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Abstract
Zn alloys are desirable candidates for biodegradable materials due to their great biocompatibility and sufficient mechanical 
properties. Nevertheless, the most popular strengthening method by grain refinement after cold processing is usually inef-
fective in Zn alloys. Besides highly anisotropic deformation through a dislocation slip, grain boundary sliding (GBS) plays 
an important role in total deformation in fine-grained Zn alloys at room temperature (RT). Herein, Zn–0.5Cu (wt. %) alloy is 
fabricated by RT equal channel angular pressing, and its deformation mechanisms in tension were systematically analyzed at 
strain rates from  10–4  s−1 to  100  s−1. GBS contribution in total deformation was measured using surface markers and atomic 
force microscopy. In addition, dislocation slip activity was evaluated via electron-backscattered diffraction-based slip trace 
analysis. As a result, investigated alloy presents the GBS contribution in a total deformation at RT from 35% at the strain 
rate  100  s−1 to 70% at  10–4  s−1. Simultaneously, the number of slip-deformed grains decreased from 97.5% to 8%. Moreo-
ver, the basal slip system was dominant at all strain rates, while the prismatic and the pyramidal < c + a > slip systems were 
activated at the higher strain rates. The results presented here for the first time clearly show the complexity of deformation 
mechanisms in fine-grained Zn–0.5Cu, at significantly different strain rate conditions.
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1 Introduction

Zinc alloys are a fast-growing material group dedicated to 
biodegradable implant applications. Recent scientific efforts 
focus primarily on the corrosion [1] and biological prop-
erties [2] of newly developed Zn alloys. Nevertheless, the 
mechanical behavior of Zn alloys remains not fully explored. 

Numerous studies show the effect of mechanical processing 
on Zn alloys’ strength and ductility. Most of them present an 
increase in ductility with a decrease in processing tempera-
ture and, therefore, a reduction in grain size. This phenom-
enon is common in Zn alloys and is revealed for different 
alloy-specific grain sizes. In Zn–3Ag–0.5 Mg alloy, grain 
size reduction from 1.8 µm to 1.2 µm increased ductility 
from ~ 50% to 120% [3]; while in Zn–0.4Mn–0.8Li alloy, 
ductility changes from ~ 38% to ~ 78% with average grain 
size reduction from 7.2 µm to 2.0 µm [4]. Excessive grain 
refinement, one of the most popular strengthening meth-
ods in metallic materials, may be ineffective in Zn alloys 
because it activates, not defined indisputably yet, mecha-
nisms responsible for ductility increase in the expense of 
strength. Generally, grain boundary sliding (GBS) [5] and 
dynamic recrystallization (DRX) [6] are considered grain 
refinement softening driving forces.

GBS is one of the potential deformation mechanisms 
causing the grain refinement strengthening to become 
ineffective. Room-temperature (RT) GBS in Zn alloys 
has been intensively investigated for the Zn–Al system 
[7]. Nevertheless, only a few studies focused on the other 
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biocompatible chemical compositions. Usually, a remarka-
ble effect of GBS occurs in fine-grained Zn alloys with Cu 
or Ag additions, where the elongation to failure exceeds 
400% at RT, e.g., 460% in Zn–1Cu [8], 510% in Zn–0.5Cu 
[5], and 660% in Zn–0.8Ag [9]. For example, superplastic 
flow in the cold-rolled fine-grained Zn–1Cu alloy was pri-
marily attributed to a Zn/ZnCu4 phase boundary sliding; 
however, no additional GBS analyses were provided in this 
field [8]. In Zn–4Ag–0.6Mn alloy, with a grain size below 
1.2 μm, the dominant deformation mechanism changes 
from dislocation slip to phase boundary sliding  type of 
GBS [10]. More complex deformation studies were made 
on Zn–Li alloys, where GBS tends to be an important com-
ponent of observed creep behavior [11].

The GBS phenomenon has been widely investigated for 
fine-grained materials at high-temperature. Assuming GBS 
as a creep deformation mechanism, it could be described 
through a general power-law relationship:

where A is a dimensionless constant, D is the diffusion coef-
ficient, G is the shear modulus, b is the Burgers vector, k is 
the Boltzmann’s constant, T is the absolute temperature, d 
is the grain size, σ is the applied stress, p is the grain size 
exponent, and m is the stress rate sensitivity parameter (m 
≈ 0.5 for GBS) [12]. Considering phenomena occurring in 
Zn alloys, temperature, grain refinement, and strain rate are 
key factors that affect the main deformation mechanisms. 
Therefore, it can be easily investigated under constant two 
of the three mentioned variables.

Besides a high contribution of GBS in total deformation 
in Zn alloys, slip systems activity remains an important 
factor determining mechanical properties and deforma-
tion behavior in all metallic materials. Zn crystallizes in 
a hexagonal close-packed (HCP) highly anisotropic struc-
ture with a c/a ratio equal to 1.856 [13]. It significantly 
affects the stress required to activate available dislocation 
deformation modes in Zn. The ratio between basal < a > , 
prismatic < a > , pyramidal < c + a > , and twinning sys-
tems is determined as: 1:15:10:30, respectively [14]. The 
basal slip system is expected to dominate in the deforma-
tion of Zn and its alloys. However, the presented ratio 
is valid for hot-processed coarse-grained Zn, while grain 
refinement significantly changes the deformation behavior. 
Grain refinement below a critical value in Zn suppresses 
twinning and changes the dominant deformation mode 
from twinning to dislocation slip. This phenomenon was 
observed in Zn and its alloys with grains size below a few 
µm [5] and precisely described for Mg [15]. Thus, twin-
ning is not expected to occur in fine-grained Zn alloys.

(1)�̇� =
ADGb

kT

(

b

d

)p(
𝜎

G

)1∕m

,

The precise evaluation of dislocation slip activity is chal-
lenging not only in Zn but in any material. Usually, numeri-
cal crystal plasticity models are utilized to calculate the rela-
tive contribution of each slip system [16, 17]. Unfortunately, 
for Zn alloys, GBS is not considered in these models; thus, 
the results may be accurate for coarse-grained Zn alloys but 
not fine-grained ones. An electron-backscattered diffraction-
based (EBSD) slip trace analysis is one of the imaging-based 
methods used to directly measure the relative activity of par-
ticular slip systems in a deformed sample. This method was 
successfully applied to HCP metals, e.g., Ti [18] and Mg 
alloys [19], making it suitable for Zn alloys. Additionally, 
slip trace analysis allows measuring dislocation slip defor-
mation effects at any chosen deformation point using both 
in- and ex situ deformation methods.

The present article describes, for the first time, the activ-
ity of GBS and particular slip systems in the fine-grained 
Zn–0.5Cu (wt.%) alloy. The investigation was undertaken 
with two main objectives. First, to measure the GBS con-
tribution in the total deformation at a wide range of strain 
rates. Second, to determine the effect of strain rate on slip 
systems activity during tension. Additionally, the present 
work utilizes a slip trace analysis to investigate deformation 
in the Zn–0.5Cu alloy, which has never been done so far for 
Zn alloys.

2  Materials and methods

The material used for the research was Zn–0.5Cu (wt.%) 
alloy processed by RT equal channel angular pressing 
(ECAP) to obtain fine-grained, equiaxed, fully recrystal-
lized microstructure [20]. The alloy was prepared by induc-
tion melting at 650 °C, casting into a steel mold, and sub-
sequently annealing at 400 °C for 4 h, followed by water 
quenching. ECAP process was performed four times at RT 
using route  BC (rotation by 90° after each pass) through a 
square cross-section channel with an angle equal to 90°. 
Additionally, molybdenum disulfide lubricant was used to 
reduce friction between sample and channel. Flat dog-bone 
double-narrowed samples with a gauge length of 3 mm and 
cross-section of 2 × 1.5 mm [21] for mechanical and micro-
structural studies were cut using a wire-EDM machine (Mit-
subishi FA10S) along the ECAP extrusion direction. The 
channel geometry and sample orientation are presented in 
Fig. 1. Specific sample geometry reduces the deformation 
area, simplifying SEM observation. Then, samples were 
carefully ground, polished with water-free suspensions, and 
 Ar+ ion-polished (Hitachi IM4000 ion milling system) to 
remove the deformed layer. Further, a shallow grid with 5 
µm spacing and tensile markers was etched on the investi-
gated surface using a focused ion beam (FIB) installed in an 
FEI Quanta 3D 200i scanning electron microscope (SEM). 
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Tensile tests interrupted at ~ 25%, and ~ 50% of elongation 
were performed at RT, at strain rates from  10–4  s−1 to  100  s−1 
using a 5 kN Kammrath & Weiss in situ tensile stage in 
an FEI Versa 3D SEM. Absolute deformation values were 
calculated post-mortem based on the relative displacement 
of FIB markers on the gauge section. Atomic force micro-
scope (AFM) topography images were obtained with Bruker 
Dimension Icon XR microscope working in the air in the 
PeakForce Tapping mode using standard silicon cantilevers 
of the nominal spring constant of 0.4 N/m and triangular 
geometry tip with a nominal tip radius of 2 nm. Additionally, 
EBSD scans were performed at 20 kV with a 60 nm step size 
using an Oxford Symmetry S2 EBSD detector installed in 
FEI Versa 3D SEM.

Grain boundary sliding contribution ξ in the total defor-
mation was determined directly from the following relation-
ship [7]:

where � is an empiric factor equal to 1 for u meas-
urements, otherwise 1.5, u, v, and w are mean values of 

(2)� =
�GBS

�
,

(3)�GBS = �

−

(u, v,w)

L
,

measured grain boundary displacement as presented in 
Fig. 2a, while L is an arithmetic mean grain size  (GS0) 
obtained from the EBSD analysis. Preliminary analyses of u 
and w displacements were performed at strain rates  10–2  s−1 
and  10–4  s−1 using surface markers (Fig. 2b). Nevertheless, 
relatively low precision of measurements compared to the 
grain size and low statistics disallow correct determination 
of ξ. Therefore, the major part of the investigation utilizes a 

Fig. 1  Schematic representation of ECAP process and testing samples 
orientation

Fig. 2  a Schematic representation of grain boundary sliding, an 
example of b in-plane measurements of grain boundary displace-
ment using SEM imaging of surface markers ( �̇� = 10

−2
s
−1 ), c out-

of-plane measurements of grain boundary displacement using ex situ 
AFM-based measurements ( �̇� = 10

−4
s
−1 ), d the profile of single grain 

boundary displacement marked in image (c)
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measurement of out-of-plane grain boundary v displacement 
by AFM mapping (Fig. 2c, d).

Figure 3 presents an example of slip trace analysis of 
samples deformed at strain rates equal  10–4  s−1 (Fig. 3a–c), 
and  10–1   s−1 (Fig.  3d–f) performed in {0001}<1120> 
basal, {1010}<1120> prismatic, and {1122}<1123> 
<c + a > pyramidal slip systems based on the EBSD meas-
urements using MTEX Toolbox in MATLAB [22, 23]. The 
twinning activity has not been analyzed because it was not 
observed in Zn–0.5Cu alloy with a grain size of ~ 2.0 µm in 
wide strain rates [5]. Furthermore, during EBSD analysis, 
twins were not detected. The multi-step EBSD data analysis 
consisted of grain reconstruction and identification, aver-
age grain orientation calculation, and determination of slip 
trace with the highest Schmid factor in each considered slip 
system family for every identified grain. In the final step, 
maps of geometrically favored slip traces were plotted and 
superimposed on high-resolution SEM images to compare 
the calculated and detected slip traces.

3  Results

Figure 4 presents the microstructure at 25% tensile elon-
gation at a wide range of strain rates. Samples strained at 
 100  s−1 were not tested up to 50% due to visible cracks. All 

grains are severely deformed at the highest strain rate, and 
few intra-granular cracks occur. At strain rates in the range 
 100 ÷  10–2   s−1 (Fig. 4a–c), sharp slip traces can be seen; 
however, the grain boundary sliding also occurs. Decreas-
ing strain rate increases the minimal size of grains deformed 
through slip, which implies an increasing grain boundary 
sliding activity at the expense of slip deformation. There-
fore, only the biggest grains reveal evident slip traces at a 
strain rate equal to or lower than  10–3  s−1 (Fig. 4d,e). Besides 
the surface topography analysis, the average grain size was 
calculated for each investigated sample and presented in 
Fig. 4.

The observed microstructure corresponds well with the 
tensile curves (Fig. 5a) measured during the tensile deforma-
tion. Curves registered at the two highest strain rates present 
significant strain softening. Additionally, the shallow second 
stress peak at the strain rate  100  s−1 most probably results 
from the occurrence of continuous dynamic recrystalliza-
tion. Straining at a strain rate equal to or lower than  10–2  s−1 
does not cause visible strain softening up to 50%. Applied 
different strain rates result in changes in deformation curves 
which reflect on flow stress values variations presented in 
Fig. 5b. The high-stress deformation at higher strain rates is 
realized through dislocation slip with low strain rate sensi-
tivity parameter m = 0.04, while the reduction in the strain 
rate reduces flow stress and increases strain rate sensitivity 

Fig. 3  EBSD-based slip trace analysis in a,d basal < a > , b,e) prismatic < a > , and c,f pyramidal < c + a > slip systems after the deformation to 
25% at the strain rate of a–c  10–4  s−1, d–f  10–1  s−1
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to m = 0.32. This implies a high contribution of GBS in 
total deformation and low dislocation slip activity at low 
strain rates. The measured strain rate sensitivity parameter 
m agrees with previously reported values [5, 20].

The deformation modes activity in fine-grained Zn–0.5Cu 
alloys has been investigated in two steps. First, the meas-
urements of GBS contribution ξ to total deformation, and 
second, slip trace analysis of three possible slip systems. 
SEM images and AFM maps collected for GBS analysis are 
presented in Figs. 6 and 7, respectively, while Fig. 8a pre-
sents the summary of quantitative ξ results in a wide range 
of strain rates. The direct comparison of GBS determination 
methods shows significant discrepancies between in-plane 
u and w marker-based measurements. ξ values calculated 
for GB displacement u parallel to the tensile direction are 
20% higher than values obtained for perpendicular in-plane 
displacement w. The additional amount of GBS may result 
from the dislocation-based (either slip or creep) deformation 
of grains between two marker parts visible in Fig. 2b. Much 
better agreement in ξ is observed between out-of-plane v 
and in-plane w measurements. Furthermore, the AFM-based 
measurements of ξ at 25% and 50% of elongation present 
the same tendency regardless of applied strain, implying 
steady deformation behavior at a wide range of strains. GBS 
is responsible for 70% of total deformation at strain rate 
 10–4  s−1. Surprisingly, an increase in strain rate does not 

Fig. 4  SEM surface images after the deformation to 25% at strain 
rate: a  100  s−1, b  10–1  s−1, c  10–2  s−1, d  10–3  s−1, e  10–4 s.−1

Fig. 5  a Tensile engineering stress–strain curves corresponding to the 
investigated Zn-0.5Cu alloy at various initial strain rates, b variation 
of flow stress at 7.5% with strain rate at RT
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reduce ξ continuously. It stabilizes at 45% for intermediate 
strain rate values and decreases to ~ 40% at  10–1  s−1. Even at 
the highest strain rate equal  100  s−1, GBS plays a meaningful 
role in a total deformation causing approx. 35% of the total 
deformation of samples strained to 25%.

Since GBS contributes to only a part of the total defor-
mation, the dislocation slip has to be analyzed to obtain 
comprehensive information on deformation behavior in the 
fine-grained Zn–0.5Cu alloy. Figure 9 presents EBSD maps 
used for slip trace analysis after the deformation to 30%. 
EBSD measurements were not possible for higher defor-
mation due to significant relief and its shading. Figure 8b 
presents the fraction of grains identified as deformed in 
a particular slip system or undeformed to a total number 
of grains after the deformation to 25%. An analysis for a 
higher deformation was impossible due to a significant sur-
face relief. Initially, all grains identified as undeformed were 
counted and removed from further analysis. A fraction of 
deformed grains strongly depends on an applied strain rate; 
however, the measured tendency is linear in contrast to the 
double sigmoidal-like GBS activity curve. More than 97.5% 
of grains are deformed at the strain rate  100  s−1, while at 
the lowest strain rate  10–4  s−1, only 8% of grain exhibits 
visible slip traces. It is essential to mention that presented 
herein and after values relate to the total number of observed 
grains, not to a strain accommodated by a particular slip sys-
tem. In Fig. 8b, a remarkable effect of strain rate on detected 
basal slip traces can be seen. Tension at the lowest strain 
rate induces deformation in the basal slip system only in a 
few biggest grains. An increase in strain rate significantly 
increases the grain fraction with visible basal slip traces 

up to ~ 82%. Investigation of prismatic and pyramidal slip 
systems turned out to be much more challenging. Besides 
the highest strain rate, the number of grains identified as 
deformed through prismatic or pyramidal slip systems was 
low, and its value oscillates at about 3%. At the highest strain 
rate, the activity of both mentioned above non-basal slip 
systems raised to approx. 7%. Nevertheless, non-basal slip 
systems activity analysis may give underestimated values 
due to its shallow slip traces and a prevailing effect of basal 
slip, weakening traces of other slip systems.

4  Discussion

The estimation of GBS contribution in total deformation is 
usually performed using various methodologies. ξ in coarse-
grained materials deformed at an elevated temperature is 
commonly quantified based on the displacement of intrin-
sic or extrinsic markers. Errors in markers preparation and 
displacement measurements are relatively low compared to 
the grain size; thus, the relative error is acceptable. In fine-
grained materials, the situation becomes more challenging. 
As presented here, the thickness of the FIB-marked grid to 
relative grains displacement ratio is quite high, while the 
resolution of imaging could not be enhanced significantly. 
Additionally, visible slip traces indicate the multicomponent 
phenomena of markers movement. Thus, significant differ-
ences between results obtained in in-plane longitudinal u and 
transversal w directions occurred in this study, indicating the 
need to discard one of these methods. In addition, out-of-
plane displacement v measurement allows us to investigate ξ 

Fig. 6  SEM images of deformed 
GBS markers at strain rates 
equal  10–2  s−1 and  10–4  s−1. 
Vertical and horizontal lines 
were utilized to measure u and 
w displacements, respectively. 
(Measurements were taken 
from the higher magnification 
images)
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Fig. 7  AFM maps of deformed Zn-0.5Cu samples at strain rate from  10–4  s−1 to  100  s−1. Height Sensor maps represent true height changes on 
the surface, while Peak Force Error maps present changes in the probe-taping parameters illustrating local changes on the surface
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even in challenging fine-grained materials. Often used AFM 
detects even the most minor vertical displacement v, signifi-
cantly enhancing measurement precision and omitting the 
slip trace effects. Summarizing, the results presented here 
show a better agreement between measurements in the w 
and v directions and considerably overestimated values in 
the u direction (due to slip). It correlates well with the com-
prehensive early research, which recommends both w and v 
directions in ξ analysis [24].

A high contribution of GBS in fine-grained single-phase 
Zn–0.5Cu alloy was presumed based on high-strain rate sen-
sitivity parameter m = 0.31 and elongation to failure above 
400% [25]. The results presented here indicate a high ξ in 
Zn–0.5Cu alloy at a wide range of strain rates. The ξ value of 
70% obtained in this research agrees with the results of other 
superplastic materials tested in GBS-dominant conditions [7, 
26]. The missing 30% of strain is concealed in dislocation 
accommodation. Even at intermediate strain rates, a high ξ 
indicates a superplastic flow-dominant deformation in the 
investigated alloy with an increasing effect of dislocation 
slip while the strain rate increases. Many studies reported 
in the literature try to explain the high elongation and strain 
rate sensitivity in various fine-grained Zn alloys. GBS is 

assumed as the key factor affecting mechanical properties in 
ultrafine-grained materials [5], while slip-induced dynamic 
recrystallization is supposed to dominate in Zn alloys with 
coarse and slightly refined microstructure, e.g., in Zn–Cu 
alloys [6], Zn–0.2 Mg alloy [27], and Zn–3Ag–0.5 Mg alloy 
[28]. Such a strict division stands in contrast with the results 
presented here, where both slip and GBS coincide in the 
fine-grained Zn alloy at a wide range of strain rates. Moreo-
ver, a limited GBS activity during indentation measurements 
was observed in huge-grained pure Zn, confirming its pres-
ence even in coarse-grained microstructure [29]. Zn and its 
alloys exhibit GBS at RT, which equals 0.43 of its abso-
lute melting temperature. Thus, it could be assumed as an 
ambient-temperature creep mechanism. Nevertheless, creep 
tests performed on pure Zn with various grain sizes revealed 
the activation energy of GBS at the value of only one-sixth 
of the grain boundary diffusion. Therefore, GBS could be 
activated by short atomic rearrangement, e.g., absorption 
of piled-up dislocations by grain boundaries named slip-
induced GBS [30].

Deformation through dislocation slip is an important 
mechanism in Zn alloys, even when the GBS plays a sig-
nificant role. However, the relative activity of individual 
slip systems has never been investigated by slip trace analy-
sis in Zn and its alloys. Observed here low activity of the 
non-basal slip system stands in contrast to the reported 30% 
contribution of pyramidal < c + a > slip to the total deforma-
tion of pure Zn with a grain size of 15 μm [16]. However, 
this may be explained by phenomena observed in magne-
sium. The grain refinement from 36 μm to 5 μm in pure Mg 
significantly enhances basal slip activity at the expense of 
non-basal deformation [19]. Furthermore, solid solution in 
Mg alloys reduces the non-basal slip systems activity, which 
operates mainly as a deformation accommodation mecha-
nism regardless of grain size [31]. Similar effects may occur 
in the investigated here Zn–0.5Cu alloy with a grain size 
at least five times smaller than reported for pure Zn [16]. 
Additionally, the low activity of the non-basal slip systems 
may result from the enhanced degree of freedom for the 
movement of surface grains, which abolishes von Misses 
criterion for five independent shear systems omitting the 
need for activation of high-stress slip systems [32].

The direct effect of strain rate on the slip systems activ-
ity results from the GBS activity at various strain rates rather 
than slip activity itself. According to Eq. 1, lowering the strain 
rate decreases the stress required for GBS occurrence, lead-
ing to the situation when GBS is activated much easier than 
dislocation slip. Also, grain refinement plays an essential role 
in the activity of particular deformation modes. According 
to the well-known Hall–Petch relationship, grain refinement 
strengthens polycrystalline materials [33]. Following that, a 
reduction in grain size simultaneously reduces GBS flow stress 
(power-law) and strengthens grains (Hall–Petch), ultimately 

Fig. 8  The effect of strain rate on a GBS activity measured in three 
perpendicular directions, b a fraction of grains with an identified spe-
cific slip trace after the deformation to 25%
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leading to the activation of GBS at the expense of high-stress 
slip systems.

Moreover, among possible slip systems in Zn, the basal slip 
system is activated relatively easily, while the others require 
significantly higher stress [34]. As already mentioned, the 
ratio between shear stress in basal, prismatic, and pyrami-
dal < c + a > slip systems is usually presented as 1:15:10 [14]. 
Thus, high plastic anisotropy and GBS are responsible for the 
observed slip activity changes. As the easiest-to-activate slip 
system, the basal slip system realizes most of the deformation 
at high-strain rates, while the prismatic and pyramidal slip sys-
tems were activated mostly to accommodate the plastic flow, 
governed by the basal slip system. At the lower strain rates, 
GBS shear stress drops below the non-basal slip systems' shear 
stress; therefore, GBS substitutes the non-basal slip systems 
as a mechanism allowing uniform deformation by only the 
basal slip system. Finally, GBS freely realizes a deformation 
at the lowest strain rate, and the basal slip system operates as 
a GBS-induced accommodation mechanism.

5  Conclusions

The first combined investigation of GBS and slip systems 
activity in Zn alloys revealed the significant effect of strain 
rate on both deformation mechanisms in fine-grained 

Zn–0.5Cu alloy. The results presented here for the first 
time clearly show the complexity of deformation mecha-
nisms in fine-grained Zn–0.5Cu, at radically different 
strain rate conditions.

• GBS contribution in total deformation ξ changes 
from 35% at the strain rate  100  s−1 to 70% at the strain 
rate  10–4  s−1

, during tension up to 25% and 50%. The 
changes reflect the power-law relationship of superplas-
tic behavior and indicate GBS-controlled deformation 
in the investigated alloy.

• A fraction of grains identified as deformed by slip 
decreases from 97.5% to 8% for samples strained up 
to 25% with the reduction in strain rate from  100  s−1 to 
 10–4  s−1. Basal slip system activity plays a significant 
part in total dislocation slip deformation. However, 
rate-controlled basal slip activity suggests its second-
ary role in the deformation behavior of fine-grained 
Zn–0.5Cu alloy.

• Only approx. 3% and 7% of grains deformed through 
non-basal slip systems at strain rates below  10–1  s−1 and 
at  100  s−1, respectively. Low activity of non-basal slip 
systems indicates a higher grain refinement strengthen-
ing effect on these slip systems than on basal slip.

Fig. 9  EBSD maps of a undeformed Zn–0.5Cu alloy after ECAP, b–f deformed to 25% samples at different strain rates
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