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HIGHLIGHTS

« For the first time, critical resolved
shear stresses in Zn and Zn-Ag alloys
were measured using micro-pillar
compression.

« Reducing micro-pillar diameter from
9 to 3 um increases shear stress from
11.3 to 26.6 MPa in the basal slip
system.

« The Ag solid solution increases shear
stresses more effectively in the
prismatic slip than in the basal slip
systems.

« Dislocation starvation governs the
deformation in dislocation-free 3 pm
Zn micro-pillars favorably oriented
for basal slip.
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ABSTRACT

The room-temperature plastic deformation behavior of pure Zn and Zn-Ag (0-2.2 at.%) biodegradable
alloys has been investigated via uniaxial in situ micro-pillar compression tests performed within a scan-
ning electron microscope. The critical resolved shear stresses (CRSS) were quantified as a function of
micro-pillar diameter. The compression of single crystal micro-pillars was performed at various strain
rates in carefully selected grains, the crystallographic orientation of which facilitates deformation either
via basal {0001}(1120) or prismatic {1010¢(1120) slip. The CRSS values increased with decreased
micro-pillar diameter, revealing a more pronounced size effect in pure Zn deformed via basal slip. The
observed solid solution strengthening effect in Zn-Ag alloys with increasing Ag content was associated
with a CRSS increase from 26.6 MPa to 37.0 MPa (by ~ 40 %) in the basal slip system and from
99.1 MPa to 188.4 MPa (by ~ 104 %) in the prismatic slip system. The extraordinarily high CRSS values
for basal slip activated in pure Zn and Zn-0.14Ag alloy compared to the solid solution strengthening model
was attributed to the critically low dislocation density. In the Zn-Ag alloy with Ag content > 0.5 at.% higher

dislocation densities are expected, which result in a more predictable plastic deformation behavior.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In recent years Zn and Zn alloys have gained tremendous inter-
est as a new class of bioresorbable metallic materials due to their
promising biodegradation behavior and biocompatibility. Never-
theless, insufficient mechanical strength and low ductility of pure
Zn inhibit its application for load-bearing medical devices, such
as cardiovascular stents, orthopedics implants, wound closures,
etc. [1]. To meet the mechanical requirements of such applications,
works studying the effect of alloying on Zn’s plastic deformation
behavior are ongoing [2,3]. Additionally, in the context of medical
implant applications, the biological behavior of Zn can be tailored
via alloying. One candidate that enhances the strength and ductil-
ity of Zn, as well as provides antimicrobial properties and low cyto-
toxicity, is silver [4,5]. Furthermore, the corrosion rates of Zn-Ag-
based alloys can be tuned by means of thermomechanical process-
ing, while ensuring uniform biodegradation [6,7].

In principle, Zn's brittleness and poor cold workability originate
from its hexagonal close-packed (HCP) crystal structure and the
limited number of slip systems, making it difficult to be plastically
deformed at low temperatures. A high c/a lattice ratio (1.856) in Zn
causes strong anisotropy of its mechanical behavior. The Zn struc-
ture possesses one close-packed plane (basal plane), which con-
tributes to substantial differences in critical resolved shear stress
(CRSS) for different slip systems [8]. CRSS is a combination of the
Peierls-Nabarro stress and all hardening mechanisms present in a
material. It is defined as a shear stress component, resolved in
the direction of slip, necessary to initiate slip within a grain. There-
fore, being able to follow the CRSS phenomenon is crucial in under-
standing a material’s plasticity. Among four slip systems available
in Zn: basal <a>, prismatic <a>, pyramidal <a> and pyramidal
<c + a>, the basal slip, possessing the lowest CRSS, is generally
the easiest to activate during deformation. According to reports
concerning CRSS in Zn, non-basal slip or twin systems have at least
one order of magnitude higher CRSS than that determined for the
basal slip system [9-13], with the CRSSpasai:CRSSprism:CRSSpyr:
CRSStwinning ratio amounting to approx. 1:15:10:30 [14].

The mechanical properties of bulk Zn measured at the macro-
scale are affected by microstructural features of the polycrys-
talline sample. These include grain size, type of alloying
elements, presence of second phases, initial crystallographic tex-
ture, and type and the fraction of grain boundaries. Furthermore,
loading direction, strain rate, temperature, activated deformation
mechanisms and corresponding CRSS play a major role in the
stress-strain response. The number of factors that simultaneously
influence the deformation process complicates the analysis of
individual strengthening mechanisms and the characterization
of mechanical properties-microstructure relations. Therefore,
micromechanical testing methods can be beneficial in distin-
guishing the contribution of several single mechanisms in the
total Zn strengthening effect. In situ micro-pillar compression
tests have recently gained increasing attention as a powerful tool
for quantifying the uniaxial mechanical response and characteriz-
ing the stress—strain behavior related to individual deformation
modes at small-length scales. In addition, it allows for measuring
the CRSS for a particular slip or twinning mode (according to the
Schmidt law) under different loading conditions. For instance, to
activate non-basal slip systems in HCP crystals, the load must
be subjected perpendicular or parallel to the basal plane to min-
imize the Schmidt Factor (SF) for the basal slip and maximize it
for the chosen non-basal slip [10,15]. Micro-pillars can be fabri-
cated within a single grain with a well-defined orientation or at
the specific grain boundary identified via electron backscattered
diffraction (EBSD) in scanning electron microscope (SEM), and
its deformation is induced via loading with a flat punch at a
selected strain rate and temperature. The use of focused ion beam
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(FIB) machining enables serial sample manufacturing, facilitating
micromechanical testing of multiple geometries.

Considering the necessity of improving the mechanical proper-
ties of Zn alloys to fulfill the criteria for bioresorbable implants, it is
essential to quantify the CRSS for more complex Zn-based materi-
als. It has been shown for Mg alloys that solute atoms might play a
key role in enhancing the ductility of HCP metals by reducing the
difference in the CRSS value between the basal and non-basal slip
systems. This is achieved by strengthening the basal slip and/or
softening the non-basal slip [16-18]. Moreover, it has been found
that solute elements can effectively participate in improving the
overall yield strength of Zn [19]. In metallic alloys, the generalized
solid solution strengthening model may be presented as:

Osol = A+ kso,% " (1)

where: A is a material constant, ks, is the solid solution
strengthening coefficient (previously calculated for Zn-Ag alloys
as 6.6 MPa-(at.%)"1/?) [20], c is the element content in at. % and n
is a constant equal to 1/2 [21,22]. Detailed analysis of solid-
solution strengthening in polycrystalline materials must consider
loading direction and texture effects. However, single-crystalline
micro-pillar compression tests allow directly measuring of solid
solution strengthening effects on the particular slip system. Silver,
which has been found to enhance Zn’s mechanical properties, exhi-
bits relatively high solubility in Zn and thus may provide solid
solution strengthening [20]. According to the binary system, the
maximum solubility of Ag in Zn reaches up to 5 at. % at elevated
temperatures. Tailoring the mechanical properties of Zn by alloy-
ing is a strategy that requires knowledge of the effect of solute
atoms on plastic deformation mechanisms, particularly the CRSS
values. Extensive studies on the Ag strengthening effect in Zn-Ag
alloys have showsn to be related to solid solution formation, grain
refinement, and precipitation hardening [23,24]. Therefore, the
main advantage of the micromechanical experimental approach
is extracting the distinct solid solution effect, which has yet to be
fully characterized in Zn-Ag alloys. Moreover, to the best of the
authors’ knowledge, the effect of any Ag additions on CRSSs has
never been studied for Zn alloys, regardless of the applied testing
method.

Another investigated phenomenon related to micro-pillar
stress—strain behavior is the so-called size effect, which has been
extensively explored in various FCC and BCC metals, and less so
in HCP metals [25-27]. In principle, it was found that the flow
stress (o) at a given plastic strain follows a power-law dependence
on micro-pillar diameter (D), within a range of a couple of hundred
nanometers to tens of micrometers:

cxA-D" 2)

where: A is a size effect coefficient, and m is a size exponent
[26,28]. Many micro-pillar compression studies follow the idea of
“smaller is stronger”, so as the pillar diameter decreases, the flow
stress and strain hardening increase [29]. In HCP metals, the
micro-pillar size can also affect the activation or vanishing of twin-
ning during deformation at specific orientations [30].

This work studies the plastic deformation behavior of Zn-Ag
samples at room temperature via single crystalline micro-pillar
compression as a function of Ag content (pure Zn and Zn-Ag
alloys), while aiming to activate individual basal or prismatic slips
to evaluate their CRSS values. Additionally, in the context of the
applied methodology, the effect of micro-pillar dimensions was
examined to most accurately select the experimental conditions.
Furthermore, strain rate sensitivity, being an equally important
parameter for deformation mechanisms, was characterized. As a
result, this work provides CRSS values required for the activation
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of <a> slips on the {0001} basal and {10 1 0} prismatic planes in
Zn-Ag (0-2.2 at. %) alloys.

2. Experimental materials and procedures

Pure Zn and Zn-Ag alloys were prepared using high-purity Zn
(>99.995 wt%) and Ag (>99.995 wt%). Metals were melted in a gra-
phite crucible at 650 °C and cast into a steel mold to achieve a ser-
ies of Zn-Ag (0-2.2 at. %) alloys. Cast ingots were annealed at
400 °C for 4 h and subsequently water-cooled to obtain a uniform
chemical composition. The chemical composition of the investi-
gated alloys was analyzed using a Rigaku ZSX Primus IV wave-
length dispersive X-ray fluorescence spectrometer (WD-XRF).
Finally, the samples were subjected either to hot channel die press-
ing or hot extrusion at 300 °C to obtain a favorable texture. Hot
processing at 300 °C was sufficient to produce a fully recrystallized,
coarse-grained microstructure, while also providing multiple
grains to seek the desired orientation for micropillar compression
experiments.

Single-slip investigations in polycrystalline samples requires a
detailed microstructure analysis by means of EBSD. Samples were
cold mounted, ground, and polished using alcohol-based diamond
suspensions. The final preparation step was low-angle Ar* ion pol-
ishing using a Hitachi IM4000Plus Ion Milling System. The EBSD
measurements were performed using FEI Versa3D and Tescan Mira
scanning electron microscopes (SEM) equipped with EDAX EBSD
detectors. The crucial step was identifying grains oriented in two

specific directions, in which only basal {0001}(11 iO) or prismatic

Basal slip-favored
grain selected
for micro-pillars
fabrication

Loading
® Direction

Prismatic shl'p-favore{l
grain sele
for micro-pillars
fabrication
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{10 1 0}(11 2 0) slip systems can occur. Fig. 1 presents an overview

of the experimental steps required to find grains with a desirable
orientation. Activation of a particular slip system was evaluated
based on the SF calculation (Fig. 1e). Basal-promoting grains must
exhibit an SFy.s > 0.45, while prismatic-susceptible grains must
meet the following conditions: SFpasar < 0.02 and SF prism > 0.47.
To avoid EBSD distortion, each measurement was performed twice,
firstly in the form of a coarse EBSD map, and secondly using an
EBSD map focused directly on the selected grain.

Micro-pillars with diameters of 3.0 pm, 6.3 pum, and 9.0 pm
(further referred to as 3 um, 6 pm, and 9 pm micro-pillars, respec-
tively) and height to diameter ratio equal to 2.5:1 were fabricated
within single grains using a Ga* FIB in a dual-beam Tescan Vela
FIB-SEM. To reduce the risk of ion milling-induced material defor-
mation [31,32], multi-step milling was performed using the fol-
lowing ion beam currents: 4.5nA, 1nA, 160 pA, and 40 pA at
30 kV. After fabrication, the dimensions of each pillar were mea-
sured using a Hitachi S-4800 high-resolution cold field emission
SEM.

First, in situ compression tests were performed inside the SEM
chamber of the Philips XL30 ESEM FEG on Zn micro-pillars at a
strain rate of 1073 s~ to determine the size effect on CRSS. Addi-
tionally, dynamic micro-pillar compression tests at different strain
rates were performed on Zn and Zn-Ag alloys to measure the effect
of strain rate and Ag additions on the CRSS of individual slip sys-
tems. Based on the size effect results, only 3 pm diameter micro-
pillars were chosen for further analysis. All tests were performed
in displacement control mode, with up to 10 % of deformation at
room temperature using a 20 pm diamond flat punch tip installed

€) 4 Loading
(0} direction
Normal to
slip plane A
T
lSlip 9
plane / Slip
direction
S
\

Angles considered
in the calculation of Schmid Factor:

m = cos(¢)-cos(})

Diamond
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Loading
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HCP favorable orientation for:

2y

Basal slip

Sample

Prismatic slip

Fig. 1. Overview of the experimental steps necessary to find a grain promoting the activation of basal or prismatic slip during deformation: SEM-SE image (a); EBSD-IPF map
(b); SF map for the basal slip system (c); SF map for the prismatic slip system (d). Angles considered during Schmid Factor calculations (e); Schematic of the in situ micro-pillar
compression tests (f).
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in an Alemnis Standard Assembly in situ nanoindenter. At least
three compression tests were performed under each condition to
ensure repeatability. After deformation, images from two perpen-
dicular directions were collected to observe traces of deformation
slip on each micro-pillar. Moreover, post-deformation EBSD analy-
sis was performed on the cross-sections of pure Zn micro-pillars of
varying diameters. Firstly, the deformed pillars were coated with a
protective W layer, after which they were coarse ion-milled (30 kV,
1nA), transferred to Cu lift-out grids, and finally ion-polished using
low-voltage, low-current FIB conditions (5 kV, 30 pA). The EBSD
measurements were performed in reflection mode at 20 kV, with
a step size of 40 nm.

3. Results
3.1. Effect of micro-pillar diameter on CRSS in pure Zn

The effect of pillar size on CRSS and the deformation behavior in
pure Zn was investigated in basal and prismatic <a> slip systems
via compression tests at a strain rate of 10~ s~'. Fig. 2a presents
the initial stage of compression stress-strain curves of basal-
favor-oriented pillars. Reduction in micro-pillar diameter resulted
in a significant increase in yield stress. Moreover, a significant dif-
ference in flow behavior was observed. Micro-pillars with a diam-
eter of 9 um present minor stress drops during straining and a
negligible strain hardening effect. The ratio of flow stress at 2 %
of deformation to yield stress (G,%/Cys) equals 1.09 in micro-
pillars with a diameter of 9 pm. Reduction in micro-pillar diameter
to 6 um and 3 pm changed the strain hardening ratio to 0.93 in
both cases. Therefore, the overall strain hardening effect was neg-
ative, however, the event of short-term significant strengthening
followed by instantaneous stress drops to the initial level repeat-
edly occurred. A different behavior was observed in the prismatic
slip system, presented in Fig. 2b. The micro-pillar diameter effect
on strength is less prominent than in the basal slip system. How-
ever, the observed strain hardening was equal to 1.68 in 9 pum
micro-pillars, and 1.73 in the 6 pm and 3 pm cases.

To evaluate a size effect in micro-pillars of Zn deformed via
basal and prismatic slip, the CRSS was calculated following the
Schmid law:

CRSS = Gys-m 3)

where: gys is the yield stress determined from the stress-strain
curve, and m is the Schmidt factor corresponding to the single slip
system. It was found that the CRSS value, at which a slip would
occur, was constant for samples with specific dislocation densities
and purities. To move dislocations, a particular stress cys must be
applied to overcome resistance to dislocation motion and initiate
slip in a grain. With this in mind, the CRSS values were correlated
with pillar diameters, based on the stress-strain curves and SF val-
ues (Fig. 2¢). It can be seen that the diameter of the micro-pillar
significantly influenced the obtained CRSS. For example, for a dia-
meter of 3 pum, the CRSS in the basal slip system (CRSSg) equaled
26.6 MPa, while a decrease in CRSSg occurred when increasing
the diameter to 6 pm (16.8 MPa) and 9 pum (11.3 MPa). A similar
but relatively less significant effect occurred for the prismatic slip
system (CRSSp), where 99.1 MPa was obtained for a diameter of
3 wm, while for 9 pm, 81.8 MPa.

Fig. 3 presents images of micro-pillars with different diameters
after deformation at a strain rate of 10> s~ '. The micro-pillars’
deformation behavior depends on the type of slip system, but not
on their diameter. For example, deformation in the basal slip sys-
tem generated parallel, narrow slip traces. For 3 pum micro-pillars
(Fig. 3) these traces as distinctly separated from one another across
the entire pillar, whereas for 6 and 9 pum micro-pillars, they are
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Fig. 2. Compression stress—strain curves of pure Zn, with varying micro-pillar
diameter, deformed in (a) basal slip system and (b) prismatic slip system. (c) The
effect of micro-pillar diameter on CRSS in basal and prismatic slip systems and
CRSSp/CRSSg ratio in pure Zn at a strain rate of 107> s~ 1.

more localized (Fig. 3c and d). Characterizing the deformation in
the prismatic slip system proved to be more challenging. The slip
traces were blurred and barely visible. Nevertheless, it was possi-
ble to distinguish two slip planes on the 3 um micro-pillars
(Fig. 3), while only one can be seen for the larger-diameter pillars
(Fig. 3f and g).

SEM observations of deformed pillars are insufficient to com-
prehensively describe the deformation mechanisms. Therefore,
an EBSD analysis was performed on cross-sections of the deformed
micro-pillars, parallel to the compression axis. Fig. 4 presents
inverse pole figure maps superimposed on image quality maps
(IPF + 1Q), Kernel average misorientation maps (KAM), and Schmid
Factor maps (SF) for the studied basal and prismatic slip systems.
The results show a uniform orientation within the basal slip-
favored micro-pillars, except for the ones with the largest diame-
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Fig. 3. SEM images of non-deformed (a) and deformed pillars in basal (b-d) and prismatic (e-g) slip systems. Micro-pillar diameters: 3 um (b,e), 6 um (c,f), and 9 um (d,g).
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3 um _ 6 pum 9 um 3 um 6 um 9 um
top of the pillar A°
~ 0001 2110
o
]
+
B
Ay
—
-
0
FIB- -7 !
implemented
distortion
o.su
0
8 determined
= slip
1 traces
S
wn
03
2 2
=
g
& v
1
- |
wn

Fig. 4. Cross-sectional ESBD analysis of deformed micro-pillars in basal and prismatic slip systems, with diameters of 3 um, 6 um, and 9 um. From the top: inverse pole figure
maps superimposed on image quality maps (IPF +1Q), Kernel average misorientation maps (KAM), Schmid factor maps in the basal slip system (SF-basal), and Schmid factor

maps in the prismatic slip system (SF-prismatic).

ters. Furthermore, no localized misorientation occurred, despite
the slip plane crossing the observed slices. A pure shear deforma-
tion effect is visible in 6 wm micro-pillars, where the observed
deformation plane is almost parallel to the measured basal slip
plane. Within the deformed 9 pm micro-pillar, a localized defor-
mation occurred at its top due to initial tip-pillar misalignment.
Furthermore, the shading of the IQ map indicate shearing through
the basal plane in the largest micro-pillar.

Deformation of the prismatic slip-favored micro-pillars exhib-
ited a higher dependence on micro-pillar diameter than the in

the case of the basal slip-favored ones (Fig. 4). Uniform deforma-
tion occurred in 3 pm micro-pillar, where 10 % deformation did
not cause any significant lattice rotation. Only a tiny, local fluctua-
tion in KAM value can be observed with height changes of the 3 pm
pillar. The deformation behavior of the 6 pm micro-pillars chan-
ged, where localized deformation occurred on the top of the pillar,
resulting in considerable lattice rotation to a basal-favor
orientation.

The KAM and basal SF maps show localized deformation aligned
parallel to the determined prismatic slip planes, indirectly con-
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firming deformation through an intended prismatic slip system. An
increase in a pillar diameter to 9 pm resulted in continuous defor-
mation behavior changes. Compression to 10 % caused a significant
lattice rotation to basal-favor orientations. Moreover, major
misorientation substructures were formed in an excellent arrange-
ment to predicted prismatic slip planes.

3.2. Effect of Ag content on CRSS in Zn-Ag alloys

The chemical composition of the investigated alloys is pre-
sented in Table 1. Pure Zn and low-alloyed Zn-Ag alloys were pre-
pared to analyze the effect of Ag solid solution strengthening. A
silver alloying range from 0.14 to 0.59 at. % was selected to focus
on single-phase alloys, while greater additions of 0.84 and 2.21
at. % was chosen to produced super-saturated materials.

Fig. 5a presents the initial stage (up to 2.5 % of engineering
strain) of compression stress-strain curves of the investigated
materials in a basal-favor orientation. Pure Zn and Zn-Ag alloys
with Ag additions up to 0.30 at. % exhibited a low strain hardening
response, while a further increases in Ag content enhanced the
strain hardening value in the basal slip system. The ratio of flow
stress at 2 % of deformation to yield stress (o,%/Oys) is presented
in Fig. 6, and it equaled 0.93, 1.12, 1.18, 1.40, 1.36, and 1.85 for
pure Zn, Zn-0.14Ag, Zn-0.30Ag, Zn-0.59Ag, Zn-0.84Ag, and Zn-
2.21Ag, in basal slip, respectively. An opposite effect of Ag content
on strain hardening occurred in the prismatic slip system (Figs. 5b
and 6). Initially, up to 0.59 at. % of Ag, ©,/0ys fluctuated around
1.7 while higher Ag concentrations reduced G,y/Gys to 1.36 for
both 0.84 at. % and 2.21 at. % of Ag.

The effect of Ag on the strengthening of basal and prismatic slip
systems was directly compared using CRSS values calculated
according to Eq. (3). Fig. 7a presents the effect of Ag addition on
CRSSg at various strain rates. Strain rates from 1074 s~! to 102
s~! do not strongly affect the CRSS value since the measured differ-
ences are smaller than the measurement uncertainty. Thus, for a
more straightforward interpretation, further analysis will be pro-
vided only for a strain rate of 103 s, Regardless of the applied
strain rate, the Ag additions caused significant changes in CRSSg.
The measured CRSSg of pure Zn equaled 26.6 + 5.2 MPa. Unexpect-
edly, minor Ag additions decreased the calculated CRSSg by approx.
30 %, to 18.9 £ 1.2 MPa and 17.5 + 1.2 MPa for Zn-0.14Ag and Zn-
0.30Ag alloys, respectively. With further Ag content increases, the
CRSSg increased to 19.1 + 2.0 MPa, 24.4 + 0.4 MPa, and 37.0 + 0.6
MPa for the Zn-0.59Ag, Zn-0.84Ag, and Zn-2.21Ag alloys,
respectively.

Fig. 7b presents a slightly different effect of Ag content on CRSSp
than on CRSSg. For pure Zn and Zn-0.14Ag alloy, CRSSp equals 98.
9 + 3.0 MPa and 90.5 £ 5.6 MPa, respectively. A significant increase
in CRSSp value to 117.9 + 13.1 MPa, 130.0 + 1.9 MPaq, and 141.8 + 2.
6 MPa, occurs for Zn-0.30Ag, Zn-0.59Ag, and Zn-0.84Ag, respec-
tively. An even more prominent increase in CRSSp to 188.4 + 0.5
MPa was measured for the Zn-2.21Ag alloy. In contrast to the basal
slip system, above 0.59 at. % Ag content, the strain rate effect
became more remarkable, while it did not play a significant role
up to 0.30 at. % of Ag additions. For the Zn-2.21Ag alloy, CRSSp
equals 157.7 £ 3.7 MPa and 189.6 + 15.0 MPa at strain rates of
1074 s T and 1072 57!, respectively.

Representative SEM images of deformed pillars in basal (top
row) and prismatic (bottom row) slip systems are shown in
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Fig. 6. The effect of Ag content on the G,y/Gys ratio in basal and prismatic slip
systems.

Fig. 8. It is assumed that the specimens showed similar plastic
deformation behavior in both slip systems regardless of the applied
strain rate. Therefore, in Fig. 8, only micro-pillars deformed at 103

Table 1

Measured chemical composition of the investigated alloys.
Alloy Zn Zn-0.14Ag Zn-0.30Ag Zn-0.59Ag Zn-0.84Ag Zn-2.21Ag
Ag content (at. %) 0 0.14 0.30 0.59 0.84 2.21
Ag content (wt. %) 0 0.23 0.49 0.97 1.38 3.59
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Fig. 7. The effect of Ag content on the CRSS in basal (a) and prismatic (b) slip
systems at various strain rates.

s~ ! were shown. The observed deformation behavior of all investi-
gated samples, i.e. from pure Zn to Zn-2.21Ag, is typical for basal
and prismatic slip systems. The basal slip deformation effect
appeared as parallel slip plane traces inclined by approx. 40° +
50° to the compression axis. Furthermore, the deformation tended
to shear through the entire pillar without any disruptions. The Ag
additions caused a gradual change from a localized deformation in
a few narrow slip bands in pure Zn to uniform deformation and
numerous slip bands in the Zn-2.21Ag alloy. A different behavior
was observed in the prismatic slip system, where shallow slip
traces were barely visible. Deformation in the prismatic slip system
occurs in two favorable planes resulting in buckling rather than

/n

Basal slip

=
=
)
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£
@
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=%

Fig. 8. SEM images of compressed micro-pillars, with up to 10 % deformation, in basal slip (top row) and prismatic slip (bottom row) systems at a strain rate of 10~
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localized pure shearing. In contrast to the basal slip system, where
slip activation is followed by a giant avalanche of dislocations that
escape the micro-pillar’s surface [27], no large slip traces are visi-
ble as a result of the prismatic slip. Similar observations were
reported for the deformation of Mg-Zn specimens in non-basal slip
systems [17].

4. Discussion

4.1. The effect of pillar diameter on the deformation behavior in pure
Zn

A significant size effect on micro-pillar deformation has been
widely described in literature [33-35]. Nevertheless, Zn has barely
been tested using micromechanics methods [27]. The current
study examined the size effect, due to the risk of twinning activa-
tion or non-uniform deformation during compression tests. A
micro-pillar diameter between 3 pum and 9 pm was chosen based
on our previous studies, as the transition from twinning to disloca-
tion dominant deformation occurred within this grain size range
[20,36,37]. Additionally, uniform deformation is required to extract
a single slip system behavior in a highly anisotropic Zn crystal
[38,39].

As presented in Fig. 4, deformation causes different changes
inside a micro-pillar depending on the initial diameter. Micro-
pillars favoring basal slips were not influenced by diameter
changes except for a small localized deformation on the top of
the pillar with a diameter of 9 pum. Despite the remarkable stress
burst and subsequent dislocation avalanches, no internal deforma-
tion after the compression was observed. This suggests the vanish-
ing of dislocations at the free surface and the related occurrence of
mechanical annealing in micro-pillars deformed in the basal slip
system [40,41]. In contrast, a deformation behavior in micro-
pillars favoring prismatic slips were significantly affected by the
micro-pillars’ diameter. The smallest micro-pillar was character-
ized by a uniform microstructure after deformation of up to 10 %.
The increase in diameter to 6 pm resulted in a deformation local-
ized to the top part of the micro-pillar. Moreover, localized defor-
mation is even more pronounced in micro-pillars with a diameter
of 9 um, where internal dislocation structures were formed. A ten-
dency to form dislocation structures in different planes suggests a
high contribution of screw dislocations and cross-slip during defor-
mation in prismatic-oriented micro-pillars, leading to matrix rota-
tion towards new basal-favored orientations [42,43]. The
misorientation analysis performed along the yellow line in
Fig. S2 presents a gradually changing orientation that excludes

7n-0.59Ag

Zn-0.84Ag

Zn-2.2Ag

35
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possible twinning. The measured intragranular misorientation

around (11 2 0) axis (Taylor axis) implies the high activity of mul-
tiple pyramidal <c + a> slip systems. One variant of the pyramidal
<c + a> slip system causes rotation about one variant of the Taylor

(10 1 0) axis. However, multiple activated pyramidal <c + a> vari-

ants will result in rotation about (11 iO) axis [44,45). Moreover,
the basal <a> slip may interact with the pyramidal <c + a> slip, cre-

ating the measured (11 iO) axis because both share the Taylor

(1010) axes. Nevertheless, the presented results confirm the cor-
rectness of 3 um micro-pillar preparation, especially for orienta-
tion analysis. Only the predicted slip system was activated in
both analyzed orientations in the smallest micro-pillars, which is
not always the case in HCP materials as showed here and in Mg
alloys [46].

Apart from differences in the deformation behavior, micro-pillar
diameter size mainly affects the pillars’ measured strength. The
obtained results indicate a strong size effect in compressed Zn
micro-pillars that exhibit a CRSS of 11.3 MPa and 81.8 MPa for acti-
vating basal and prismatic slips, while CRSS for the same slip sys-
tems reported for bulk Zn single crystal are <0.5 MPa
and ~ 3 MPa, respectively [39]. As shown in to Eq. (2), this study’s
generalized power-law exponents for the basal (mg) and prismatic
(mp) slip systems are 0.77 and 0.17, respectively. The high mg expo-
nent value matches the reported exponent values (~0.6-1.0) in rel-
atively soft face-centered cubic metals (FCC) [47-49] despite the
considerably lower number of possible slip systems. Additionally,
the low mp value corresponds to BCC metals (~0.2-0.4) and their
lower screw dislocations mobility [48]. Moreover, deformation
through screw dislocations can be assumed as a significant mecha-
nism in prismatic slip systems, due to the high tendency for cross-
slips, which was confirmed during EBSD post-mortem analysis.

A prismatic to basal CRSS ratio is often used to determine the
degree of deformation anisotropy. Therefore, this value was calcu-
lated for each pillar diameter. A decreasing tendency in CRSSp/
CRSSg ratio with decreasing pillar diameter was observed. For
example, for pillars with a diameter of 3 pm, the ratio was 3.7:1,
while for 9 pm pillars, the ratio was calculated to be 7.2:1. The
CRSSp/CRSSg ratio in bulk, coarse-grained Zn samples has been
reported to be about 15:1 [38,39]. The observed tendency was that
with reduced specific deformation size, deformation anisotropy
decreased.

Unfortunately, the observed effect cannot be transferred
directly to polycrystalline materials. However, the results pre-
sented here can help understand the high susceptibility to grain
boundary sliding in fine-grained Zn alloy [50]. Grain refinement
in Zn alloys acts as the primary factor activating grain boundary
sliding in two ways. Firstly, grain refinement causes a characteris-
tic reduction in grain boundary sliding shear stress, according to
Eq. (4) [51]. Secondly, the CRSS in the preferred basal slip system
increases. Both effects finally result in the activation of grain
boundary sliding at the expense of dislocation slip deformation.

. b\? sa\"
¢ (3) (9 @
where: b is the Burgers vector, d is the grain size, ¢ is the

applied stress, p and n are the grain size and stress exponent,
respectively.

4.2. The effect of Ag addition on CRSS and deformation behavior in
3 um micro-pillars

The effect of Ag on solid solution strengthening presented in
Fig. 7 generally agrees with Eq. (1). Except for values measured
for pure Zn and Zn-0.14Ag, solid solution strengthening in basal
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(osorB) and prismatic (Gso p) Slip systems can be described as
follows:

Osop =5.5+4.57 ¢ (5)

Golp =767 +837%.¢ ©)

the measured strengthening coefficient ks, in basal and pris-
matic slip systems differs from the value measured in our previous
studies, where ki, equaled 6.6 MPa (at. %)~'/2 [20]. The observed
differences result from the isolated slip deformation in micro-
pillar compression in contrast to complex deformation in polycrys-
talline macroscopic bulk samples investigated previously. Accord-
ing to Eq. (5) and Eq. (6), the CRSS value for pure Zn should equal
5.5 MPa and 76.7 MPa instead of 26.6 MPa and 98.9 MPa in the
basal and prismatic slip systems, respectively.

These results imply that besides solid-solution strengthening,
another phenomenon has to be responsible for the observed unex-
pected behavior of pure Zn. The dislocation density effect tends to
play asignificant role in micro-mechanical tests. Firstly, high-
temperature annealing significantly reduces the dislocation den-
sity in a polycrystalline sample. Early studies have reported excep-
tionally low dislocation densities of approx. 107-10!° m—2 in pure
Zn [52-54]. Secondly, micro-pillar FIB milling created a new free
surface, promoting further dislocation annihilation. As reported
for copper, the dislocation density in micro-pillars can be one order
of magnitude smaller than in bulk single crystals [55]. Conse-
quently, the dislocation density in the fabricated Zn micro-pillars
might be even smaller than mentioned above. It indicates that pure
Zn micro-pillars can be considered as dislocation-free. Moreover,
according to early reports, the dislocation density after high-
temperature annealing significantly depends on the amount of
solutes and impurities [56,57]. Regardless of the investigated
material, reducing the dislocation density in micro-crystals below
a critical value increases shear stress when stochastic effects occur
[43]. Following this theory, a higher CRSS value and its deviation in
both slip systems in pure Zn indicates the critically low dislocation
density or lack of dislocations in the tested micro-pillars. There-
fore, it is believed that the samples with Ag additions initially
had a higher dislocation density than pure Zn, which resulted in
more predictable deformation behavior of the prepared micro-
pillars instead of high-stress, stochastic dislocation nucleation-
based deformation. It is likely, that in the Zn-Ag micro-pillars dis-
locations are generated and multiplied into the slip planes based
on the Frank-Read sources randomly distributed in the micro-
pillars volume. They may facilitate initial slip activation compared
to pure Zn micro-pillars, and further contribute to dislocation den-
sity increase, as they are work-hardened [58]. The stress—strain
curves showing the differences in the mechanical response of pure
Zn and Zn-Ag alloys are presented in Fig. S1 in supplementary
materials. As can be seen, compression of pure Zn micropillars in
basal slip-favored orientation resulted in achieving varied peak
flow stresses ranging from about 40 MPa to 230 MPa. The large
spread of these values is related to a stochastic behavior during
plastic deformation of dislocation-free micro-pillars. It is worth
mentioning that the highest observed yield strength equal to
230 MPa is a significant fraction of the theoretical strength, which
is 10 % of the Young’s modulus typically. Depending on the Zn crys-
tal orientation, Young’s modulus varies from ~ 36 GPa in the

(0001) direction to ~ 126 GPa in the (10 1 0) direction [59]. Based

on the measured effect of Ag content on the deformation curves
and lack in stored deformation, dislocation starvation is the gov-
erning deformation mechanism in 3 pm micro-pillars favorably
oriented for basal slips produced in Zn alloys with Ag additions
up to 0.30 at. %. It means that dislocations vanish from the free sur-
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face faster than they multiply inside the micro-pillars, so higher
stresses are required to nucleate enough dislocations to compen-
sate for their disappearance on the free surface and allow for plas-
tic deformation. At the beginning of deformation, dislocations have
to be generated, which creates high peak stress, however, after-
wards the dislocations easily escape the crystal. This results in a
significant drop in stress and lack of strain hardening [60]. In con-
trast, a slightly higher strengthening effect occurs in the basal slip
system in the Zn-2.21Ag alloy, resulting from forest strengthening
controlled by a lower recovery rate, higher dislocation density, and
higher dislocation source density [43]. Post-deformation SEM
imaging confirmed a lack of hardening in pure Zn demonstrated
by highly localized deformation. Once deformation is activated in
a particular slip plane, it can constantly reoccur in pure Zn due
to dislocation annihilation on a free surface. The absence of a suf-
ficient amount of effective obstacles for dislocation glide leads to
localized slip and consequently induces strain softening. In Zn-
2.21Ag pillars, slip deformation produces a high dislocation density
on the activated slip plane, impeding further deformation through
this plane. This can be related to the interaction between Ag solute
atoms and the initial dislocation structure present in the micro-
pillar and multiplying during deformation.

The increased amount of Ag atoms in the Zn crystal lattice leads
to increased shear strength due to more obstacles hindering the
gliding of the multiplied dislocations. In the case of a prismatic slip,
the CRSSp value remains almost unaffected for pure Zn compared
to the lowest Ag content (0.14 at. %), while a further increase in
Ag content contributes to the prominent increase in CRSSp. It sug-
gests that the stress required for dislocation slip is at a similar level
as for dislocation nucleation. In this case, low dislocation densities
slightly affect the CRSSp in pure Zn. The results presented in Fig. 6b
indicate that solid solution strengthening acts here as a prevailing
source of the strengthening process during deformation [61]. This
is in contrast to the effect of Zn and Al in Mg alloys, which results
in solute softening with increasing solute content in the prismatic
slip system. The role of these solute atoms is explained by facilitat-
ing dislocation cross slipping and improving dislocations’ ability to
form jog-pairs [62,63]. Ag may have an opposite effect in Zn
because Ag atoms are smaller than Zn atoms, while Al and Zn
atoms are bigger than Mg ones. Therefore, it may produce different
strain fields around the solute atoms in the lattice that eventually
interact with the dislocations. In addition, the opposite effect in
Mg-based alloys may come from different c/a ratios of Zn and Mg
and the effect of solute atoms on this lattice parameter: Ag
decreases the c/a ratio in Zn, while Al increases c/a in Mg and Zn
does not affect c/a [19,64].
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Fig. 9. The effect of Ag content on the prismatic to basal slip CRSS ratio in 3 um
micro-pillars.
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The dependence of the CRSSp/CRSSg ratio on the Ag content
does not follow the expected reduction within the investigated
range of Ag concentration (Fig. 9). Instead, two ranges can be dis-
tinguished. In the first one, for Zn-Ag micro-pillars with Ag concen-
trations below 0.5 at. %, the strengthening mechanism was
disrupted by the dislocation starvation effect in the basal slip sys-
tem, while above this concentration, i.e. in the second range, the
strengthening was governed mainly through the solid solution
effect. The decrease in the CRSSp/CRSSg ratio from 7 for Zn-
0.59Ag to 5 for Zn-2.21Ag was recorded. It may indicate that in
Zn-Ag samples not suffering from a critically low dislocation den-
sity, Ag would positively affect the reduction of plastic anisotropy
in the mechanical response of Zn. Nevertheless, this relation
requires more studies, also for other non-basal slip deformation
modes.

5. Conclusions

In this work, the experimental methodology based on in situ
micro-pillar compression was used to assess the size effect in pure
Zn and to characterize the influence of Ag solute content on the
CRSS for the basal and prismatic <a> slip systems at different strain
rates. The main findings of the proposed in situ measurements can
be summarized as follows:

1. Both yield stress and strain hardening depend on the micro-
pillar diameter size within a 3 pm to 9 pm range. Micro-pillar
diameter reduction resulted in a CRSS increase in both slip sys-
tems. The CRSS in the basal slip system changed from 11.3 MPa
to 26.6 MPa for 9 pm and 3 pm pillars, respectively. In the pris-
matic slip system, the size effect was less pronounced, and the
CRSSp changed from 81.8 MPa to 99.1 MPa within the same pil-
lar size range.

2. The measurements performed at strain rates from 10~ s~ to
1072 s7' proved the negligible effect of strain rate on
dislocation-based deformation mechanisms. It demonstrates
the non-dislocation origin of high strain rate sensitivity
observed in polycrystalline Zn alloys.

3. The extraordinarily high CRSSg values in pure Zn and the Zn-
0.14Ag alloy compared to the solid solution strengthening
model is most likely attributed to the critically low dislocation
density in the fabricated micro-pillars. Therefore, deformation
requires the activation of dislocation sources, which lead to
stochastic dislocation creation and subsequent dislocation ava-
lanches. Furthermore, with increasing Ag content, the disloca-
tion density in the prepared micro-pillars increases, causing
dislocation-moderated deformation.

4. Ag atoms are generally more effective in increasing the CRSS for
prismatic slipping than basal slipping. The increase from
26.6 MPa to 37.0 MPa (by ~ 40 %) in the basal slip and from
99.1 MPa to 188.4 MPa (by ~ 104 %) in the prismatic slip for
pure Zn and Zn-2.21Ag, respectively, was observed. The solid
solution strengthening coefficient for basal and prismatic slip
systems was calculated to be 4.5 MPa-(at.%)"'/? and 8.3 MPa-
(at.%)" 12, respectively.

5. The CRSSp/CRSSp ratio in pure Zn crystal decreased with the
decrease in micro-pillar diameter. The effect of Ag solute con-
tent on the variation of Zn plastic anisotropy is ambiguous
and should be considered only for Ag concentrations above
0.5 at %. The overall 28 % decrease in the CRSSp/CRSSg ratio
was observed with the increase in Ag content from 0.59 at. %
to 2.21 at. % in Zn. Micro-pillars with lower Ag concentrations
and low dislocation densities relevant for activating the basal
slip have plastic anisotropy compared to pure Zn.
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