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Abstract: A solution-treated AZ91 bulk material was deep-surface-rolled at room temperature to investigate the effect of deep
surface rolling on the microstructure and mechanical properties of the alloy. Microhardness and microstructure along the depth of the
treated surface layer were characterized. The results show that the affected layer was up to 2.0 mm thick and consisted of three
sublayers: a severe deformation layer with thickness of about 400 um from the topmost surface, a medium deformation layer with
thickness of around 600 um and a small deformation layer up to 1000 um thick. In addition to grain refinement in the deformation
layer, strain-induced precipitation of § phase (Mg;,Al;;) was observed, particularly in the severe and medium deformation layers. It
is believed that the cooperative effects of grain refinement, strain hardening and precipitation strengthening led to the significant

increase in hardness of the AZ91 alloy after the deep surface rolling.
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1 Introduction

Because surface strengthening can significantly
improve hardness, wear and fatigue resistance of metallic
materials, surface nanocrystallization has been
considered as an emerging approach to achieve superior
surface properties [1-3] in addition to conventional
techniques for metal surface strengthening, such as shot
peening and rolling. In the past years, various surface
nanocrystallization techniques have been well developed,
including surface mechanical grinding treatment
(SMGT) or surface mechanical attrition treatment
(SMAT) [2—4], ultrasonic shot peening [5], high energy
shot peening (HESP) [6], supersonic rolling [7] and laser
shock processing [8], etc.

AZ91 Mg alloy (Mg—9wt.%Al-1wt.%Zn) is the
most widely used cast magnesium alloy due to its
superior combination of castability, mechanical
properties and low cost [9]. There have been some

studies on surface nanocrystallization of AZ91 alloy by
SMAT or HESP [10-12]. The grain refinement
mechanisms have been well established. However, the
severe deformation layer (surface nanocrystallization
layer) produced by SMAT or HESP is usually very thin
(less than 100 um), and the surface is generally
associated with high surface roughness and micro-cracks.
Especially, little attention has been paid to the
precipitation behavior of § phase (Mg;Al;,) during the
surface nanocrystallization process.

Deep surface rolling (DSR), also known as deep
rolling (DR), is a well-developed and widely-used
mechanical surface treatment method to produce
compressive residual stress on the surface of metallic
component in order to improve fatigue life [13—15]. The
major advantage of DSR over other surface treatment
techniques is its thick affected layer (about 1-3 mm).
Hence, it is a very suitable method for surface
nanocrystallization treatment. In addition, after DSR, the
treated surface has low surface roughness (<1 pm) and
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almost no microcracks [16,17]. ALTENBERGER
et al [18] studied the effect of deep rolling on the cyclic
performance of magnesium alloys in the temperature
range from 20 to 250 °C. Their results showed that deep
rolling led to pronounced enhancement of fatigue life at
room temperature. However, the microstructure was not
well characterized. The present work aims to investigate
and understand the effects of DSR on the microstructure
and mechanical property evolutions in the surface layer
of an AZ91 Mg alloy.

2 Experimental

In order to avoid the influence of secondary phase, a
commercial AZ91 Mg alloy ingot was solid-solution-
treated at 420 °C for 48 h and followed by water
quenching to form single phase alloy. Then, the ingot
was cut and machined into 100 mm x 60 mm x 10 mm
plates for the DSR processing. The DSR device is a
hydraulic rolling device. Figure 1(a) shows the DSR
process on a CNC milling machine. Figure 1(b)
illustrates how a hydraulically-floated ball was used to
press on the top surface of an AZ91 sample. The detailed
DSR processing parameters are: the roller is a spherical
high strength steel ball with a diameter of 13 mm; the
rolling pressure is 10 MPa, and the rolling feed rate is
1400 mm/min. The rolling paths used in this study were
twice in the longitudinal direction (LD) and then twice in
the transverse direction (TD), and the distance between
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neighbouring paths is 0.056 mm, with a schematic
diagram shown in Fig. 2(a). The LD plus TD processing
can make the surface layer of the sample have uniform
deformation and isotropic microstructure in the process
plane. During the DSR process, the sample was cooled
by coolant. The DSR parameters are derived from the
research work [19]. After the DSR, the surface of the
sample is smooth and has a mirror surface finish, as
shown in Fig. 2(b). R,<0.27 um was achieved according
to our test by a TA620 roughness measuring platform. So,
DSR can obtain high surface finish.

The average grain size of top surface layer of the
deep-rolled sample was analyzed in terms of peak width
on the X-ray diffraction (XRD) spectra [20]. The XRD
was conducted on a Bruker Advance D8 X-ray
diffractometer with Cu K, radiation within the 26 range
from 30° to 80° with a step of 0.02°. Variation of
hardness along the depth from the treated surface was
measured using a Struers Duramin Vickers hardness
testing machine, with a load of 25 g and a loading time
of 10 s. At each depth, at least three tests were carried
out and the average hardness was presented with a
standard deviation.

The cross-sectional microstructures of the sample
were examined using a POLYVAR MET optical
microscope (OM) and JEOL JSM—7001F field-emission
scanning electron microscope (SEM). For OM and SEM
analyses, the samples were cut, mounted, polished
successively and then etched by 2 vol.% nital. The
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Fig. 2 Schematic diagram showing processing directions and analyzed plane (a) and image showing processed surface of AZ91 Mg
alloy (b)
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detailed microstructure in the severe deformation layer
was also analyzed with JEM—2100 transmission electron
microscope (TEM). A FEI Dual FIB/SEM-SCIOS
focused ion beam (FIB) equipment was used to prepare
the TEM foil at a depth of about 20 pm from the topmost
surface of the DSRed sample. It should be pointed out
that both hardness and microstructure analyses are on the
plane shown in Fig. 2(a).

3 Results and discussion

3.1 Macrostructure analyses

The XRD patterns of the solution-treated AZ91
magnesium alloy before and after the DSR are shown in
Fig. 3. The XRD spectra only show single HCP a-Mg
solid solution. However, after the DSR, distinct
broadenings of the Bragg reflections appear, implying a
grain refinement, microstrain development and
micro-distortions of the crystalline lattice [11]. The
average grain size, in terms of Scherrer equation
D=KJ/(Lscos §) (where D is grain size, L, is
full-width-half-max (FWHM) of the diffraction peak, 6 is
the diffraction angle, K is constant (0.9), and A is
wavelength of the X-ray) [20], is 28.3 nm. This result
agrees with previously-published result from SMAT
technique [10].
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Fig. 3 XRD patterns of solution-treated AZ91 magnesium alloy
before and after DSR

A typical cross-sectional OM micrograph of the
DSRed sample is shown in Fig. 4(a). It can be seen that
the entire affected layer is up to 2 mm thick, which can
be divided into three sublayers. The first sublayer is the
severe deformation layer from the topmost surface,
which is about 400 pm thick. It looks relatively dark and
completely different from the substrate under OM after
the chemical etching. This sublayer corresponds to the
nanocrystalline or sub-micrometer scaled grains. The
next sublayer is the medium deformation layer, which is
about 600 pum thick. In this region, the staggered

deformation twins can be clearly seen, and the density of
twins is gradually decreased along the depth. The small
deformation layer is close to the substrate, which is up to
1000 pm thick and is associated with low density of
deformation twins.
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Fig. 4 Cross-sectional optical micrograph close to deep-rolled

surface (a) and hardness profile from topmost surface to

substrate (b)

The variation of micro-hardness with distance from
the topmost surface to the substrate is plotted in Fig. 4(b).
It can be seen that the hardness distribution corresponds
well to the microstructure of Fig. 4(a). The severe
deformation layer has the highest hardness, which is
twice that of the substrate. The degree of enhancement is
the same as that of the SMAT [10]. However, the severe
deformation layer with high hardness is much thicker
than the nanocrystalline layer produced by conventional
SMAT. The latter is just around 100 um [10]. In addition,
it is interesting to see that the micro-hardness distribution
in the severe deformation layer firstly increases and then
decreases mildly, and the highest hardness appears at the
subsurface (in the depth of around 0.2 mm). MEYER
et al [21,22] also found the similar phenomena after the
material X210Cr12 (AISI D3) was treated by DSR. They
explained that the phenomena resulted from the
characteristics of Hertzian stress and the big ball
diameter applied in the DR process. The gradient
hardness variation in the medium deformation layer and
small deformation layer is distinctly related to the
gradually-decreased deformation extent.
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3.2 Microstructure analyses

In order to further investigate the microstructure in
the deformation layer, SEM and TEM studies were
conducted. Figure 5 shows cross-sectional SEM images
of the deformation layer at different depths. Continuous
precipitates (white particles) along the deformation twin
boundaries can be clearly observed. The amount and size
of the precipitates decrease along the depth (see
Figs. 5(a—d)). The large and high density precipitates
basically distribute homogeneously in the severe
deformation layer (see Fig. 5(a)) due to the high density
of crystal defects (mainly twins and dislocations). These
fine and high density of precipitates should contribute to
the hardness improvement of the DSRed sample.

In order to identify the precipitates and verify the
refined grains in the severe deformation layer, TEM
examination was conducted at the depth of about 20 um
from the topmost surface. Figure 6(a) shows a typical
bright-field TEM micrograph and Fig. 6(b) indicates the
corresponding selected-area electron diffraction (SAED)
pattern. The approximate diffraction rings indicate that
randomly-oriented grains are obtained. Both a-Mg and
Mg,;Al;; phases are identified by carefully indexing the
SAED pattern. The rings 2—3 and 5—7 are the overlapped
diffractions of a-Mg and Mg;Al,,. The ring 2
corresponds to (0002)y, and (400)s. The ring 3
corresponds  to (IOTI)Mg and (411), which are
generally the strongest diffractions of the two phases.
The ring 5 corresponds to (10T2)Mg and (521), the

ring 6 corresponds to a IEO)Mg and (541), and the ring
7 corresponds to (1013), and (721);. The diffraction
spots at ring 4 correspond to (332); only. The other
diffraction spots on rings 1 and 8 are from a-Mg, as
shown in Fig. 6(b). Therefore, the nanometer or
submicron scale grains shown in Fig. 6(a) consist of
o-Mg grains and f particles. The result indicates that,
within the severe deformation layer during deep rolling
processing, not only the nanocrystallization or grain
refinement occurs, but also the precipitation of Mg;;Al;,
phase is induced. However, there are still some
high-strain-energy subgrains that have not been
transformed into nanograins, as indicated in regions A
and B in Fig. 6(a). Therefore, the significant
enhancement of the hardness in the severe deformation
layer is resulted from the grain refinement, precipitation
strengthening and strain strengthening. Similar to the
SMAT of AZ91 alloy [10], the grain refinement process
can be divided into three steps: twinning, which divides
the coarse grains into twin platelet; then formation of
subgrains and dislocation arrays as subgrain boundaries
through  dislocation movements, and dynamic
recrystallization to form nano-sized grains at last. The
grains such as the “clean” nanometer grain (marked C)
around a high strain area (marked B) in Fig. 6(a) show
the evidence of dynamic recrystallization process.

In order to further confirm the strain-induced
precipitation of the f phase, a scanning transmission
electron microscopy (STEM) image of the severe

i 5

+ Chy

Fig. 5 Cross-sectional SEM images of deep-surface-rolled sample showing precipitates at different depths: (a) Close to topmost

surface; (b) ~0.5mm; (¢) ~1.0 mm; (d) ~1.5 mm
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Fig. 6 Bright-field TEM image showing refined nanograins or
precipitated Mg;Al;, particles with some severely deformed
subgrains (a) and corresponding SAED pattern showing
coexistence of polycrystalline a-Mg and £ phase (b)

deformed layer and corresponding energy-dispersive
X-ray spectroscopy (EDS) mapping of elements were
obtained, as shown in Fig. 7. In Fig. 7(a), the bright
particles distribute along certain directions (should be
twin boundaries) different from the matrix. EDS
mapping of Al element shown in Fig. 7(b) indicates that
these bright particles are enriched with Al. Thus, these
particles are determined to be Mg;;Al,, precipitates.

The strain-induced AMg;Alj, precipitation was
scarcely reported during cold deformation or
conventional SMAT processes in solution treated AZ91
magnesium alloy [10,23]. The presently used deep
rolling processing was associated with high pressure and
relatively slow rolling speed. This possibly produced
more heat energy due to friction and improved the
temperature of the affected layer [24]. Moreover, the
deformation led to high density of crystal defects, such
as dislocations, lattice vacancy and twins, which
promoted the diffusion of solute atoms. Thus, it is
considered that the elevated temperature and high density
of crystal defects during deep rolling process were
responsible for the strain-induced precipitation. From a
thermodynamic point of view, the formation energy of
Mg;Al;, is negative in the entire temperature range
(0—700 K) [25]. So, S phase can be also produced at
lower temperatures in thermodynamics view.

Fig. 7 STEM micrograph (a) and Al mapping result indicating
distributions of S phase (b)

In order to exclude that the precipitation
phenomenon is just a kind of natural ageing, we repeated
the experiments from DSR processing to microstructural
observations in 10 d, and our results approved the
reproducibility of the precipitation phenomenon of f
phase.

4 Conclusions

(1) The solution-treated AZ91 magnesium alloy had
a 2.0 mm-thick affected layer after the deep surface
rolling. The affected layer can be divided into three
sublayers: the severe deformation layer of about 400 pm
deep from the topmost surface, the medium deformation
layer of about 600 pum thick in the middle of the
deformation layer, and the small deformation layer of
about 1000 pm thick next to the undeformed base
material.

(2) In the deformation layer, the severe deformation
sublayer in particular, in addition to the grain refinement
and increase in density of crystal defects, strain-induced
precipitation of Mg;,Al;, phase also occurred. Thus, the
high hardness of the severe deformation layer is
attributed to the cooperative effects of grain refinement,
work hardening and precipitation hardening.
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