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Abstract: Asymmetric lowered-temperature rolling was applied to the fabrication of fine-grained ZK60 magnesium
alloy sheet with weak basal texture along the rolling direction (RD). The results showed that multi-pass lowered-
temperature rolling could significantly improve the microstructure homogeneity and refine the grain size. Meanwhile, a
fiber texture along the transverse direction (TD) gradually developed during rolling process. Importantly, the shear
deformation along the RD made the c-axis of basal plane rotate to the RD, weakening the basal texture along this
direction. Influenced by such microstructure variation, the yield strength along the TD continuously increased due to the
successive grain refinement and the increased activation of prismatic slips, whereas the uniform elongation decreased
owing to the decline of strain hardening ability. In contrast, the continuous weakening of basal texture along the RD
increased the activation of soft basal slips, greatly offsetting the strengthening effect contributed by grain refinement

and thereby causing the slight decrease of yield strength.
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1 Introduction

Magnesium alloys have become necessary
materials for aerospace and transportation because
of their low density, high specific strength and good
stiffness [1,2]. However, the inherent hexagonal
close packed (hcp) structure of magnesium alloys
generally resulted in poor ductility and sheet
formability, =~ which severely limited their
engineering applications [3,4]. In fact, the addition
of rare earth elements to weaken the basal texture
has been used to effectively improve the formability
of the sheets [5—7]. However, the addition of
expensive rare earth elements seriously increased
the cost, which led to a negative impact on
industrial production. Therefore, many researchers
have controlled the average grain size and the basal
texture by plastic processing techniques to obtain
sheets with good ductility, such as equal channel

angular pressing (ECAP), and repeated uni-
directional bending (RUB). It was reported that
AZ91 magnesium alloy with a fine grain size of
5 um was fabricated by ECAP and its elongation
increased from 5% to 18% [8]. In terms of texture,
the basal texture intensity of AZ31 magnesium
alloy sheets was weakened from 10.7 to 6.3 via
RUB, thereby improving the Erichsen value of
sheets from 5.5 to 7.5 [9]. Compared with these
plastic process techniques, asymmetric rolling not
only refined the grain and weakened the basal
texture by introducing shear strain, but also had
high production efficiency. Typically, AZ31 basal
texture was weakened from 8.7 to 7.5 by DSR [10].
The grain size of AZ31 was refined to 1.5 um
and the elongation was increased to 35% by
asynchronous rolling [11]. GONG et al [12]
reported more significant weakening of the basal
texture as the velocity ratio increased during rolling.
CHANG et al [13] fabricated AM31 magnesium
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alloy sheets with a fine grain size of 4.9 um via the
asymmetric rolling. Indeed, the principle of grain
refinement by DSR was based on the Zener—
Hollomon parameter Z (Z=¢ exp[Q/(RT)]), where
£ is the strain rate, 7 is the deformation
temperature, Q is the activation energy and R is the
molar gas constant. It can be noted that the lower
deformation temperature was beneficial to refining
the grains. The grain size of ZK60 alloy was refined
from 269 to 5.2 um by multi-pass lowered-
temperature rolling [14]. Thus, introducing the
lowered-temperature method into the DSR will
improve the grain refinement ability. Crucially, the
lowered temperature increased the degree of basal
slip involvement and enhanced the adjustment of
shear strain on the texture. However, there were
very few research on this aspect. In this work, the
multi-pass asymmetric lowered-temperature rolling
was applied to ZK60 magnesium alloy sheets to
achieve sufficient grain refinement and texture
adjustment. The evolution of microstructure and
mechanical properties was analyzed. Moreover, the
effect
properties was investigated in combination with the
strain hardening curves.

of microstructure on the mechanical

2 Experimental

The initial materials in this work were
hot-extruded ZK60 (Mg—6.63wt.%Zn—0.56wt.%Zr)
alloy sheets with the thickness of 10 mm. And the
initial sheets for this work were supplied by
Yueyang Yuhang Co. (China). It is reported that the
ratio of upper-to-lower roll speed was an important
rolling parameter in asymmetric rolling. In this
work, the diameters of the upper and lower rolls
were identical and the ratio of upper-to-lower roll
speed was set to be 1.2:1. And the speed of slow
roll was 18 m/min. All the sheets were preheated to
623 K for 40 min prior to rolling, and then rolled
from 10 to 2.1 mm in the thickness by 3 passes with
the thickness reduction of 40% per pass. The
deformation temperature gradually decreased from
623 to 573 K during the rolling process. The
rolling process parameters are given in Table 1.
The temperature was measured using contact
thermometry, and the sheets were cooled down in
air.

The specimens for tension were designed with
a diameter of 15 mm in gauge, as shown in Fig. 1.

Before the tensile test, the specimens were
sandpapered to remove surface defects such as pits
and scratches. The mechanical properties were
tested by Instron 5569 machine with a strain rate
6.7x107* s~' at room temperature.

Table 1 Asymmetric lowered-temperature rolling
parameters for ZK60 magnesium alloys
Pass  Temperature/ Thickness Thickness
No. K variation/mm reduction/%
1 623 10—6 40
2 598 6—3.6 40
3 573 3.6—2.1 40

Unit: mm

Fig. 1 Size of tension samples

Microstructure characteristics were examined
on the RD—TD sheet plane (ED: extrusion direction,
RD: rolling direction, and TD: transverse direction).
Electron backscattering diffraction (EBSD) was
performed on ZEISS MERLIN Compact to obtain
the microstructure and texture. Specimens for
EBSD were prepared by mechanical polishing,
followed by electropolishing in the solution of
C,Hs0H and H3;PO4 with volume ratio of 5:3 for
8 min at 0.25 A. In order to obtain a high-quality
texture, an accelerating voltage of 20 keV, and a
working distance of 15 mm with a sample tilt
angle of 70° were selected. To ensure reproducible
results, three experiments were performed for each
condition.

3 Results and discussion

3.1 Microstructure characteristics

The microstructure characteristics of the initial
material and the rolled sheets are shown in Fig. 2,
and their grain size distributions are summarized in
Fig. 3. Figures 2(a, c, e, g) show twin boundary
distribution maps in the rolling process, and
Figs. 2(b, d, f, g) show grain orientation spread
(GOS) maps of the selected areas. The average
misorientation of each individual measurement
point within the grain determines the GOS. Greater
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Fig. 2 Twin boundary distribution maps in rolling process (a, ¢, e, g) and grain orientation spread (GOS) maps (b, d, f, h)
of selected areas: (a, b) Initial; (c, d) Pass 1; (e, ) Pass 2; (g, h) Pass 3

GOS value means more deformation in a grain. In grains were greater than 2° (orange and yellow
this work, dynamic recrystallized grains were colored grains). As shown in Fig. 2(b), the initial
identified by GOS values smaller than 2° (blue and microstructure was a typical duplex crystal. Many
green colored grains), while those of the deformed fine grains were distributed on the grain boundaries
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Fig. 3 Grain size distributions for ZK60 magnesium alloy sheets during asymmetric lowered-temperature rolling:

(a) Initial; (b) Pass 1; (c) Pass 2; (d) Pass 3

of deformed coarse grains, and twins occurred in
some of the coarse grains. The percentage of fine
grains in the initial material was 37%. In addition,
the grain size of the initial sheet was 5.2—133.5 pm,
which indicated that the microstructure of the initial
material with an average grain size of 26.4 um was
poorly uniform.

After the first pass, the average grain size was
refined to 9.69 um. A large number of equiaxed fine
grains appeared in the microstructure, but there
were still many coarse grains. The percentage of
dynamic recrystallization grains (DRX) increased
from 37% to 92% after rolling from Fig.2. The
results suggested that DRX occurred partially in
Pass 1. However, compared with the initial
material, the percentage of DRX grains increased
significantly, which was beneficial to the
homogeneity of microstructure. As the rolling
proceeded and the temperature was lowered, DRX
occurred again in Pass 2, and more fine equiaxed
grains appeared. The percentage of fine grains was
also increased. The number of coarse grains was

significantly reduced. Finally, a nearly uniform
microstructure with an average grain size of
7.26 um was obtained after the third pass at 573 K.
The coarse grains in Pass 3 were nearly eliminated.
The results showed that the multiple DRX during
current multi-pass varied-speed rolling process not
only refined the microstructure, but also improved
the uniformity of the microstructure.

It can be seen that the content of twins was
increased in Pass 2 compared with Pass 1, as shown
in Figs. 2(a, c¢). This was related to the thickness
reduction and deformation speed in the rolling
process. The twin nucleation was not a thermally
activated process, but a stress activated process.
The thickness reduction of 40% per pass caused a
relatively large stress concentration near the grain
boundaries during rolling, which promoted the
formation of twins. On the other hand, the
experimental rolling speed of 18 m/min led to a
higher strain rate, while the deformation
mechanisms mainly controlled by the speed such
as cross-slip or grain boundary slip could not be
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activated in time. Thus, it also led to the local stress
concentration near the grain boundaries and
promoted twin nucleation. Moreover, the twin
accumulation in Pass 1 and Pass 2 provided
nucleation sites for the DRX in Pass 3, resulting in
a more complete DRX in Pass 3 [15].

3.2 Texture characteristics

Figure 4 shows the (0002), (1010), (1120)
pole figures of ZK60 magnesium alloy sheets.
Clearly, the (0002) basal plane in the initial material
was nearly parallel to the ED—ND plane with the
maximal intensity of 18. It can also be seen
that the (1010) and (1120) crystal planes were
symmetrical about the TD, which were similar to
the (1120)(1010) texture of the magnesium single
crystals (Fig. 4(a)). After the first pass, the (0002)
pole figure exhibited a fiber texture, implying that
c-axis of the grains transformed from being parallel
to TD to diffusely distributing along the TD. Due to

(0002) (1010)

7
(@ ]
o

TD
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the normal pressure, a strengthening zone appeared
in the center of the (0002) pole figure, and the
intensity was decreased to 5.9. In addition, the
(1010) and (1120) pole figures in initial material
transformed into hexagonally symmetric structure,
which was caused by plastic deformation [16,17].
As rolling proceeded, the (0002) pole figure
showed that the c-axis was still diffusely distributed
along the TD, and there was also a strengthening
zone in the (1010) pole figures along the RD
(Fig. 4(c)). However, (1120) pole figure showed a
strengthening zone parallel to the RD, which
indicated the formation of recrystallized texture
components. The result suggested that DRX
occurred significantly, corresponding to the above
analysis (Fig. 2(b)) [17]. Finally, the (0002) pole
figure of Pass 3 showed that the distribution of the
c-axis was slightly more concentrated along the TD
than that of Pass 2, with a rotation along the RD.
This indicated that rotation occurred in (0002) basal
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Fig. 4 (0002), (IOTO) and (1 150) pole figures of ZK60 magnesium alloy sheets during asymmetric lowered-
temperature rolling: (a) Initial; (b) Pass 1; (c) Pass 2; (d) Pass 3
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plane along the RD due to the introduction of shear
deformation by asymmetric lowered-temperature
rolling. The previous microstructure results showed
that the DRX was more complete in Pass 3, and
the recrystallization texture component caused a
strengthening zone parallel to the RD in the (1120)
pole figure.

In this work, to further demonstrate the grain
rotation in the rolling process, normalized (0002)
pole density intensity distribution was given, as
shown in Fig. 4. The (0002)-times random along
the RD was taken from pole figure. The data
were subjected to normalization processing in
which the values of time random were divided by

J.Z/zlcos 0d6O (I is the intensity and 6 is the angle

away from RD) to get normalized pole density
distribution. As shown in Fig. 5, the angle in the
figure represented the angle between the c-axis and
the RD or TD, while the pole density value larger
than 1.5 was taken as the reference value of
preferred orientation. Clearly, the (0002) basal pole
density distributions between the RD and the TD in
the initial material showed a distinct difference. The
initial material exhibited a very significant preferred
orientation of the (0002) pole density along the RD,
with the maximum pole density value of 21.3 in the
angle range of 81°-90° (Fig. 5(a)). Compared with
the RD, the preferred orientation along the TD was
in the range of 0.6°-30°, with the maximum pole
density of 4.46. Additionally, the (0002) pole
density distribution along the RD showed that the
maximum pole density value gradually decreased
with rolling, which were 9 (Pass 1), 7.1 (Pass 2) and
6.1 (Pass 3). And the (0002) pole density
distribution of the rolled sheets was more diffusive
compared with the initial material, and the range of
the preferred orientation angle gradually expanded
with the increased of passes to 71°—90° (Pass 1),
67°—90° (Pass 2) and 65°-90° (Pass 3). These
results showed that asymmetric lowered-
temperature rolling led to the (0002) basal plane
more diffusively distributed along the RD by
introducing shear deformation, which effectively
weakened basal texture along the RD. It can also be
seen that the weakening effect of the basal texture
was the most obvious in Pass 1 and gradually
decreased with increasing passes (Fig. 5(a)).
Compared with the initial material, the (0002) basal
pole density distributions of the rolled sheet were
completely diffusive along the TD and the

maximum pole density values were significantly
lowered, 2.25 (Pass 1), 1.77 (Pass 2) and 2.53
(Pass 3). In general, both the concentration of the
preferred orientation range and the maximum pole
density values of the basal texture intensity along
the RD were higher than those along the TD, and
the reason was mainly related to the obvious
difference in the texture of the initial material along
the RD and TD.
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Fig. 5 (0002) pole density distributions of ZK60
magnesium alloy sheets during asymmetric lowered-
temperature rolling: (a) RD; (b) TD

It is notable that the maximum pole density
values and the angle ranges of the preferred
orientation were less different along the TD of all
the rolled sheets, which may be related to the higher
deformation temperature and fewer passes during
the rolling process. The deformation temperatures
in this work were all higher than 300 °C. As
reported, the critical resolved shear stress (CRSS)
for non-basal slip is markedly lower at this
temperature, which meant that the activation of
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non-basal slip was increased. This ultimately led to
a reduction in the percentage of basal slip involved
in deformation [18,19]. This means that the
propensity of the (0002) basal plane to turn toward
the RD-TD plane during the rolling process was
weakened, resulting in a weakened texture along the
TD. In fact, although the CRSS of non-basal slip
decreased at high temperature and the percentage of
activation increased significantly, the CRSS values
of non-basal slip were still higher than those of
basal slip at this time, indicating that basal slip was
still the dominant deformation mechanism. In
rolling process, the basal plane would gradually
turn to the RD-TD plane due to the pulling and
normal force along the RD. However, due to the
fewer passes, the basal slip exerted less and the
accumulation of basal plane turned to RD-TD
plane was insufficient, resulting in a weakened
basal texture. Above analyses indicated that higher
deformation temperatures and fewer rolling passes
were conducive to slowing down the tendency of
the basal plane to rotate to the RD—TD plane.

3.3 Mechanical properties

Figure 6 shows the comparison of the
measured  stress—strain  responses of ZK60
magnesium alloy sheets during asymmetric

lowered-temperature rolling. The variations of
mechanical properties are shown in Table 2 and
Fig. 7. The vyield strength (YS) along the TD
gradually increased from 157 MPa (initial material)
to 216 MPa (Pass 3) with the rolling process. But
the YS varied less along the RD, remaining between
236 and 251 MPa (Table 2). In fact, the variation of
YS was influenced by average grain size and
texture. The YS gradually increased along the TD
due to the effect of grain refinement and basal
texture strengthening. However, the continuous
weakening of basal texture along RD increased
the activation fraction of soft basal slips, greatly

offsetting the strengthening effect contributed by
grain refinement and thereby causing the slight
decrease in yield strength. Figure 6 also showed
that the variation of ultimate tensile strength (UTS)
along the TD and RD was not distinct, indicating
that the UTS was less sensitive to grain size and
texture than the YS.
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Fig. 6 Stress—strain curves of ZK60 magnesium alloy
sheets during asymmetric lowered-temperature rolling

In order to analyze the above variation of yield
strength  (Fig. 7(a)), this work applied the
orientation distribution maps to characterize the
deformation modes, as shown in Fig. 8. As reported,
the mechanical properties were closely related to
the deformation modes. The activation of the
deformation mode was depended on the CRSS
and the Schmidt factor (eo=t./m, where oy was the
friction stress for dislocation movement, 7.
represented the critical resolved shear stress and m
represented the Schmid factor, respectively). The
deformation temperature of the magnesium alloy
was the main factor influencing the CRSS. In
this work, the temperature was constant during
tension and therefore the value of the CRSS was
invariant for each deformation mode. On the other
hand, the Schmid factor was related to the relative

Table 2 Mechanical properties of ZK60 magnesium alloy sheets during asymmetric lowered-temperature rolling

YS/MPa UTS/MPa UE/% FE/%
Sample
TD RD TD RD TD RD TD
Initial 251+4 157+3 32244 31143 10.1+£0.3 15.3+0.4 14.6+0.3 16.1+£0.4
Pass 1 245+3 175+1 33145 307+2 10.7+0.1 17.2+0.2 17.5+£0.3 18.3+0.3
Pass 2 2362 193+3 330+3 313+3 10.7+0.3 17.2+0.3 19.1+0.4 18+0.4
Pass 3 24142 216+4 3174 309+4 12+0.2 15.3+£0.3 16.3+0.4 16.7+0.3

YS—Yield strength; UTS—Ultimate tensile strength; UE—Uniform elongation; FE—Fracture elongation
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Fig. 7 Variations of mechanical properties of ZK60 magnesium alloy sheets during asymmetric lowered-temperature
rolling: (a) Yield strength (YS) and ultimate tensile strength (UTS); (b) Uniform elongation (UE) and fracture

elongation (FE)

(2)

Fig. 8 Orientation distributions of ZK60 alloys using grain orientation maps: (a, b) Initial material; (c, d) Pass 1;

(e, T) Pass 2; (g, h) Pass 3 (In grain orientation map, the grains with the (0001) away from the tension direction in the

angle ranges of 0°—23°, 23°-77° and 77°—90° were depicted by blue color, red color and green color, respectively)

relationship between tensile directions. Thus, the
crystal orientation was the only variable affecting
the deformation mode of the alloy when the
direction of tension was constant. Therefore, in this
work, the orientation distribution of the alloy was

obtained using grain orientation maps (Fig. 8). The
associated activation fraction of each deformation
mode was calculated, as shown in Fig. 9. According
to the study, when the CRSS ratio of basal slip,
tensile twinning and prismatic slip was set to be
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1:1:2, the dominant deformation modes were tensile
twinning with §'=0°-23°, basal slip with =23°-77°
and prismatic slip with 8=77°-90° (8' was the
angle between the direction of tension and the
direction normal to the base plane) [20]. In this
work, the deformation mode during the tensile test
was characterized by selecting the tensile direction
(ED or TD) as the sample direction and the (0001)
direction as the crystal direction. And tensile
twinning, basal slip and prismatic slip were
highlighted in blue, red and green, respectively.
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Fig. 9 Activation fractions of each deformation mode
during tension tests along RD (a) and TD (b) based on
orientation distributions in Fig. 8

Figures 8(a, b) show orientation distribution of
the initial material, which consisted mainly of
77°-90° grains with minor supplement 0°—23°
grains along the ED. Compared to the ED, 23°—77°
grains and 0°—23° grains appeared along the TD,
which was identified with tensile twinning of
65.8% and basal slip of 65.8% in Fig. 9(b). That
was to say, the initial material deformation mode
was mainly prismatic slip along the ED, and was
mainly tensile twinning along the TD, with minor

2885

basal slip and prismatic slip as supplement. After
the first pass, the 0°—23° grains increased along the
RD, but along the TD, the 23°—=77° grains decreased
obviously. The 0°-23° grains and 77°—90° grains
increased along the TD, corresponding with the
results in Fig. 9(b). Eventually, 0°-23° grains
increased to 38.6% and 77°-90° grains decreased to
61.2% along the RD. Along the TD, 23°—77° grains
decreased to 9.9%, with 0°-23° grains of 68.2%
and 77°-90° grains of 21.9%. In general, as rolling
proceeded, prismatic slip gradually decreased but
basal slip gradually increased along the RD. Along
the TD, tensile twinning decreased noticeably;
however, basal slip and prismatic slip increased.

Different texture produced the activation of
different deformation modes, which in turn had an
effect on the mechanical properties. Obviously, the
yield stress decreased with the increased activation
of basal slip along the RD (ED). And the yield
stress gradually decreased with the decrease of
activation of prismatic slip, which was in agreement
with the results in the reference [21]. Along the TD,
the yield stress of the initial material was low due to
the large activation of the initial material tensile
twinning. Due to the increase in prismatic slip and
the notable reduction in tensile twinning, the yield
strength showed a gradual increase along the TD.
As the basal slip showed the lowest CRSS value, it
was the easiest to be activated. However, the basal
slip could not satisfy the deformation requirement,
so the prismatic or pyramidal slip was activated.
Because of their high critical stresses, a greater
external force was required to cause the yielding
behavior, and eventually manifested as an increase
in yield stress, which was consistent with results in
the literature [22—24].

In terms of elongation, the wvariation of
elongation was more obvious than in the tensile
strength along RD. The uniform elongation (UE)
along the RD gradually increased from 10.1%
(initial) to 12% (Pass 3), while the fracture
elongation (FE) increased from 14.6% to 19.1%
(Pass 2), and then decreased to 16.3% (Pass 3). The
increase of UE along the RD was related to the
weakening of basal texture. In the magnesium alloy
with weak basal texture, {a) dislocation cross-slip
migration from the basal to the prismatic would be
limited, resulting in weakened dynamic recovery
and enhanced strain hardening, thus exhibiting high
uniform elongation [25,26].
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In order to clearly describe the mechanical
behavior, the deformation mechanism was analyzed
by the Kocks—Mecking model [27]. The model has
been widely used in the analysis of the hardening
behavior of magnesium alloys [28,29]. And this
model has been applied previously to establishing
the relationship between the dynamic response of
strain-hardening (Stage III) and grain size and
texture. The results showed that the slope of the
hardening curve in Stage III was determined by the
texture and tended to flatten with the weakening of
the basal texture. In this work, the do/de—(0—002)
curve was used to explore the strain-hardening
behavior during tensile deformation, as shown in
Fig. 10.
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Fig. 10 Strain hardening curves of ZK60 magnesium

alloy sheets during asymmetric lowered-temperature
rolling: (a) RD; (b) TD

The slope of the hardening curve in Fig. 10
became flatter with weakening of the basal texture,
indicating that the slop of hard-working (Ky) value
was inversely proportional to the intensity of the
basal texture [30,31]. As shown in Fig. 10, Kq was
negative in both RD and TD, suggesting that the

deformation mechanism was dominated by slip. In
addition, with the increase of rolling passes, the
value of Ky of the RD gradually increased,
indicating that the basal texture along the RD
gradually weakened, and the value of Ky of the TD
decreased significantly from the initial material to
the Pass 1. However, the differences in K values
between the rolled sheets were minimal, which
corresponded with the variation in their texture.

Figure 10 showed that the Ky gradually
decreased with the increase of strain. By taking the
initial sheet along the TD as an example, the value
of Ky decreased from —7.6 (Point A) to —32.2
(Point B), which is closely related to the grain
rotation in the tensile process. The initial material
texture characteristics suggested that both basal slip
and tensile twinning were possible to activate to
coordinate tensile deformation along the TD. For
grains suitable for basal slip, the basal plane
gradually transformed from a soft orientation to a
hard orientation under tensile forces. For grains
suitable for tensile twinning, tensile twinning
activation caused a rotation of 86.3° of the c-axis
of the grain, and the grain transformed to a hard
orientation more quickly [32]. It can be observed
that both deformation mechanisms under tensile
forces caused the grain orientation to transform into
a hard orientation, leading to the basal texture
strengthening of the samples, which eventually led
to a continuous reduction in the work hardening
rate.

4 Conclusions

(1) The asymmetric lowered-temperature
rolling reduced the thickness of ZK60 magnesium
alloys from 10 to 2.1 mm by three passes, and
efficiently refined the average grain size from
26.4 to 7.26 um. The results showed that ZK60
magnesium alloy sheets with fine grain, and

homogeneous microstructure were successfully
fabricated by asymmetric lowered-temperature
rolling.

(2) The basal texture was transformed from a
nearly single-crystal texture in the initial material to
a fiber texture by asymmetric lowered-temperature
rolling. And asymmetric lowered-temperature
rolling rotated c-axis of the grain toward the RD by
introducing shear, which relatively weakened the
basal texture along the RD.
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(3) The yield strength of the rolled sheets
increased gradually from 157 to 216 MPa due to the
effect of grain refinement and increased prismatic
slip along the TD. However, the yield strength
variation was less along the RD due to the
continued weakening of the basal texture along the
RD increasing the activation fraction of the basal
slip, which counteracted the strengthening effect
contributed by the grain refinement. In addition, the
weak basal texture was beneficial to increasing the
strain hardening rate of the sheet, but the strain
hardening rate would decrease due to the change of
grain orientation to hard orientation during the
tensile process.
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