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The effects of grain size on the tensile and compressive strain hardening behaviors for extruded ZK61 alloys
have been investigated by uniaxial tensile and compressive tests along the extrusion directions. Cylindrical
tension and compression specimens of extruded ZK61 alloys with various sized grain were fabricated by
annealing treatments. Tensile and compressive tests at ambient temperature were conducted at a strain rate
of 0.5 x 1073 s™'. The results indicate that both tensile strain hardening and compressive strain hardening
of ZK61 alloys with different grain sizes have an athermal regime of dislocation accumulation in early
deformation. The threshold stress value caused dynamic recovery is predominantly related to grain size in
tensile strain hardening, but the threshold stress values for different grain sizes are almost identical in
compressive strain hardening. There are obvious transition points on the tensile strain hardening curves
which indicate the occurrence of dynamic recrystallization (DRX). The tensile strain hardening rate of the
coarse-grained alloy obviously decreases faster than that of fine-grained alloys before DRX and the tensile
strain hardening curves of different grain sizes basically tend to parallel after DRX. The compressive strain
hardening rate of the fine-grained alloy obviously increases faster than that of coarse-grained alloy for twin-
induced strain hardening, but compressive strain hardening curves also tend to parallel after twinning is
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1. Introduction

Magnesium alloys are possibly the lightest metals among
the most commonly used metals, as well as with excellent
physical properties including highly specific strength, high
stiffness, and low density (Ref 1-3). Because of these attractive
features, magnesium alloys have received considerable atten-
tion in applications ranging from automotive, aircraft, aero-
space to automobile and computer, communication (3C)
industries. However, the inherently poor formability of mag-
nesium alloys at room temperatures, due to the limited number
of slip systems in its hexagonal close packed (hcp) crystal
structures, is a major obstacle for broadening the application
fields of wrought Mg alloy products (Ref 4). In recent years,
grain refinement is one of most well-known approaches to
significantly strengthen the materials guided by the Hall-Petch
relationship (Ref 5): aos = 69 = kd~'/?> (where a( is the
frictional stress and k is the positive slope). Fine-grained
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microstructures have been proven to be favorable to strengthen
magnesium alloys with better ductility by various severe plastic
deformation (SPD) techniques, such as friction-stir processing
(FSP) (Ref 6) and accumulative rolling bonding (ARB) (Ref 7).
Unfortunately, although most of these SPD methods can be
successfully applied to the magnesium alloys to obtain
ultrafine-grained microstructures, the strong textures similar
to those of the extruded-fiber and the rolled-plate would be
introduced, resulting in significantly tension/compression
asymmetry. The tension/compression asymmetry will restrict
the application of magnesium alloys in those areas where the
alloys are subjective to tension and compression simultane-
ously, especially for beams.

Although many efforts have been devoted to the investiga-
tion of yield behaviors, how to effectively improve the
tension/compression yield asymmetry of Mg alloys by refining
grains has not yet been fully resolved in recent years. The
current study is designated to investigate the effects of the grain
size on the tension and compression deformation mechanism
and the tension/compression asymmetry in hot-extruded ZK61
alloys at room temperature. By studying the slope evolution of
the strain hardening curves of the magnesium alloy rods with
different sized grains in tension and compression, we try to
reveal the primary causes of the tension/compression asymme-

try.

2. Materials and Experimental Procedures

Extruded rods (with a diameter of ~ 36 mm) of a commer-
cial grade ZK61 alloy (with a chemical composition of Mg-
6.63wt.%Zn-0.56wt.%Zr) were used for this study. Specimens
with a length of 70 mm were machined out of the extruded rod
and then were annealed at 400 °C for 0.5, 2, 8, 24 and 48 h,
respectively. The thermally treated specimens were sectioned
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through the center parallel to the ED, polished and etched with
an acetic parcel solution (10 ml acetic acid, 2 g picric acid,
70 ml ethanol, 10 ml water) for metallographic. Metallo-
graphic observation of the specimens was performed on an
OLYMPUS GX71 optical microscopy (OM), and a linear
intercept method was used to evaluate the grain size.
Longitudinal sections at the same position in the specimens
were prepared for x-ray diffraction (XRD) and electron
backscattered diffraction (EBSD) measurements. XRD was
performed on a D/Max-1200x diffractometry using Cu Ko
radiation operated at 30 kV and 100 mA to compare the
crystallographic orientation before and after the thermal
treatment. EBSD was performed on a JEOL 733 electron
probe equipped with TSL OIM analysis system to identify the
textures of the extruded rods.

Mechanical properties of the annealed rods were examined
by tension and compression at room temperature at a constant
speed equal to an initial strain rate of 0.5 x 103 s™'. The
dimension of the specimens for tension was 6 mm in diameter
and 15 mm in gauge length, while that for compression was
8 mm in diameter and 12 mm in length. The tension specimen
and compression specimen were extracted from the annealed
rods along the ED, as shown in Fig. 1.

3. Results and Discussion

Figure 2 displays the microstructural characteristics of the
hot-extruded ZK61 alloy rods revealed by EBSD in the ED-TD
(transverse direction) plane with the normal direction (ND)
corresponding to the crystal reference system. The initial
material contained recrystallization structures with an average
grain size of 7.2 um and exhibited intense extruded-fiber
texture with {0002} basal plane parallel to the ED. The
majority of the grain boundaries in the microstructures are high-
angle grain boundaries (HAGs) with misorientation angles
larger than 15°. A few {10-12} < — 1011 > tension twins are
also observed, leading to a local peak at about 86° in the
misorientation distribution map. The true strain—stress curves in
Fig. 3(a) display two conspicuous curve shapes: a power-law
curve in tension and a concave-down shape in compression,
indicating the existence of obvious tension/compression asym-
metry along the ED. It is clear that the ratio of the yield strength
in tension to the yield strength in compression, commonly
denoted as TYS/CYS, was about 1.4. The previous literatures

Tension specimen

Compression specimen

OM cut position

-
Extrusion direction

Fig. 1 Machining scheme of tension and compression specimens
along the extrusion direction
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indicate that the {10-12} twinning is not favored in tension but
preferred in compression along the extrusion axis (Ref 8, 9).
Thus, the yield asymmetry can be attributed to the prevalence
of {10-12} twinning. To better represent the mechanical
behavior, in-depth investigations on the strain hardening curves
using 6 — (¢ — g¢2) plot are shown in Fig. 3(b), where o, ¢ and
0 = do/de refer to stress, strain and strain hardening rate,
respectively. A regime with a negative slope K associated with
the dynamic recovery was exhibited in tension, suggesting a
continuous decrease in strain hardening rate (d0/do < 0). This
means that the slip-dominated deformation dominated the most
part of strain hardening in tension. The compression curve
showed an increase in strain hardening rate at the early stage of
deformation (df/do>0, denoted as K,,), owning to the
progressive reorientation of {10-12} tension twinning by 86°,
with a steeper decrease after reaching a local maximum (point
C, where twinning is exhausted) (Ref 8). This means that the
slip-dominated deformation restarts to strain hardening in
compression after twinning reaches saturation.

Figure 4 displays the optical microstructures obtained from
longitudinal cuts in the center of the annealed ZK61 alloy rods.
The grain sizes measured by a line intercept method are listed
in Table 1. Figure 4(a) shows the as-extruded microstructure
consists of a large amount of DRX grains with an average grain
size of 7.2 um. There are obvious grain flows along the ED.
Numerous small recrystallization grains about 2 pm in size
distribute mainly along the grain flows in the microstructures.
There are very rare nucleation taking place in the ZK61 rods
during subsequent isothermal annealing treatment; instead, the
grains grow or merge to form large grains. Owing to the higher
grain boundary energy in fine grain zones than in coarse grain
zones, it can be seen from Fig. 4(b-f) that mobility of the grain
boundary between small grains distributed along grain flows is
higher than that of the other grains in the rods during the
annealing process. Most of these fine grains merge into the strip
grains at first, and then, the strip grains decompose into some
small grains by static recrystallization processes. These small
grains continue to grow up with the annealing time to achieve a
homogeneous grain size distribution in the ZK61 rods after
48 h. The average grain size in the ZK61 alloy rods increases
from 8.5 to 28.9 um as the annealing time prolonged from 0.5
to 48 h.

To give insight into the texture evolution in the ZK61 alloy
rods during the subsequent isothermal annealing treatments, the
x-ray diffraction (XRD) characterization is employed. Figure 5
displays the XRD scans from the longitudinal sections at the
same position of the as-extruded rod and the annealed rods at
400 °C for different times. The intensity of the (0002) peak
(denoted as I(1010)/Z(0002) Tatio) does not show observable
change after annealing treatments, suggesting no evident
change in orientations (Ref 10). Figure 6 shows {0002}, {10-
10} and {11-20} pole figures of as-extruded rod and annealed
rod at 400 °C for 48 h. The pole figures further confirm that the
textures of the ZK61 alloy rods still remain an extruded-fiber
texture with the basal planes parallel to the ED after annealing
and only the density slightly decreases. This kind of texture
hardly allows the existence of any twinning under tensile
loading but of maximum twinning under compressive loading,
which leads to tension/compression yield asymmetry of
extruded ZK61 alloy rods (Ref 11, 12). After comparing the
XRD scans of the as-extruded ZK61 alloy rod with that of the
annealed ZK61 alloy rods carefully, it can be found that the as-
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Fig. 3 Room-temperature mechanical behaviors for hot-extruded ZK61 alloy rods

(b) strain hardening curve using 6 — (¢ — 0y) plot

extruded ZK61 alloy rod contains a great number of precip-
itation phases of Mg-Zn compared to the annealed ZK61 alloy
rods. These precipitated phases could affect the deformation
mechanism and the mechanical properties of ZK61 alloy rods
to some extent (Ref 13). However, here, we mainly focus on the
effects of grain size on the deformation mechanism and the
tension/compression yield asymmetry in extruded ZK61 alloys
at room temperature, without considering the precipitated
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phases. Thus, we will not consider the as-extruded ZK61 alloy
rod with a great number of precipitated phases of Mg-Zn in the
following content.

The tension/compression asymmetry of the ZK61 alloy rods
with different grain sizes could be clearly illustrated in the true
stress—strain curves in tension and compression, as shown in
Fig. 7. The date for the yield strength, the fracture strength and
TYS/CYS in tension and compression are summarized in
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Fig. 4 Optical microstructures of the ZK61 alloy rods: (a) as-extruded and annealing-treated at 400 °C for (b) 0.5 h, (c) 2 h, (d) 8 h, (e) 24 h,

(48 h

Table 1 Grain sizes dependence on annealing time

Annealing time, h 0 0.5
Grain size, pm 72403 8.5+0.2

92£03

8 24 48
148404 22.84+0.6 28.940.2

Table 2. With the grain refining, the yield strength (0.2% in
proof stress) increased monotonically in both tension and
compression. The true strain—stress curves for different grain
sizes in tension were still following power-law curves and the
true strain—stress curves in compression remained concave-
down shapes. These experimental phenomena indicate that the
original deformation mechanism does not change in tension and
compression with the grain coarsening during the annealing
treatment. Strain hardening behavior is one of the important
characteristic in the cold plastic deformation process of material
at room temperature (Ref 14). Shown in Fig. 8, which are
derived from Fig. 7, are the tensile and compressive strain
hardening curves of ZK61 alloy with different grain sizes at
room temperature. Figure 8(a) shows do/de decrease sharply at
lower net flow stress levels after tension yielding, but da/de
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decrease slowly at higher net flow stress levels. There are
obvious transition points on the tensile strain hardening curves
between two stages. The linear stages of the tensile hardening
curve at lower net flow stress levels and at higher net flow stress
levels are noted as stage Il and stage IV, respectively. The
variation of strain hardening rate in the plastic deformation
process of material is governed by a competition between
hardening process and softening process. The strain hardening
rate accounting for the recovery effects can be written as by as
follows (Ref 15):

(6 —002)® = (6 —002) [@h - 0Or (a, é,'T)]

where © is do/de; ¢ is the strain rate; 7 is the temperature;
©y, is the athermal component of the strain hardening rate;

Journal of Materials Engineering and Performance



60000
. ] [ B (f) 48h
50000 0002)
(10-10)
A l A A | | I (€) 24h
40000 4
(10-11)
2 1/ d) 8h
£ : e @
=]
S 30000
N
z
wn
8
2
j=
— L l L l | l A © 2h
20000 4
b) 0.5h
L 1 L S ®
A
100004 v Mgzn
A a-Mg
A
A lL & (a) as-extruded
A -extru
0 v W \ | T
T T T T T T T T

10'20'30'40l510'60 70 80l90
26/°
Fig. 5 XRD scans from the longitudinal planes of: (a) as-extruded

rod, (b)-(f) annealing-treated rods at 400 °C for 0.5, 2, 8, 24 and
48 h, respectively

and Ot accounts for any softening effects due to dislocation
annihilation by dynamic recovery as the temperature and/or
the applied stress increases. In order to further investigate the
evolution of the strain hardening rate depending on the net
flow stress, we derived a plot of strain hardening rate ® (¢ —
09) versus net flow stress (6 — () from the strain harden-
ing curves. Since we studied the strain hardening behavior of
ZK61 alloys at room temperature and the same strain rate, we
only considered the effect of stress on the softening of ZK61
alloy. Figure 8(c) shows the ® (6 — g(,) curves of ZK61 al-
loy with different grain sizes in tension. It can be seen that
the initial tensile strain hardening curves of ZK61 alloy with
different grain sizes can be fitted by straight lines passing
through the origin, which are similar to those observed for
FFC polycrystals (Ref 16). The slope ©®,, of these straight
lines is almost same, but the extent of the linear region in the
tensile strain hardening curves is depended on the grain sizes.
A less extended linear hardening region ®, is visible for the
larger grain. The related net flow stresses to the maximum
values on the related ® (0 —agy,) curves are 38.9, 23.5 and
18.0 MPa for ZK61 alloy with grain sizes of 8.5, 14.8 and
28.9 um, respectively. These results indicate that there is an
athermal regime of dislocation accumulation before the soft-
ening for ZK61 alloy, and an earlier onset of dynamic recov-
ery occurs for the larger grain. This is because grain
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boundaries in the ZK61 alloy with fine gains are obviously
higher than those in the ZK61 alloy with large gains, and
much higher activation energy is required for the plastic flow
due to very stronger barriers to dislocation in the ZK61 alloy
with fine gains. After dynamic recovery occurs, the ® (g —
00,) tensile curves begin to decrease significantly and the
corresponding tensile hardening curves segment exhibits a
straight downward linear segment in Fig. 8(a). The slope K
of these straight lines gradually increase with grain refine-
ment, which indicates that ZK61 alloy with fine grains is
more difficult to soften than that with large grains in the early
stage of deformation. When the net flow stress (¢ — g¢,) in-
creases to a certain critical stress, the ® (6 — () tensile
curve exhibits an inflection point which indicates the onset of
DRX (Ref 17). The inflection point is corresponding to the
transition point on the tensile hardening curve between stage
III and stage IV in Fig. 8(a). The corresponding net flow
stresses at these transition points are 25.1, 62.0 and 68.5 MPa
for ZK61 alloy with grain sizes of 8.5, 14.8 and 28.9 um,
respectively. When the deformation leads to the occurrence of
DRX, the tensile strain hardening curve enters the stage IV
and the slope K of the tensile strain hardening curves of dif-
ferent grain sizes basically tend to be uniform, K =— 16~ — 18.
These results indicate that dynamic recovery due to the acti-
vation of the non-basal slip systems occurs in the early stage
of softening and then followed by DRX (Ref 18). The thresh-
old stress necessary to activate DRX is obviously lower for
ZK61 with large grains than fine grains in tension at room
temperature. However, the compressive strain hardening
curves at room temperature show a trend completely different
from the tensile strain hardening curves in Fig. 8(b) because
the {10-12} twinning activity plays an important role at the
start of compression deformation of the ZK61 alloys with ex-
truded-fiber texture along the ED. The increase in the com-
pressive strain hardening rate can be ascribed to effect of
twin-induced grain reorientation to hard orientation and twin-
induced introduction of barriers to dislocation movement (Ref
18). The previous studies (Ref 19, 20) have proved that the
main contribution to increasing strain hardening rate come
from texture strengthening, which rotates grain orientations
into hard orientation due to {10-12} twinning. Thus, the com-
pressive strain hardening rate of the ZK61 alloy with fine
grains is obviously higher than that of coarse grains during
the compression process because fine grains are favorable to
rotate to hard orientation by {10-12} twinning. After reaching
a local maximum at which twinning is exhausted, the com-
pressive strain hardening curves tend to parallel, which means
that the slip-dominated deformation begins to strain hardening
in compression. Figure 8(d) shows the ® (6 — g(,) compres-
sive curves of ZK61 alloy with different grain sizes can be
fitted by straight lines and their slopes @y, are significantly
less than that in tension at room temperature. With the in-
crease in the net flow stress (6 — gg3), ® (6 — gg,) compres-
sive curves are gradually divided into the three separated
curves. These results indicate that there is also an athermal
regime of dislocation accumulation before hardening by twin-
ning. The compressive hardening effect of ZK61 alloy with
fine grains is stronger than that of ZK61 alloy with coarse
grains. Figure 9 shows the SEM fracture morphologies of the
extruded ZK61 alloy rods with 8.5 um grain size. It can be
observed from Fig. 9(a) that there exists evident tearing strips
in the tension fracture morphologies whose distribution is in-
tense yet uniform so that it can be classified into ductile frac-
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Table 2 Summarized mechanical properties of the ZK61 magnesium alloy rods with different grain sizes

YS, MPa UTS, MPa
Grain size, pm Ten. Com. Ten. Com. TYS/CS
72403 301.0+6.4 213.0+6.5 359.3+6.1 461.2£8.1 1.41
8.5+0.2 249.0+£6.9 191.5+£7.2 3523+12.4 4553+£9.5 1.30
92403 2232471 168.6+7.5 3429484 440.1£10.3 1.32
148+0.4 2189+7.6 161.3£8.3 339.3+13.5 4339+12.5 1.36
22.8+0.6 2049+73 1472+£77 327.9+10.1 412.7£13.3 1.39
289+0.2 197.7+6.4 138.5+£5.8 3189+ 11.8 4174+£6.3 1.43

YS yield strength, UTS ultimate strength, 7YS/CYS ratio of YS between tension and compression
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ture. In Fig. 9(b), in the compression fracture morphologies
emerge apparent tearing strips with cleavage planes and
cleavage steps; hence, it belongs to tough and brittle-type
quasi-cleavage fracture. Neglecting the effect of precipitations
on the strength, Fig. 10 shows the variation of strengths of
the ZK61 alloy rods as a function of the grain size in tension
and compression, respectively. It can be seen that the yield
strength increases as the grain size decreases for both tension
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and compression, which can be described by the Hall-Petch
relationship: 69, = 09 = kd’l/z, where o( is the frictional
stress for dislocation movement. The slope of & depends on
the orientation relation between the interacting grains and the
critical shear stresses of the activated deformation modes in
both grains. The extruded-fiber texture of the ZK61 alloy rods
during annealing treatments can be roughly deemed as un-
changed, as discussed above. This means no prominent
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Fig. 10 Hall-Petch relationship for the ZK61 alloy rods with dif-
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change in the orientation relation between the interacting
grains under the annealing condition. Therefore, the slope of
k mainly depends on the critical shear stresses of the acti-
vated deformation modes in both tension and compression
processes. Although the grain size in the tension samples is
the same as in the compression samples, they have different
deformation mechanisms. Slip of dislocations dominates the
tension deformation along ED and must be hindered by the
increased number of grain boundaries caused by the grain
refining with the result that the yield strength of tension in-
creases. Twinning dominates the compression deformation
along ED and is prone to occur in the samples with large
grains (Ref 21, 22). Therefore, the twinned regions in the
compression deformation material decrease gradually with
grain refining, and eventually slip of dislocations gradually
dominates the deformation once again. In the pure magne-
sium single crystals, the critical resolved shear stress (CRSS)
for {10-12} twinning is approximately 4 MPa and that for
prismatic slip is approximately 40 MPa (Ref 23). This obvi-
ous difference leads to the fact that the compression yield
strength of the ZK61 alloys with coarse grains is lower than
that of the ZK61 alloys with fine grains, resulting in the de-
creased tension/compression asymmetry with the grain refin-
ing. But Fig. 10 shows that the Hall-Petch slopes of tension
and compression are not visibly different and the slope of
tension is 261.5 and that of compression is 277.2. Table 2
also indicates the TYS/CYS of the extruded ZK61 alloy
merely decreases from 1.43 of 28.9 pm to 1.30 of 8.5 pm.
Therefore, the grain size hardly affects the tension/compres-
sion asymmetry of extruded ZK61 alloy rods in the grain size
range from 28.9 to 8.5 pm. Although Yin et al. (Ref 24) have
shown that the tension/compression yield asymmetry of
ZK31 magnesium alloy rods has nothing to do with their tex-
tures when their grains are as small as to be about 0.8 pm, it
is very difficult to refine the magnesium alloy grains to about
0.8 pum by purely using the conventional extrusion. Even pos-
sible, it will increase the cost substantially. Thus, the grain
refinement is not an economic and practical technique method
to improve the tension/compression yield asymmetry of
ZK61 alloy rods. The most efficient way to improve the
mechanical asymmetry in the tension and compression pro-
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cesses is to suppress the twinning during compression by
weakening the texture or by adding rare earth elements into
the magnesium alloys.

4. Conclusions

The room-temperature strain hardening behaviors of the
extruded ZK61 rods owning a similar extruded-fiber texture but
different grain sizes in the range from 8.5 to 28.9 pm have been
studied by uniaxial tensile and compressive tests in this study,
and several conclusions are summarized as follows:

1. Both tensile strain hardening and compressive strain
hardening of ZK61 alloy with different grain sizes have
an athermal regime of dislocation accumulation in early
deformation. The slopes ®,, of the ® (¢ — g¢,) compres-
sive strain hardening curves are significantly less than
that of the ® (¢ — 0y,) tensile strain hardening curves.

2. The threshold stress value of dynamic recovery for the
ZK61 alloy with coarse grains is significantly less than
that of the ZK61 alloy with fine grains in tensile strain
hardening, but the threshold stress values of twinning
hardening for different grain sizes are almost identical in
compressive strain hardening.

3. The hardening effect of ZK61 alloy with fine grains is
stronger than that of ZK61 alloy with coarse grains for
both tensile strain hardening and compressive strain hard-
ening on the early stages. The tensile strain hardening
curves of different grain sizes basically tend to be parallel
after DRX, and the compressive strain hardening curves
tend to parallel after twinning is exhausted.
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