MPa 3, %
Initial 149 155 0.4
HPT 10 rev.,
y=571,1=27°C 330 409 47
HPT 10 rev.,
y=571,1=150°C 385 490 44
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hibited increased strength, reaching up to 500 MPa, but
their ductility did not surpass 7 %.

To investigate the simultaneous increase in strength
and ductility of the studied alloy, a microstructure ana-
lysis using SEM and XPA methods was conducted.

In the initial (cast) state, the alloy’s microstructure
exhibits both light and dark regions (Fig. 1, a, b). Based
on the Zn—Li phase diagram [18] and the characteristics
of SEM and XPA methods, we identify the light regions
(oval shape and layered structure) as a mixture of Zn and
B-LiZn, eutectic phases, while the dark regions corre-
spond to the primary B-LiZn, phase. At the interface
between these phases, bright regions (inset in Fig. 1, b)
are occasionally observed, which, according to elemen-
tal mapping data, indicate the presence of the MgZn,
phase. Furthermore, a detailed analysis of impurity at-
om distribution was conducted through linear mapping
along the yellow line (Fig. 1, ¢). The results, showing the
mass distribution of Mg and Zn atoms along the selected
line, are depicted in Fig. 1, d. The graph reveals a slight
increase in Mg atom content in the dark regions. Ac-
cording to the Zn—Mg phase diagram at 2 wt.% Mg in
Zn at room temperature, the mixture should contain the
Zn and Mg,Zn;; phases [19]. However, our XPA data, as
presented below, did not detect the Mg,Zn;; phase in the
initial alloy state. This suggests that, in addition to the
MgZn, phase, Mg atoms may exist as impurities within
the primary B-LiZn,.

After HPT treatment at both room temperature and
150 °C (Fig. 2, a, b), significant changes occur in the mi-
crostructure of the analyzed alloy, leading to the emer-
gence of a banded structure. According to XPA data and
existing literature [13, 20], this structure is formed by
Zn phases, as well as mixtures of a-Zn + ~LiZn; and
o-Zn + Mg,Zn,;. Magnified images of the detected
phases in the post-HPT states are presented in Fig. 2, ¢, d.
Following HPT at 150 °C, spherically shaped Mg,Zn,;
phase particles (dark regions) are observed falling out
in bright bands that correspond to the Mg,Zn;; phase
(upper right inset in Fig. 2, d), in agreement with prior
research [7; 13]. After HPT treatment at room temper-
ature, the structure retains remnants of lamellar eutec-
tics, consisting of alternating light Zn lamellae and dark
Mg,Zn;; lamellae (inset in Fig. 2, ¢) with an average
thickness of 360 nm and 140 nm, respectively (Fig. 2, ¢).
Meanwhile, the diameter of spherical Mg,Zn |, particles
in the Zn phase was ~300 nm.

According to the sources [21; 22], warm rolling of
the Zn—Li alloy results in the formation of string-like
B-LiZn, particles, creating a fine-scale network in the
Zn phase, with needle-like Zn particles precipitating
in the B-LiZn, phase. Our research revealed that HPT
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Fig. 1. SEM images of the Zn—1Li—2Mg initial alloy microstructure

a — magnification 4000%, b — 50000%, ¢ — linear mapping region, d — distribution of Mg and Zn atoms along the line highlighted in Fig. ¢

Puc. 1. POM-u3o6paxkeHuss MUKPOCTPYKTYpbl Zn—1Li—2Mg nucxoaHoro crjiaBa

a — yemuuenue 4000%, b — 50000, ¢ — y4acTOK MPOBEAEHUS TMHERHOIO KAPTUPOBAHUS,
d — pacripenesieHre aToMOB Mg 11 Zn BIOJIb BBIIEICHHON Ha PHC. ¢ IUHUT

treatment of the alloy leads to the precipitation of sphe-
rically shaped B-LiZn, particles in the Zn phase (inset
in Fig. 2, a, b).

In the B-LiZn, phase, apart from the large cylindri-
cal Zn particles, small spherical Zn particles (lower inset
in Fig. 2, ¢) with a diameter of ~ 80 nm also precipitate.
Similar-shaped precipitations were previously observed
in the lightly doped Zn—0.8Li—0.1Mg alloy subjected
to HPT [23]. Detailed analysis reveals that HPT treat-
ment at room temperature is more effective in refining
the grain structure of the Zn phase compared to HPT
at 150 °C (see Fig. 2, a, b and insets). In the former case,
the Zn phase consists of equiaxial nanoscale grains, with
an average size of 360 nm after HPT at 27 °C, while it
reaches 610 nm after HPT at 150 °C.

Figure 3 displays the X-ray diffraction patterns of
the alloy in its initial (cast) state and after 10 revolutions
of HPT (y = 571) at different temperatures. Qualitative
XPA analysis reveals responses related to Zn, ~LiZnj;,
B-LiZn,, Mg,Zn;;, and MgZn, phases. in the X-ray
diffraction patterns of the zinc alloy. Quantitative XPA
analysis indicates that in the initial state, the Zn phase
constitutes 31.3 % of the alloy, while the fractions of

~LiZnj, B-LiZn,, and MgZn, phases are 45, 11.8, and
11.9 %, respectively. After 10 revolutions of HPT (y =
= 571) at t = 27 °C, the Zn content significantly increa-
ses to 52.4 %, while the ~LiZn; phase decreases to 21.7 %.
Furthermore, the fractions of B-LiZn, and MgZn,
phases decrease to 7.2 % and 0.5 %, respectively. No-
tably, in contrast to the initial alloy, HPT treatment at
this temperature results in the formation of the Mg,Zn;;
phase, with a relatively high concentration of 18.2 % in
the alloy.

When the deformation temperature is increased to
150 °C and 10 revolutions of HPT processing are applied
(y = 571), the mass fractions of Zn and Mg,Zn;; phases
further increase to 57.7 % and 21.5 %, respectively. Si-
multaneously, the contents of other phases continue to
decrease: ~LiZnj3 (16.3 %), B-LiZn, (4.2 %), and MgZn,
(0.3 %). Quantitative phase ratios were determined by
analyzing the X-ray diffraction patterns using the Riet-
veld method. An example of the processed region of the
alloy’s X-ray diffraction pattern after 10 revolutions of
HPT (y= 571, t= 150 °C) is shown in Fig. 3, b.

The unique mechanical properties observed in sam-
ples subjected to HPT can be attributed to hardening
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Fig. 2. SEM images of the Zn—1Li—2Mg alloy microstructure after HPT treatment:

a— HPT (+=27°C, 10 rev., y= 571), magnification 5000, the insert shows the Zn phase;

b— HPT (150 °C, 10 rev., y= 571), magnification 10000%, the insert shows the Zn phase;

¢ —HPT (r=27°C, 10 rev., y= 571), magnification 8000, the insert shows Zn and Mg,Zn,; phases;
d — HPT (150°C, 10 rev., y= 571), magnification 20000%, inserts show Zn and Mg,Zn,, particles

Puc. 2. PDM-u3o0paxeHust MUKPOCTPYKTYpbI criiiaBa Zn—1Li—2Mg nociie 06padboTku
a— UIOK (1= 27 °C, 10 06., y= 571), yBemuuenne 5000%, Ha BcraBke — hasa Zn;

b—WIIOK (150 °C, 10 06., y=571), 10000%, Ha BcTaBKe — (hasa Zn;

¢ — WIOK (1= 27 °C, 10 06., y= 571), 8000, Ha BctraBke — 1uiacTunsl a3 Zn u Mg,Zn,;
d — UK (150 °C, 10 06., Y= 571), 20000*, Ha BcTaBKax — qacTuiibl Zn u Mg,Zn |,

mechanisms, as supported by the microstructure ana-
lysis described earlier. SEM and XRD studies revealed
the precipitation of Zn, B-LiZn,, and Mg,Zn, particles
during HPT treatment of the Zn-alloy. It was noted that
at higher deformation temperatures, such as 150 °C, the
quantity and size of these precipitates increase compared
to room temperature HPT. This suggests increased dif-
fusion processes’ activity at elevated HPT temperatures,
leading to more comprehensive dynamic. In general, it
can be concluded that the dispersion mechanism signi-
ficantly contributes to alloy hardening during HPT, and
this effect intensifies with a higher precipitate content
[3; 5].

Additionally, another hardening mechanism at play
in the zinc alloy is grain boundary strengthening result-
ing from grain structure refinement. Grains ground to
nanometer sizes not only enhance strength but can also
increase the alloy’s ductility by activating grain bounda-
ry sliding processes [25; 26]. This mechanism, well-doc-
umented in literature [25], is known to be the predomi-
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nant superductility mechanism in UFG zinc alloys and
is typically activated at grain sizes less than 1 um.

In a study by [26], refining the grain structure of the
Zn—22Al alloy to 700—900 nm using the ECAP me-
thod led to a remarkable increase in ductility, reaching
280 %. Our research has similarly shown that the prima-
ry phase in HPT treatment is zinc with nanometer-sized
grains (Fig. 2, a, b), with an increased fraction of grain
boundaries contributing to enhanced ductility. This
suggests that the grain refinement in the zinc phase not
only strengthens the alloy but also explains its improved
ductility.

Another notable strengthening mechanism in UFG
metallic materials is hetero-deformation induced hard-
ening [27]. This mechanism is observed in metals and
alloys where heterostructured materials form, compris-
ing separate domains that vary significantly in strength.
Extreme plastic deformations generate back stress with-
in the material structure due to the superposition of for-
ward and reverse stresses from hard and soft domains in
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Fig. 3. X-ray diffraction patterns of the initial and HPT-processed alloys (@), as well as the analyzed section of the X-ray
diffraction pattern after HPT treatment (10 rev., y= 571, t= 150 °C) (b)
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nudpaktorpammbl odpasua nocie UTTAK (10 06., y= 571, t= 150 °C) (b)

the microstructure [27]. Long-range back stresses, cre-
ated by clusters and pile-ups of dislocations, strengthen
the soft domains, contributing to an overall increase in
strength [27].

In cases where HPT is performed at high RPM, a
band structure forms, including o-Zn phases, a mix-
ture of o-Zn phases and the ~LiZn; phase, as well as
the o-Zn phase with Mg,Zn;; particles precipitating.
These phases exhibit different microhardness levels and
can be considered as soft and hard domains or phases.
Our studies [23] have shown that the soft phase of Zn in
the Zn—Li—Mg alloy is characterized by an increased
dislocation density. Consequently, the mechanism of
hetero-deformation induced hardening, which includes
dislocation strengthening, is also an active force at high
RPMs during HPT.

Conclusion

After optimizing the HPT parameters, a unique
regime (pressure 6 GPa, temperature 150 °C, 10 rev-
olutions, y = 571) was discovered, resulting in the
Zn—I1Li—2Mg alloy exhibiting exceptional mechanical
properties. These properties include a yield strength of
~385 MPa, an ultimate tensile strength of ~ 490 MPa,
and ductility reaching 44 %.

Detailed analysis of the alloy’s microstructure re-
vealed the formation of a distinctive band structure. This
structure comprises the o-Zn phase, a mixture of o-Zn
phase and ~LiZn; phases, as well as the o.-Zn phase with
Mg,Zn,; particles. Notably, Zn particles were found to
precipitate in the ~LiZn; phase, while Mg,Zn;; and

B-LiZn, particles precipitated in the Zn phase. Ad-
ditionally, the application of HPT treatment resulted
in the formation of an UFG structure in the primary
Zn phase.

The analysis of hardening mechanisms identified
the key factors contributing to the enhanced strength
of the Zn—I1Li—2Mg alloy with a UFG structure.
These mechanisms include dispersion, grain bound-
ary strengthening, and hetero-deformation induced
hardening, which involves dislocation strengthening.
Moreover, the alloy’s improved ductility can be attrib-
uted to the extremely small grain size of the Zn phase,
which promotes the activation of grain boundary slid-
ing processes.
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