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Using surface rotation rolling (SRR) treatment with various vertical loads (120 to 280 N) while
maintaining other processing parameters (rotation speed and horizontal velocity), the
SRR-treated AZ31 Mg alloy sheets exhibit through-thickness gradients of both grain size and
basal texture, as revealed by cross-sectional hardness tests and microstructure analysis. An
optimal strength–ductility combination is achieved as the vertical load is around 200 N. The
corresponding microstructure exhibits two characters: (1) The affected depth reaches the very
center of the sheet and (2) the gradients approach the allowable maximum. Texture gradient is
found to be the major contributor to the significant ductility enhancement.
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I. INTRODUCTION

MAGNESIUM (Mg) alloy, the lightest among struc-
tural materials, is an attractive material for reducing
vehicle weight thus increasing the efficiency in terms of
fuel consumption and reducing the emission of green-
house gas.[1,2] However, their applications have been
limited due to their low strength and poor deformabil-
ity.[1] According to the fundamental principle of tailoring
the relative activities of basal slips, non-basal slips, and
twins, several approaches to improving the deformability
and strength of Mg alloys have been proposed, such as
increasing processing temperature,[3,4] alloying with
appropriate solutes,[5–8] refining grain sizes,[9–11] weaken-
ing textures,[12–14] and forming metallic laminates.[15–17]

Refining grain sizes of magnesium alloys can be
accomplished by severe plastic deformation (SPD) pro-
cesses, such as equal channel angular pressing
(ECAP)[10,18] and high-pressure torsion (HPT).[19,20]

Refining grain sizes in the surface layer has been
demonstrated to enhance mechanical properties of the
bulk materials, and corresponding techniques are easy to
scale up. For instance, surface mechanical attrition
treatment (SMAT) can refine grains in the surface layer
of different materials[21–24] and develop the grain-size
gradient from the surface. Corresponding to the gradient
of grain size, the incompatibility of plastic deformation

will develop in different depths, and results in an extra
strain hardening and a long-range back stress. Compared
with homogeneous grain refining,[22,24] refining grain
sizes in the surface layer could result in a superior
ductility–strength combination of surface-treated mate-
rials. In addition to refining grain sizes with a gradient,
texture can also influence the tensile strength and
ductility because of the strong plasticity anisotropy in
Mg alloys.[13] Recently, Chen et al.[25] has found that, in
addition to refining grain sizes, SMAT can also modify
textures with a gradient distribution along depth. Such
texture gradient significantly improves the ductil-
ity–strength combination compared with the grain-size
gradient, e.g., in steel,[22,26] aluminum,[27] andmagnesium
alloys without strong basal textures.[28]

In our experiment, we modified grain size and texture
in the surface layer of AZ31 sheets on both sides by
surface rotation rolling (SRR) technique. Compared
with SMAT[25,29] and other similar surface treat-
ments,[23,30,31] SRR treatment can be utilized for large
plates and result in fine surface finishing. By changing
vertical loads, we tailored the microstructure with
gradients in grain size and basal texture contents, and
conducted tensile testing of SRR-treated samples. An
optimal strength–ductility combination is achieved as
the vertical load is around 200 N. The roles of the
grain-size gradient and the texture gradient are discussed
in terms of their influences on strength and ductility.
Texture gradient is found to be the major contributor to
the significantly enhanced ductility.

II. EXPERIMENT

A commercial hot-rolled AZ31 alloy sheet with an
average grain size of about 20 lm was used in this study.

JIAWEI YAN, JIAWEI MA, and YAO SHEN are with the State
Key Lab of Metal Matrix Composites, School of Materials Science
and Engineering, Shanghai Jiao Tong University, Shanghai 200240,
China. Contact e-mail: yaoshen@sjtu.edu.cn JIAN WANG is with the
Department of Mechanical and Materials Engineering, University of
Nebraska-Lincoln, Lincoln, NE 68588.

Manuscript submitted March 14, 2018.
Article published online August 22, 2018

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 49A, NOVEMBER 2018—5333

http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-018-4874-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-018-4874-y&amp;domain=pdf


The SRR device is set up in a computer numeric control
(CNC) turret machine tool, as shown in Figure 1. It
includes a vacuum chuck, a working head, and a vertical
spindle. The working head, which consists of three
parallel springs and a planar bearing with cemented
carbide balls (3 mm in diameter), is installed on the
vertical spindle. The AZ31 sheet is held tightly on the
vacuum chuck and rolled by ten cemented carbide balls
confined inside a rotating working head that is pressed
with a vertical load P along the normal direction (TD) of
the sheet. During the SRR processing, the working head
rotates with a rotation speed of x = 540 rpm and then
moves back and forth with the horizontal speed of
t = 100 mm/min along the rolling direction (RD) of
the sheet. The vertical load was controlled at constant
values of 120, 160, 200, 240, and 280 N, respectively, in
order to optimize the microstructures of AZ31 sheet in
terms of texture and grain size. Sufficient cooling liquid
with lubrication was used to suppress heating and
surface damages. The initial 1.00-mm-thick plate was
deformed to 0.87 to 0.92 mm, depending on the vertical
load.

Tensile specimens with a gauge dimension of
15 mm 9 5 mm were machined parallel to the rolling
direction of the sheet. For each SRR-treated sample, we
prepared two tensile specimens. Tensile tests were
carried out using a Zwick testing machine at a strain
rate of 1 9 10�3 s�1 at room temperature. All the cross
sections mentioned in this study are perpendicular to the

transversal direction (TD) of the sample. The cross-sec-
tional microhardness of the SRR-treated samples was
measured using a Buehler 402SXV Microhardness
Tester with a load of 10 g and a dwell time of
10 seconds. At least five indents were conducted for
each depth from the surface. Cross-sectional microstruc-
ture was characterized using a scanning electron micro-
scope (SEM) with an electron backscatter diffraction
(EBSD) detector, with the step sizes varying from 0.2 to
2 lm. HKL Channel 5.0 software was used to analyze
and process the EBSD data. EBSD samples were
prepared by electrochemical polishing using perchloric
acid solution (25 mL perchloric acid+475 mL ethanol)
at � 20 �C and applying 17 V for about 7 minutes.
Cross-sectional microstructure in the surface layer was
also characterized by transmission electron microscope
(TEM, JEOL 2100) at the operating voltage of 200 kV.
TEM samples were prepared by gluing two cross-sec-
tional thin foils in a face-to-face manner and then
inserting it into a copper ring for thinning by Ar ion
milling.

III. RESULTS

The SRR-treated AZ31 sheets show an increase in
strength with a little sacrifice of ductility, as shown in
Figure 2(a). The yield strength (rYS) of the SRR-treated
samples is about twice that of the as-received sample
(~ 250 vs 137 MPa). The ultimate tensile strength (rUTS)
also increases from 226 to 308 MPa. The elongation to
failure (e) remains the same as the as-received sample
when the vertical load P is 200 or 240 N. The optimal
combination of strength (rYS = 208 MPa,
rUTS = 294 MPa) and ductility (e = 21.5 pct) is
obtained at P = 200 N. The rUTS and e values of both
the as-received and the SRR-treated samples are sum-
marized in the inset of Figure 2(a), which shows a hump
feature at P = 160 N, 200, and 240 N that deviates
from the conventional linear strength–ductility variation
in either uniform or gradient grain-size
materials.[22,26,28,31–34]

To understand the hump feature in Figure 2(a), we
further characterized the variation of the cross-sectional
hardness, the depth of the hardened layer, and the
microstructures along the depth for different vertical
loads. The cross-sectional hardness of SRR-treated
samples exhibits a gradient variation, as plotted in
Figure 2(b) as a function of the depth from the surface,
according to which, we determined the depth of the
hardened layer. The depth of the hardened layer
increases with the increasing P, and is increased
throughout the whole sample when P exceeds 200 N.
The cross-sectional hardness increases with the vertical
load. The hardness in the near surface increases to 112
HV compared with 65 HV in the as-received material
when P = 120 N, and finally reaches a peak value of
130 HV when P exceeds 200 N. With further increasing
of P, up to 280 N, the hardness at different depths
continuously increases except at the top surface, where
the hardness reaches a peak of 130 HV and the
saturation depth increases up to 60 lm. The larger

Fig. 1—(a) The device for surface rotation rolling treatment. (b) The
AZ31 sheet sample treated by SRR. (c) The enlarged normal view,
and (d) bottom view of the working head.
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scatters and fluctuation in the mean value of hardness
within the top surface layer are presumed to indicate the
occurrence of over hardening that induces flaws and
hardness reduction.

The grain size exhibits a gradient distribution along
the depth from surface after SRR treatment, and
particularly, the highly refined grains within the top
layer are transversally equiaxed, as shown in Figure 3
(microstructural characterizations with a larger range
along depth can be found in Figure 4). The refined
region is about 60 lm deep when P = 120 N, and at
least 150 lm deep when P = 280 N. The cross-sectional
microstructure at the depth of 10 lm was characterized
with TEM as shown in Figure 3(i). The continuous rings
in the corresponding selected area electron diffraction
(SAED) patterns (the inset) indicate that the orienta-
tions of these nanocrystals are nearly randomly dis-
tributed. The transversal grain-size distribution of the
layer about 10 lm beneath the surface is presented in
Figure 4(j) with an average size of 117 nm, a typical size

that can be achieved in surface mechanical treatment of
AZ31 sheet with various techniques, such as
SMAT,[25,29] sliding friction treatment,[31] and
wire-brushing.[23]

As the depth of grain-refined layer is much smaller
than that of the hardened layer (the latter reaches almost
to the most center when P ‡ 200 N), it is needed to
reach beneath the grain-refined layer and check the
other microstructural aspects such as degree of defor-
mation and texture variations. The degrees of deforma-
tion are characterized by the band contrast figures and
the ‘‘recrystallized fraction’’ illustrations in Figure 4.
The band contrast figures can reveal some slip bands,
e.g., those at the central area of 280 N sample. The
‘‘recrystallized fraction’’ function in HKL Channel 5
software identifies each grain as ‘‘severely deformed,’’
‘‘substructured,’’ (with subgrains) or ‘‘recrystallized’’
(nearly undeformed in the current study), depending on
the average internal misorientation within each individ-
ual grain or subgrain. The sequence of these three types
of grains from the surface down to the central area is in
accordance with the decrease of plastic deformation
along depth. The deformed depth includes that of both
‘‘severely deformed’’ and ‘‘substructured’’ grains, which
is nearly the same as that of the hardened layer for each
sample, as listed in Table I. These findings explain why
the depth of grain-refined layer is much smaller than
that of the hardened layer: either small or large plastic
deformation can result in hardening but only the large
can refine grains.
Accompanying with grain-size gradient, texture also

exhibits gradient along the depth, i.e. the content of
basal texture is gradually weakened from the center area
outward to the surface layer, as shown in Figure 4.
Weakening basal texture, evidenced by the expansion of
(0001) orientation cluster, occurs until the maximum
depth of 200 lm when P = 120 N, and it extends to the
center of the sample when P increases to 200 N. The
basal texture is further weakened along the depth with
P = 280 N. Weakening of basal textures at different
loads is also quantified and compared as shown in
Figure 4(d). The reduction of basal texture contents in
SRR-treated samples is calculated as the relative reduc-
tion compared with the as-received sample, where the
basal texture contents are the summation of intensity of
(0001) orientations that are within a critical degree
around ND. Error bars in Figure 4(d) indicate the
variations in measurement when the critical angle varies
within the range of 8 to 12 deg. It is noted that for each
sample, the depth of texture-weakened layer is nearly
the same as that of hardened layer or deformed layer, as
listed in Table I.

IV. DISCUSSION

By virtue of the through-thickness dual gradients, the
best strength–ductility combination of AZ31 sheets was
obtained using SRR technique with P = 200 N, as
shown in Figure 5, compared to its counterparts by
various deformation processes, including homogeneous
refinement and SMAT.[23,25,29,31,35–37] It is noted that the

Fig. 2—(a) The uniaxial tensile tests and (b) curves of microhardness
along depth, for the as-received and the surface rotation
rolling-treated AZ31 samples.
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SRR-treated sample with the optimal mechanical per-
formance exhibits the dual gradients in the whole sample
(about 0.9 mm) but no over hardening, compared to the
case when P = 280 N.

The tensile strength increases monotonically with the
vertical load P. This is attributed to the increase in the
hardness and the thickness of the hardened layer. How-
ever, the ductility exhibits an abnormal fluctuating trend.
At P = 120 N, grain refinement and hardening happen
within a limited depth on the surface, and the degree of
texture weakening is similarly limited. Therefore, in terms
of back stress, the positive effects of grain-size and texture
gradients on hardening and ductility are limited. Corre-
spondingly, the ductility follows the usual ‘‘stronger–less
ductile’’ trend. This is consistent with the results of those
SMAT materials with no obvious (or enough) texture
gradient, which exhibit the monotonous decrease in
ductility with monotonous increase of strength.[28,34,38]

At the optimal load of 200 N, the gradients in hardness/
strength expand to the whole thickness and result in the
spreading of back stress in the whole volume. Accompa-
nied with grain-size gradient from the surface ~ 150 lm
layer, the gradient weakening of basal textures gives extra
contribution to back stress because it can create gradients
in plastic strains, which, in turn, generates back stress.

This auxiliary effect originates from the large plastic
anisotropy in hexagonalmetals. In addition to back stress
hardening, weakened basal texture itself is proposed to
improve ductility by facilitating more basal/non-basal
slips and/or activating tensile twinning,[12,14] although
comprehensive mechanisms are lacking. At P = 280 N,
ductility decreases again after the hardening had already
reached the very center. This can be explained by the fact
that all gradients including hardness, grain size, and basal
texture have decreased in terms of the degree.Meanwhile,
the grain refinement on the surface reaches the maximum
and dislocations stored in the grains of the middle area
increase extensively. As a consequence, such over hard-
ening leads to lack of further strain hardening during
deformation as well as the reduction of ductility. An
additional reason is that surface damage is likely to occur
upon over hardening.
Thus, it could be inferred that gradient, in terms of

textures, is more important than grain-size gradient and
defect gradients, including dislocation and deformation
twinning, for the improvement in ductility. This is
supported by three arguments. First, the depth of
texture gradient is much larger than that of grain-size
gradient and twinning gradient, but it is in coincidence
with the depth of hardness gradients that controls the

Fig. 3—Inverse pole figures (IPF) and corresponding band contrast figures of (a), (b) the as-received AZ31 sample, and the samples treated by
surface rotation rolling with loads of (c), (d) 120 N, (e), (f) 200 N, and (g), (h) 280 N. (i) A cross-sectional bright field TEM image of the
microstructures about 10 lm beneath the surface of the 120 N sample, as enclosed by the white square in (d). The inset shows the selected area
electron diffraction pattern. (j) The distribution and the average value of the transversal grain size obtained from the cross-sectional TEM
measurements.
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back stress distribution. Second, the gradient of weak-
ening basal texture in hcp crystals contributes much
more than the back stress generated by grain-size
gradient, as mentioned above, because of the strong
anisotropy of plastic deformation. Third, one system,
with mainly grain-size gradient and dislocation-density
variations across the thickness but with a little amount
of texture gradients, usually exhibits monotonic ‘‘hard-
er–less ductile’’ trend.[28,34,38]

V. CONCLUSION

In summary, the surface rotation rolling method is
applied to produce AZ31 Mg alloy sheet with dual
gradients in terms of grain size and weakened basal
textures. This is promising for large-scale applications in
metal plate forming or processing. The optimal
strength–ductility happens when the volume exhibiting
gradient in strength reaches the maximum allowable

Fig. 4—Band contrast figures, recrystallized fraction illustrations (fully recrystallized grains are shown in blue, substructured grains in yellow,
and severely deformed grains in red), and (0001) pole figures from different depths of AZ31 samples with loads of (a) 120 N, (b) 200 N, and (c)
280 N. All pole figures are plotted with RD in North and TD in East directions. (d) The variations of reduction in basal texture contents along
depth at the three loads (Color figure online).

Table I. The Thickness and Volume Fractions of Hardened/Grain-Refined/Deformed/Texture-Weakened Layers with Different
Loads

P (N) THL (lm) TGL (lm) TDL (lm) TWL (lm)

120 250 (44.4 pct) 60 (13.3 pct) 260 (57.8 pct) 240 (53.3 pct)
200 450 (100 pct) 120 (26.7 pct) 450 (100 pct) 450 (100 pct)
280 450 (100 pct) 160 (35.6 pct) 450 (100 pct) 450 (100 pct)

The percentages shown in parentheses are the volume fractions of different layers in the whole sample thickness (around 0.9 mm).
THL, thickness of hardened layer; TGL, thickness of grain-refined layer; TDL, thickness of deformed layer; TWL, thickness of texture-weakened

layer.
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limit without over hardening to reduce the gradient in
the surface or the center. It is suggested that the texture
gradient is more important in improving ductility than
the grain-size gradient, especially for hexagonal close-
packed structures exhibiting significant plastic
anisotropy.
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