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a b s t r a c t

We herein report a significant improvement of the ductility of AZ31 (Al: 3 wt%, Zn: 1 wt%, balance Mg)
sheets processed by differential speed rolling (DSR). The DSR sheets under tension in the rolling direction
exhibited a plastic strain more than 1.5 times larger than the sheets prepared by conventional rolling
eywords:
etals and alloys
echanical properties

ransmission electron microscopy
EM

(CR), and simultaneous improvements of in-plane isotropy. The origin of these changes has been exam-
ined by texture and structural characterizations. The (0 0 0 2) pole intensity of the as-rolled DSR sheet is
strongly accumulated in the normal direction, which is preserved after deformation regardless of tensile
directions; while that of as-rolled CR sheet show clear splitting, which further broadens after tensile
tests. It is suggested that these changes are brought about by the application of a large shear strain to DSR
sheets, which resulted in the clear (0 0 0 2) texture, and subsequent ease of the activation of prismatic

on.
slip during the deformati

. Introduction

From the engineering points of view, magnesium alloys are of
rowing interest because of their potential as a structural material
ith a large strength-to-weight ratio. For example, in the trans-
ortation industry, utilization of Mg alloys for vehicles improves
uel efficiency through their light weight [1], while Mg alloys are
eing used in the IT industry as a body material personal com-
uter, etc. However up to present, the application of Mg alloys to

ndustry has been limited due to their poor deformability [2,3] and
he die-casting is the principle mean for shaping [4]. In particular,
mproving their ductility has been the subject of much research
5,6], and a number of investigations on the use of Mg alloys sheets
ave been conducted in search of an optimal processing condi-
ion [7]. In case of extrusion of Mg alloys, for example, it has been
eported that equal channel angular pressing (ECAP) process takes
dvantage of a high strain rate more than conventional extrusion,
mproving the ductility of the Mg alloys. Severe plastic deforma-
ions (SPD) by ECAP process can be achieved by refining grain size
ccompanied with texture evolution, which ultimately leads to the

nhancement of mechanical properties [8–11]. Among the tech-
iques studied for sheet production at a large scale, the differential
peed rolling (DSR) process is considered promising, and has been
nown to produce Mg alloy sheets having fine grains [12]. It is also
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known that it leads to the preferential (0 0 0 2) texture, as in the
case of ECAP [13]. It has been proposed that these changes are due
to the fact that the DSR process induces stronger shear stress within
the sheet than the conventional rolling (CR) process does, due to a
large speed difference between the two rollers. Although a con-
siderable amount of phenomenological information on the DSR of
Mg alloy sheets has been accumulated in recent years [12–14], our
understanding of the microstructure and texture evolution during
the process is still inadequate in order to make possible the reli-
able fabrication of Mg-based products. In addition, the mechanical
property of the Mg sheets processed by DSR is not well known. The
purpose of this work, therefore, was to examine the effects of DSR
on the improvement of their mechanical properties, and elucidate
the underlying mechanisms from the viewpoints of microstructure
and the texture evolution.

2. Experimental

Commercial AZ31B (Mg–3 wt%Al–1 wt%Zn–0.3 wt%Mn) sheets, 2 mm thick,
were employed as starting materials. Prior examinations by optical microscopy (OM)
showed that all specimens had equiaxial grains of approximately 50 �m. CR sheets
were produced by rolling them at the rolling speed of 0.67 mm/min for the rollers.
For DSR sheets, the rolling speeds of the upper and lower rollers were 2 mm/min
and 0.67 mm/min, respectively. The temperature of the roller was maintained at
423 K for the both processes. After preheating the specimens at 423 K for 5 min,

they were rolled at a reduction rate of 15% by 1 pass without lubrication. To investi-
gate the anisotropy of tensile properties, we prepared tensile specimens by cutting
the rolled sheets at 0◦ , 45◦ , and 90◦ from the rolling direction and machined them
to a gage having dimension of 25 mm long, 10 mm wide, 1.7 thick. These angles
will be referred to as tensile axis (TA) directions. The tensile tests were then con-
ducted at a strain rate of 1 × 10−1 s−1 at room temperature using a (MTS810) tensile

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. Engineering stress–strain curves of (a) CR and (b) DSR sheets at room tem-
erature.

ester. Specimens for OM observations were prepared by polishing the normal sec-
ions (ND plane) of the rolled sheets and by successive etching in a solution of picric
nd acetic acids. TEM specimens were prepared after tensile deformation by con-
entional electro-polishing and ion-thinning methods. We employed JEOL 2000FX
perating at 200 kV for TEM observation. In order to measure texture evolution, two
ole figures, (0 0 0 2) and 1 0 1̄ 1 for each set of specimens were obtained by using
n X-ray diffraction goniometer in the back reflection mode with Cu-K� radiation,
overing an angular region of up to 70◦ using the Schultz reflection method.

. Results

Fig. 1 shows the stress–strain curves, measured at room tem-
erature, of (a) CR and (b) DSR sheets. As seen, the plastic strains of
he DSR sheets are generally larger than those of CR sheets, espe-
ially those with TA = 0◦ and 90◦. It is also evident that the variation
mong the curves tested in the three different tensile directions is
uch reduced in the case of DSR. For example, the yield stresses

YS) of the CR sheets were observed to increase with the increase
f tensile angle from RD, but this tendency is less pronounced in
he case of DSR. Also the ultimate tensile strengths (UTS) of DSR,
hich is generally larger than that of CR, are near 300 MPa for all

ensile angles, exhibiting orientational isotropy.
Fig. 2 shows the microstructure, as observed by OM, in the mid-

lane of (a) CR and (b) DSR sheets obtained with a reduction rate of
5% before tensile tests. As seen, the rolled sheets consist of grains
f 10–40 �m, often displaying stripe contrasts, which is suggestive
f the presence of twins.
Fig. 3 shows, respectively, (0 0 0 2) and 1 0 1̄ 1 pole figures of the
ame set of the specimens. It can be observed that the (0 0 0 2) pole
f the CR sheet splits into two peaks by about 5◦ in RD, while that
f DSR sheet does not but inclined about 7◦ toward the RD. In fact
he intensity of the (0 0 0 2) peak of the latter is 1.5 times as large

Fig. 2. Micrographs of (a) CR and (b)
mpounds 499 (2010) 273–277

as that of the CR sheet, as indicated in the figures. Correspondingly,
the 1 0 1̄ 1 poles of the CR sheets exhibit only weak accumulation
about transverse direction (TD), while those of DSR shows intense
semicircular distribution. These observations suggest that the DSR
sheet possess a texture circularly more uniform about ND than that
of CR sheets.

Fig. 4 shows the microstructure of the mid-plane of fractured
specimens after the tensile tests, as observed by OM. Here, the
rolling and tensile directions are indicated in the figure. For the
CR samples ((a)–(c)), the fractured specimens consist of grains of
10–30 �m with relatively homogeneous size distribution. The pres-
ence of a number of stripe contrasts within the grains is evident. In
contrast, the size distribution of grains in the DSR sample is rather
heterogeneous: colonies of fine grains and coarse grains co-exist
within the sheets, and often stripe contrasts are seen to traverse
from one grain to the other. Note also that these stripe contrasts,
which are due to twin generally appear along the direction perpen-
dicular to the tensile direction in both cases where TA = 90◦ ((c) and
(f)). This tendency is less pronounced as the TA direction decreases
and becomes parallel to RD ((a) and (d)).

Fig. 5 shows (0 0 0 2) pole figures obtained from the mid-planes
of fractured CR and DSR sheets, as a function of tensile angles. For
CR sheets, the peak intensities of (0 0 0 2) poles become weaker, i.e.,
from 9.6 to about 6–7, and it can be seen that the strong intensities
distribute in the tensile direction. For DSR sheets, in contrast, the
spread of the pole is smaller than that of the CR sheets resulting
in strong peak intensities, despite the fact that these specimens
had exhibited a larger tensile strain before fracture. Moreover, a
closer observation reveals that the poles spread perpendicular to
the tensile direction, unlike in the case of CR.

Fig. 6 shows 1 0 1̄ 1 pole figures of the same set of the specimens
as a function of tension directions. The poles of the CR samples
show concentric distribution with slight increase of the intensities
perpendicular to the tensile direction. On the other hand, those
in DSR samples show a clear systematic 6-fold intensity variation.
Furthermore, as seen, there is very little dependence on the orien-
tation of the tension. In particular, it should be pointed out that the
pole figures of the DSR samples that underwent the tensile tests at
0◦, 45◦, and 90◦ from RD exhibit qualitatively identical hexagonally
symmetric distribution of the 1 0 1̄ 1 poles.

Fig. 7 shows TEM bright field micrographs of a mid-plane of
fractured DSR tensile specimen. The TEM bright field image of
the specimen was taken with the incident electron beam along
the 1 1 2̄ 0 axis under the two-beam diffraction condition with

g = 1̄ 1 0 1, in order to image all distortions perpendicular to the
a-axis. In this figure, a number of dark contrasts arise from strain
fields around dislocations. As seen, these contrasts are mostly lie
on the (0 0 0 2) planes, but occasionally we found contrasts per-
pendicular to the basal plan. For example, the short white arrow in

DSR sheet before deformation.
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ig. 3. (0 0 0 2) pole figures (upper) and (1 0 1̄ 1) pole figure (lower) of CR (left) and
SR (light) samples rolled at 423 K with reduction rate of 15%. Mid-plane of all the

amples was examined. The number in brackets indicates the peak intensity of the
0 0 0 2) pole figures.

ig. 7(b) indicates the dislocation whose slip planes changed from
he basal to the prismatic plane.

. Discussion

In this study, we showed that the mechanical properties of the

Z31 alloy improved considerably by DSR in all tensile directions,

.e., TA = 0◦, 45◦ and 90◦. It was also shown that the angular varia-
ions of the mechanical properties, in terms of both YS and UTS with
espect to the rolling direction, are much reduced by DSR, exhibit-
ng the angular homogeneity of the DSR sheets. Correspondingly,

ig. 4. Micrographs of CR and DSR samples as a function of tension angle from rolling dir
e seen in the DSR samples for all tension directions.
mpounds 499 (2010) 273–277 275

the evolution of texture and microstructure in these two kinds of
sheets were found to be fundamentally different. These observa-
tions, in particular the texture evolution, indicate that the operating
mode for the deformation of the DSR sheet is different from that of
CR.

In terms of the texture of as-rolled CR and DSR specimens, the
(0 0 0 2) peak intensity in the CR specimens is split into the rolling
direction, while that of the DSR exhibits strong accumulation in
the normal direction, ND. This difference demonstrates that grains
in the as-rolled CR sheets possess two symmetrically equivalent
orientations, while that those of as-rolled DSR possess single, but
circularly distributed orientation. The weak double-peak texture of
CR samples is recently found in the simulation study by Agnew et
al. [15]. They explained that the tendency of the (0 0 0 2) intensity to
split is enhanced primarily by an increase in the activation of <c + a>
slip rather than prismatic slip. On the other hand, the reason for the
tilted peak texture of DSR samples, as observed in Fig. 3(b) in the
present work, was in fact suggested by Couling et al. [16] and Won-
siewiez and Backofen [17]. They showed that secondary {1 0 1̄ 2}
twinning and basal slip within primary {1 0 1̄ 1} compression twins
may result in the tilted peak.

From the viewpoints of mechanical properties of these two
kinds of sheets, we showed in general that the YS values of both CR
and DSR samples increases as the tensile angle from RD increases.
Our results, however, suggested that this tendency is less pro-
nounced in the DSR sheets. That the CR samples show slightly
higher YS values than DSR samples for RD has partly been explained
by several authors [18,19]: DSR samples have more coarse grains
than CR samples, an observation also made in the present study
(Fig. 2). The larger elongation of DSR samples, particularly when
the tensile test is made parallel to RD, cannot be understood how-
ever, only on the basis of the grain size difference [19], and indicate
that the operating mode for the deformation under tension is sig-
nificantly different in these two kinds of Mg sheets.

For example, during deformation, we found that the evolution
of texture of DSR sheets is significantly different from that of CR
sheets. That is, the decrease and broadening of the (0 0 0 2) peak

intensity of the former under tension is small, and in fact it broad-
ened perpendicular to the tensile direction, on the contrary to the
observation made for the CR sheets. Correspondingly the 1 0 1̄ 1
peak intensity showed qualitatively identical 6-fold distributions,

ection (RD) after fracture of tensile test. Many fine grains around coarse grains can
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ig. 5. (0 0 0 2) pole figures of CR (upper) and DSR (lower) samples after fracture as
umber in brackets indicates the intensity of the (0 0 0 2) pole figures.

rrespective of the tensile direction, TA, of 0◦, 45◦ or 90◦. This behav-
or is in marked contrast with that of the CR sheets, where the
0 0 0 2) peaks show clear broadening in the RD, which is suggestive
f the activation of <c + a> slip.

These observations led us to propose that the deformation
odes are different in these alloys. For the CR sheets, a fairly strong

exagonal (0 0 0 2) oriented texture, and the random distribution
f 1 0 1̄ 1 poles suggest that the basal slip is the dominant mecha-

ism. For the DSR sheets, on the other hand, the slight inclination
f (0 0 0 2) poles and the 6-fold development of 1 0 1̄ 1 poles dis-
ribution suggest that, in addition to the basal slip, the prismatic
lip must be in operation. It should be pointed out that the 1 0 1̄ 1

Fig. 6. (1 0 1̄ 1) pole figure of CR (upper) and DSR (lower) samples as a functio
ction of tension angles from rolling direction (RD) after fracture of tensile test. The

pole figures of DSR samples at all tension angles examined in this
study exhibited basically identical intensity distribution, irrespec-
tive of the tensile direction, TA. This observation strongly suggests
that the activation of prismatic slip is responsible for the defor-
mation in the DSR sheets. In addition, Koike and Ohyama, using
an AZ61 (Mg–6Al–1Zn in wt%) sheet, showed that the basal plane
tilt angle with respect to the tensile direction is an essential geo-
metrical criterion for the activation of the basal or prismatic <a>

slip at room temperature [20]. Namely, they concluded that basal
<a> slip is dominant when the Mg basal plane is tilted more than
16.5◦ towards TA, while prismatic <a> slip system become active
when the basal plane is less than this angle. Our texture measure-

n of the tension angles from rolling direction (RD) after the tensile test.
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ig. 7. TEM bright field images of DSR sample with elongation of 18% at room tem-
erature taken along [1 1 2̄ 0] with g = 1̄ 1 0 1, which is shown by long arrows. The
hort white arrow indicates the dislocation slip from basal plane to the prismatic
lip.

ents suggested that the basal <a> slip is the major deformation
ode in the CR specimen, while the prismatic <a> slip system plays

he dominant role in the DSR specimen. In dependently, Our TEM
nvestigation showed a contrast arising from a dislocation line per-
endicular to the basal plane, an indication of the activation of a
rismatic slip. Thus, it may be concluded that prismatic slips can
asily take place in DSR samples than in CR because of the strong
ccumulation of the c-axis along ND. From practical points of view,
his observation, in return, indicates that the microstructure and
exture of the rolled sheets processed by DSR is effective in mak-
ng dislocations move easily along the prismatic plane, at a lower
tress.

To summarize, we show that the ductility of AZ31B sheets pro-
essed by DSR is superior to that prepared by CR. This improvement
s due not to the grain size, but primarily to the orientation of the
rains. The DSR method, with its large shear stress, is effective in
aintaining the c-axis parallel to ND, which facilitates prismatic

lip, and thereby results in a large elongation.

. Conclusion

We studied the mechanical properties of AZ31B alloy sheets

olled with DSR and CR processes, by means of tensile tests in the
ensile directions 0◦, 45◦, and 90◦ from the original RD, and investi-
ated the underlying mechanisms of the observed difference from
he viewpoints of texture evolution and structural characterization.
he results can be summarized as follows: (1) The c-axis of the

[
[

[

[
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Mg grains in the as-rolled DSR sheets exhibited strong accumula-
tion in ND, while that of CR showed clear 2-fold distribution tilted
towards RD. (2) The elongation of the DSR sheets in all the tensile
directions before fracture is larger than that of the CR sheets. (3)
After deformation, the texture of the DSR sheets is characterized,
regardless of the tensile direction, by the small dispersion of the
c-axis of the grains and the 6-fold distribution of prismatic planes;
while the CR sheets exhibit broad re-distribution of c-axis in the
tensile direction and corresponding random distribution of pris-
matic plane orientation. (4) TEM observation of the deformed DSR
sheets showed the evidence of prismatic slip. These observations
indicate that the DSR sheets maintain a large number of grains with
their c-axis in ND during tensile deformation, facilitating the acti-
vation of the prismatic slip, which in return, resulted in in-plane
isotropy of the mechanical property and a large degree of ductility
of the DSR sheets.
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