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Abstract The accumulative back extrusion (ABE), as a
new-noble severe plastic deformation (SPD) technique, has
been employed to clarify the microstructural evolutions of
AZ31 magnesium alloy during severe deformation. The
latter has been explored using a 3D finite element analysis
along with the microstructural investigations. The distri-
bution of ABE generated shear strain (SS) and its corre-
sponding microstructures have been thoroughly studied.
The results indicated that the restrictions of material flow
during ABE processing had been led to the mechanical
shear bands generation in the microstructure. In addition,
the occurrence of continuous dynamic recrystallization
(CDRX) within the bands has resulted in a local grain
refinement in those areas. Consequently a bimodal struc-
ture including the fine recrystallized grains along with the
elongated ones has been developed. The effect of defor-
mation mode on the microstructural refinement has been
also discussed through considering the developed SS his-
tory and the related microstructural refinement.

Introduction

Magnesium alloys as the light structural materials normally
exhibit low formability near the room temperature.
Accordingly most of the magnesium products are fabri-
cated by casting, in particular, by die casting [1]. In order
to exploit the benefits of magnesium alloys, it is important
to develop a variety of secondary processing routes which
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can effectively improve their formability without reducing
their strength. As is well known these may be achieved
through microstructural grain refinement.

The fabrication of bulk ultrafine-grained (UFG) mate-
rials using severe plastic deformation (SPD) methods has
attracted a great deal of attention in recent years. This is
related to their different engineering advantages in partic-
ular high strength and desired ductility at ambient tem-
perature [2—4]. As is well established the shear component
of applied plastic strain during SPD processes plays the
most effective role in creating the fine grains with high
angle grain boundaries [5, 6]. In addition, it is generally
accepted that the main mechanism of ECAP grain refine-
ment is solely dictated by the geometry of shear defor-
mation [7]. Lee et al. [6] have also demonstrated that the
ultragrain refinement during ARB processing is greatly
controlled by the state of applied shear strain (SS). They
showed that the grain size distribution through thickness
was well synchronized with the SS distributions. The
similar results were also reported by Tsuji et al. [8]. Huang
et al. [9] have also discussed the role of SS in grain
refinement during repetitive corrugation and straightening
processing. However, the coincidence of SS and grain
refinement in Mg alloys has been rarely focused. Su et al.
[7] have related the Mg grain refinement during ECAP to
the combination of mechanical shearing and subsequent
continuous recovery, recrystallization and growth of grains
and subgrains. The clarification of the role of SS in SPD
processes is highly important, in particular for deeper
understanding of the microstructural evolution during
severe deformation of magnesium alloys.

In the present work, the shear strain (SS) distribution,
which was introduced by a new-noble SPD process known
as accumulative back extrusion (ABE), has been analyzed
using a proper finite element (FE) simulation. The
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aforementioned method has been recently invented and
explained by the present authors [10, 11]. In order to verify
the simulation results, a special grid method was employed
to directly observe the deformation configuration. The
microstructural examinations were also performed on the
accumulative back extruded material at different process
stages to correlate between the developed SS and the
achieved grain refinement across the cross-section.

Experimental and simulation procedure

The principle of ABE processing has been thoroughly
described elsewhere [10, 11]. A hot-rolled AZ31 magne-
sium alloy was employed as the experimental and simu-
lation material. The cylindrical testing work pieces were
machined in the sizes of (J18 x 8 mm. The graphite spray

Fig. 1 The FEM-predicted (a)
distortion of mesh pattern in
AZ31 experimental alloy during
a, b step one; ¢, d step two of
ABE processing
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was used to reduce the friction between the work piece and
the tools surfaces. To directly monitor the SS evolutions
during processing, the work pieces were cut into two halves.
The square grids with dimension of 1 mm were electro-
etched on the face of one half. A clear strain configuration
could be observed through utilizing this special technique.
The experiments were conducted at 230 °C and ram speed of
10 mm/min. The microstructural examinations were done
through common metallographical methods.

The 3D FEM simulations have been carried out ana-
lyzing the overall behavior of the specimen in the die. A
commercial finite element code Abaqus/Explicit was used
to perform all the simulations. An eight-node bilinear plane
strain hexahedral (C3D8R) element was employed for the
parts. The initial element mesh contains 44,580 elements.
The arbitrary Lagrangian—Eulerian (ALE) adaptive mesh-
ing, would maintain a high-quality mesh under severe
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material deformation by allowing the mesh to move inde-
pendently with respect to the underlying material. To
accommodate the predetermined large strains during sim-
ulations the adaptive meshing (automatic remeshing) was
employed. A similar cylindrical shape specimen and the
Von-Mises yield criterion were adapted for the simulations.
The coulomb friction is considered to model the contact
between the die and the specimen. The die and the punch
were modeled with analytical rigid elements. The friction
coefficient (m) was assumed to be 0.15. All the simulations
were performed with a speed of 10 mm/min. In order to
proceed the simulations, the mechanical properties of
AZ31 alloy, which were obtained through hot compression

Fig. 2 The shear strain (SS)
contours of the AZ31
experimental alloy at different
ABE stages (a—c step one and
d—f step two)

(a)

tests [12], and the mechanical properties of a hot worked
steel for modeling the punch have been taken into account.
The strategy of different point evaluation was selected to
examine the evolution of strain and stress in whole
specimen.

Results and discussion

Shear deformation behavior

Figure 1 shows the developed mesh pattern during the
ABE process. As is observed the deformation mainly

(d)
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demonstrates a simple shear behavior. The highly severe
deformation zone may be revealed by analyzing the mesh
pattern. A narrow plate-like zone including severe shearing
is seen in an inclined position with respect to the punch tip
(Fig. 1a, c). The authors consider this region as a pro-
nounced shear plane. It is worth recalling that each pass of
ABE processing comprises of two steps (i.e., a back
extrusion followed by a forging step) [10]. The material
passes the aforementioned zone during the first step and
moves concurrently to the wall. The mesh distortions are
more homogenous over the cross-section in the second
step, where the material flows through a curved route. At
the end of process (i.e., after one pass ABE), a distorted
mesh pattern with reasonable uniformity is obtained. It has
been shown in previous work that ABE technique may
impose an equivalent strain of 4-5 after one pass [11].
Figure 2 represents the SS (&) contours of the
deformed work piece during ABE steps. The results are
demonstrated in two dimensions to keep the concerns of

Fig. 3 The selected elements in one half of the work piece cross-
section
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Fig. 4 The variation of shear strains during the ABE processing for
typical elements over the cross-section

axisymmetry and simplicity into consideration. As is seen
while the inner punch moves down, the material is
deformed by a shear straining scheme toward the gap
between the punch and die wall. A channel of shear
straining is clearly distinguished through the color differ-
ence. As the contours shows the developed SS is almost
homogenous all over the affected areas. However, the
regions at vicinity of the punch edge, where the amount of
strain is significantly raised, the homogeneity reduces. The
high values of SS (more than 2) are estimated around the
punch edge. The heterogeneity of SS distribution is
increased as the process gradually reaches to the end of
step one. In contrast, as the second step proceeds the
material follows an inverse route where the deformation
channel widens as the process approaches to the end of
cycle. In comparison to step one, the high values of SS is
generated along the boundary where the compressed back
material meets the pre-existent one.

To follow the deformation history during ABE pro-
cessing, the SS were analyzed across the cross-section.
According to Fig. 3, five typical elements of P22, P33, P34,
P45, and P56 were traced to represent the different defor-
mation zones. The variation of SS at various times during
the deformation process is shown in Fig. 4. As the results
imply, the shear deformation is more effectively imposed
on the elements at the center, P33 and P34, during step one.
The other elements, however, may not bear a significant
amount of SS. This causes an inhomogeneous deformation
pattern at the end of step one. As the second step is applied,
all the selected elements begin to be effectively deformed
by shear deformation. At the end of ABE cycle a reason-
able homogeneity may be realized in SS experienced by the
elements (Fig. 5).

It should be noted that two adjacent couple of selected
elements, i.e., (P22, P33) and (P34, P45) deform via shear
straining reversely. In other word, the trend of developed
SS is opposite. As the magnitude of SS in one is increased,
the other takes a descending behavior and vice versa. The
latter is interpreted by the geometry of deformation.
The large values of SS may be practically generated at the
interfaces of two regions. Considering the limited active
slip systems of magnesium alloy, the latter represents itself
as the shear bands in the microstructure [13]; this will be
discussed later.

Fig. 5 a The deformation mesh at initial state; and the deformed mesh at the end of b step one, and ¢ step two of ABE process
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Verification of simulation results

The deformation behavior was examined considering the
distortions of the grids plotted on the cross-section by geo-
metrical measurement. The deformed work pieces are shown
in Fig. 7. The grids have been gradually deformed during
step one (i.e., throughout back extrusion step). However, the
distorted grids have been gradually gained their initial shape
during the second step. To verify the simulation results a
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Fig. 6 The shear strain profiles along the P4;j (j = 1-6) elements of
the work piece at deformation mid-time

comparison was conducted between the normal strains cal-
culated through simulation method and those of measured
ones by grid method. The developed SSs at mid-time in a set
of elements along with the deformation axis, i.e., P4j,
Jj = 1-6 (the estimated by FEM and the measured ones) are
plotted versus the distance from the center line (deformation
axis) toward the outer surface of work piece in Fig. 6. As is
seen the verification results are qualitatively and quantita-
tively in a good with simulated ones.

Shear banding

Generally in all SPD processes the deformation localiza-
tion is observed through shear band formation. This is
considered to be the region of dominant microstructural
refinement [14-16]. As is well established if the material
work-hardening ability diminishes and the continuous flow
becomes unstable, the localized flow commences along the
shear bands [14, 17].

The optical metallography on the sectioned work piece
at the end of step one, has revealed the important details of
deformation behavior of the experimental alloy. The
curved shear bands are clearly observed in Fig. 7a, b which
interestingly follows the simulated flow pattern. The shear

TR Tk
AL

Fig. 7 a A low magnification optical micrograph, it shows major shear banding after step one, b shear banding at higher magnifications,

¢ outstanding grain refinement in shear bands
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banding zones along the penetration channel are consid-
erably smaller than those along the wall. The latter may be
rationalized by the fact that flow below the punch and
along the penetrating channel is much more restricted. It is
believed that this restriction creates periodic shear insta-
bilities [18]. In fact the strain energy of deformation is
accumulated in shear bands. In contrast to adiabatic shear
bands [18], those which are formed during the present
unique deformation pattern may be considered as
“mechanical shear bands”. The latter in fact are produced
due to intensive flow localization.

As the back extruded materials (the cup wall) com-
pressed back to the initial shape during step two, the
deformation geometry associates with less deformation
restriction. Moreover, the fine recrystallized grains which
are generated at the end of step one may facilitate the strain
hardening of the material during step two, as was also
discussed by Lapovok et al. [13]. These two aforemen-
tioned reasons lead to continuous and stable flow with less
localization during the second step.

Fig. 8 Optical micrographs and
contour maps of SS at the
middle stage of a step one,

b step two of ABE where white
and black arrows show the grain
refined area, respectively; the
microstructures are showing

c the elongated grains, d the fine
recrystallized grains

@ Springer

Grain refinement

As is seen in Fig. 7c, an outstanding grain refinement is
realized in the shear bands. The shearing deformation which
is actually achieved inside a shear band is extremely large
[18]. This may promote a high density of dislocations fol-
lowed by continuous dynamic recrystallization (CDRX) [18].
The latter may end up subdividing the bands by high angle
grain boundaries through the occurrence of grain refinement.
This is consistent with the observation in Mg—Zn-Gd alloy
during sever rolling that CDRX took place within the DRX
grains and near the shear bands [19]. This mechanism was
also denoted during ECAP of AZ31 alloy [20]. However,
Guo et al. [21] has reported that CDRX during multiple
forging of a cast magnesium alloy is associated with grain
splitting due to the formation of microbands that develop in
various directions. The occurrence of recrystallization and
grain refinement in shear bands has been also discussed by
Kaibyshev et al. [22] in aluminum alloys, where grains of
500 nm size was reported to be achieved.
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Fig. 9 a The variation of SS during the ABE processing for the P25,
P55, P42 elements and the related obtained microstructures at b P42,
¢ P25, and d P55

The microstructures of a given position on the work
piece cross-section at middle stage of both two steps of
deformation and the related SS contours are shown in
Fig. 8a and b. A bimodal structure including fine recrys-
tallized grains (Fig. 8c) together with elongated grains
(Fig. 8d) are observed at regions inside the deformation
channel, where high values of SS are estimated. A mean
size of 0.9 pm was measured for the recrystallized grains.

As is well established the mode of deformation is of
great importance in grain refinement during deformation
processes [16]. SPD processes are very diverse in defor-
mation modes, which may be ranged from pure shear to
simple shear. It is believed that the state of simple shear
stress is the most effective mode in obtaining UFG mate-
rials [16]. In addition the simple shear is the predominant
mode in most of SPD processes.

In order to study the mode of deformation three typical
elements of P25, P42, and P55 were considered (Fig. 3).
The associated SS histories developed in the aforemen-
tioned elements during the process are given in Fig. 9a. As
is seen, P55 element the deformation history of P55 ele-
ment is mainly pure shear, while the P42 element is
deformed by simple shear. Both of the pure and simple SS
modes are present in the deformation history of P25 ele-
ment. As all three elements were deformed by a similar
magnitude of maximum SS, the role of deformation mode
in grain refinement may be investigated through comparing
the related microstructures of these regions. As is seen
(Fig. 9a—c) the higher the share of simple shear in defor-
mation, the more grain refinement is achieved.

As is believed [23] the rotation of unstable orientation
to the principal stress may be stimulated under pure shear.
Such a rotation may be accompanied by the increase of
Schmid factor and texture hardening that delays flow
localization. In contrast, the rotation of unstable orienta-
tion under simple shear may result in decreasing the
Schmid factor and lead to textural softening with early
localization [16, 21]. Consequently it is to conclude that
the higher share of simple shear in applied deformation
may give rise to a more grain refinement through shear
banding.

Conclusions

The role of SS and the occurrence of grain refinement
during ABE processing of AZ31 alloy has been studied by
employing 3D finite element modeling as well as the
microstructural examinations. The main conclusions are as
follows:

@ Springer



1944

J Mater Sci (2011) 46:1937-1944

e The SS distribution in the cross-section after step one
(back extrusion) is inhomogeneous, whereas it tends to
be reasonably homogenous through applying the sec-
ond step (compression back).

e The strain measurements through grid method present
an acceptable conformity with FEM results.

e The mechanical shear bands may be formed during
ABE processing due to the restricted material flow.
This was shown to closely follow the shearing pattern.

e An outstanding grain refinement was realized in the
shear bands. This is believed to be the consequence of
continuous dynamic recrystallization and subdividing
the bands by high angle grain boundaries.

e A bimodal microstructure including fine recrystallized
grains together with elongated grains may be obtained
at regions inside the deformation channel, where the
high values of SS are predicted.

e The analysis of correlation of the shear deformation
path with the related microstructures shows that the
higher share of simple shear deformation may give rise
to more grain refinement.
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