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The influence of different wrought processes on the mechanical properties of AZ31 magnesium alloy was
investigated in terms of the strain state induced during these processes using a combination of finite element
method (FEM) analysis and tensile testing. A process with a large compressive strain develops an intensive basal
texture, leading to high strength and poor ductility.

1. Introduction

Various wrought processes have been used to enhance the mechan-
ical properties of magnesium (Mg) alloys through grain refinement
[1-5]. Nevertheless, the influence of differences in the wrought process
on the mechanical properties has not been clarified. The wrought pro-
cesses are characterized quantitively using the induced equivalent strain
and strain state (strain components). A larger equivalent strain promotes
dynamic recrystallization and refines grain size, resulting in improved
hardness [6,7]. When different processes induce the same equivalent
strain, the deformed microstructure and texture depend on the strain
path [3,8,9]. Because the strain path varies with the strain components,
the results of these studies indicate that the strain components affect the
microstructure and texture evolution, apart from the equivalent strain.
Several studies have investigated the influence of the strain state on the
microstructure and texture evolution using the finite element method
(FEM) [9-13]. Cho et al. [13] demonstrated that a particular strain
component, that is, the shear strain component, promotes grain subdi-
vision under the same equivalent strain conditions in low-carbon steel.
The strain state is hypothesized to influence mechanical properties via
the deformed structures. However, the direct correlation between the
strain components and mechanical properties has not been clarified.

Therefore, this study aimed to investigate the effects of wrought
processes on the mechanical properties from the viewpoint of the strain
components introduced by the processes. Different strain states with the
same equivalent strain, 1.5, were induced by five wrought processes
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(forging, rolling, extrusion, equal-channel-angular-extrusion (ECAE),
and caliber rolling) at 573 K. Combining the strain state computed by
FEM and the mechanical properties examined by the ambient tensile
test, the dependency of the mechanical properties on the wrought pro-
cess was discussed.

2. Experimental procedure

Extruded Mg alloy AZ31 (Mg-3.0 Al-0.8 Zn-0.31 Mn, wt. %) was first
annealed at 673 K for 1 h to remove the residual strain and then pro-
cessed through five wrought processes (forging, rolling, extrusion,
ECAE, and caliber rolling) at 573 K. The processing conditions were
designed to induce an equivalent strain of 1.5 [6,14]. Details of the
processing conditions have been reported elsewhere [9].

The mechanical properties were investigated by ambient tensile
testing at a constant crosshead speed, corresponding to an initial strain
rate of 1.0 x 1073 s71. The tensile specimens were machined to have a
gauge section that was 3 mm long, 1 mm wide, and 1 mm thick. The
tensile directions were parallel to the transverse direction (TD) to
compression direction (CD) in the forged alloy, the rolling direction
(RD) in the rolled and caliber rolled alloys, and the extrusion direction
(ED) in the extruded and ECAE alloys.

The strain states induced by the wrought processes were computed
using FEM analysis [9]. The calculation results were analyzed in the
orthogonal coordinate system, and the orientations of the x- and z-axes
were parallel to (TD, CD) in forging, (RD, ND) in rolling and caliber
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rolling, and (ED, ND) in extrusion and ECAE.
3. Results

The microstructures were observed using electron backscatter
diffraction (EBSD) scanning electron microscopy (SEM). The EBSD
observation results are shown in Supplementary Fig. S1. The EBSD re-
sults show that the basal texture developed clearly perpendicular to the
compression direction (CD) in the forged alloy and parallel to the rolling
direction (RD) in the rolled alloy (Fig. S1 (a) and (d)). The weak fiber
basal texture evolved parallel to the extrusion direction (ED) in the
extrusion and ECAE processes, and parallel to the RD in caliber rolling.
To evaluate the intensity of this texture, X-ray diffraction (XRD) was
performed along the CD in the forged alloy, normal direction (ND) to RD
in the rolled alloy and caliber rolled alloy, and the ND to ED in the
extruded alloy and ECAE-processed alloy. The basal plane orientation
index I(basal)/I(total) was calculated from the XRD peak data to express
the intensity of the basal texture [15].

The grain sizes and basal texture intensities are listed in Table 1. The
detailed results of the microstructure observation have been reported
[9]. The average grain size and grain size deviation were the largest for
the forged alloy (Table 1). The forged alloy has a heterogeneous
microstructure, which is a mixture of fine grains of several micrometers
and coarse grains of approximately 70 pm (Fig. S1 (c)). The other alloys
exhibited homogeneous microstructures composed of nearly average
grain sizes (Fig. S1 (f)). The EBSD observation and XRD analysis showed
that the basal texture developed far more intensively during forging and
rolling (Fig. S1 (a) and (d)). The FEM results are listed in Table 2. These
calculation results indicate that the processes introduced different strain
states with comparable equivalent strain (1.65-1.90). All processes
induce compressive strain along the z-axis, ¢,,, whose direction is par-
allel to the basal pole distributing concentratively. Further, the intensity
of the basal texture increases with the compressive strain &,,. The au-
thors previously reported a detailed discussion regarding the relation-
ship between the strain state and microstructural evolution [9].

Fig. 1 shows the nominal stress-nominal strain curves, and Table 3
summarizes the tensile test results. To evaluate the dependence of the
mechanical properties on the wrought process, the yield stress and
uniform elongation are shown as functions of the compressive strain in
the z-axis ¢, in Fig. 2. With a larger induced compressive strain ¢,,, the
yield stress increases, and conversely the uniform elongation decreases.
However, the forged alloy, which induces the largest compressive strain
€2z, does not follow these trends. It should be noted that the FEM analysis
revealed a certain variation in the equivalent strain among the different
wrought processes (Table 2). Although this variation may have
contributed to the observed differences in microstructure and mechan-
ical properties, it does not appear to fully explain the present results. For
example, the forged alloy, despite exhibiting high equivalent strain,
showed a mixture of fine and coarse grains. Whereas, the caliber rolled
alloy, which exhibits relatively smaller equivalent strain, showed a ho-
mogeneous and fine-grained microstructure (Table 1). Therefore, these
observations suggest that, within the range of equivalent strain variation
examined in this study, the deformation path also plays an important
role in determining the microstructure formation and mechanical
properties. In the following sections, the relationships between the

Table 1
Results of microstructure and texture observation.
Forging rolling extrusion ECAE caliber
rolling
grain size [pm] 209 + 12.6 + 12.2 £ 15.7 7.7
18.4 5.8 6.6 +10.4 0.9
Intensity of basal 9.3 10.5 2.8 2.5 4.0
texture I(basal)/
I(total)
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Table 2
Induced strain calculated by FEM analysis.

Forging rolling extrusion ECAE caliber rolling
equivalent strain 1.87 1.90 1.67 1.68 1.65
Exz —-1.87 —1.44 -0.73 —0.26 —0.47
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Fig. 1. Nominal stress-nominal strain curves obtained by ambient tensile test
of wrought processed alloys.

Table 3
Mechanical properties in the tensile test.
yield stress ultimate uniform fracture
[MPa] tension elongation elongation
stress [MPa] [%] [%]
forging 132.1 + 15.0 239.9+7.6 13.0 £1.2 17.1 £ 0.8
rolling 227.6 +£ 5.4 2833+ 7.7 6.4+ 0.4 9.6 £1.2
extrusion 171.3 £ 10.7 279.7 £ 3.3 12.1 £ 0.5 21.4+0.8
ECAE 150.9 + 8.4 259.1 + 3.4 149 £ 0.4 23.5+0.8
caliber 174.5+ 2.5 266.6 + 2.6 9.1+0.2 17.3 £1.0
rolling

wrought process and mechanical properties are discussed based on the
strengthening mechanism.

4. Discussion
4.1. Effect of the wrought process on the yield stress

Supplementary Fig. S2 shows the effects of the grain size and basal
texture on the yield stress. The yield stress was strengthened by grain
size refinement according to the Hall-Petch relationship (Fig. S2 (a)).
Although the rolled and extruded alloys have similar grain sizes, the
yield stress of the rolled alloy was approximately 50 MPa higher than
that of the extruded alloys. This difference was due to the basal texture
intensity (Fig. S2 (b)). However, the forged alloy with strong basal
texture was barely strengthened. To distinguish the strengthening
mechanism in the forged alloy, the contributions of grain size, basal
texture, and work hardening by the processes were assessed by referring
to Refs. [16,17] (Supplementary B), and the results are summarized in
Fig. 3. Fig. 3 shows that the rolled alloy was strengthened by grain size
refinement and texture evolution. The alloys that have smaller
compressive strain &, (extrusion, ECAE, and caliber rolling) were
strengthened only by grain size refinement and softened by the effect of
texture. These expected yield stresses are close to the experimentally
measured values. Nevertheless, the yield stress of the forged alloy was
overestimated by 40 MPa, which is higher than the experimentally
measured value. The experimentally measured value is in good agree-
ment with the sum of the yield stress of the non-processed alloy (HT) and
the contribution of the grain size, which is consistent with the lower
strengthening of the forged alloy by the basal texture in Fig. S2(b).
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Fig. 2. Effects of the compressive strain induced in wrought processes along the z-axis on the mechanical properties: (a) yield stress, (b) uniform elongation.
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Fig. 3. Comparison of the experimentally measured yield stress with the ex-
pected yield stress based on assessments of strengthening by grain size refine-
ment and basal texture development.

When tensile tests were conducted on the TD of the forged alloy, the
tensile direction was parallel to the basal texture (Fig. S1 (a)). Under
these conditions, the Schmid factor of basal slip was low (Table S1). As a
result, it is difficult for basal slip to occur, and the yield stress is expected
to increase. However, the forged alloy has a mixture of coarse and fine
grains, and the yield stress cannot be discussed only in terms of texture.
Cepeda-Jiménez et al. [18] reported that grain size refinement
decreased the activity of non-basal slip and restricted the deformation
mechanism to basal slip, even in an intensive basal texture. Schmid
factor distributions are shown in Supplementary Fig. S3. The coarse
grains exhibit relatively low Schmid factors for basal slip, whereas
higher Schmid factors are observed for the non-basal slip systems. These
results indicate that deformation in the coarse grains can be accom-
modated by non-basal slip in addition to basal slip. Because the
non-basal slip can achieve a high magnitude of strain for the basal slip in
coarse grains, the forged alloy lacks strengthening by the basal texture.

Fig. 2 (a) shows that the wrought process inducing a larger
compressive strain &,, strengthens yield stress. Using the compressive
strain ¢, the strain states applied by the five wrought processes can be
classified quantitatively [9]. When the equivalent strain € is applied, the
compressive strain &, of the forged, rolled, and the other processed al-
loys are |e,;| = € v/32/2, and < €/2. These strain states correspond to
uniaxial compression, plane strain compression, and multidirectional
compression, respectively. From the viewpoint of the strain state, the
correlation between the compressive strain ¢,, and the microstructure
evolution can be expressed as follows: the basal texture becomes more
intensive, and the grain size becomes larger and inhomogeneous
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through the transition of the strain state from multidirectional
compression to uniaxial compression (Tables 1 and 2). Thus, Fig. 2 (a)
shows that the transition from multidirectional compression to plane
strain compression intensifies the basal texture and consequently in-
creases the yield stress. When the strain state is uniaxial compression,
the uniaxially compressed alloy is not strengthened by the basal texture
because the microstructure becomes a mixture of coarse and fine grains.

4.2. Effects of wrought processes on uniform elongation

Previous studies have reported that grain size refinement enhances
ductility by inhibiting twin activity [19,20]. The {1012} tensile twin
operates easily next to the basal slip to achieve a tensile strain along the
c-axis under ambient deformation. The stress-strain curve of the
twin-dominant deformation is characterized by a concave curve [21].
However, no concave curves are observed in Fig. 1, indicating that the
twin activity does not dominate the tensile deformation in any of the
processed alloys. The low activity of the twin is ascribed to the orien-
tation relationship between the basal texture and the tensile direction. In
the forged and rolled alloys, the tensile direction was parallel to the
basal texture, and it was difficult for the twin to act. In other alloys,
tensile deformation can be achieved by basal slip without the twin
because the basal texture is weak. Therefore, the dependence of the
uniform elongation on the wrought process cannot be rationalized by
twin activity.

Unlike the grain size, the basal texture is significantly related to the
uniform elongation in Fig. 4. An increase in the intensity of the basal
texture decreases the uniform elongation, except for the forged alloy.
Because the twin hardly acts, the relationship between the uniform
elongation and basal texture is rationalized by the difference in slip
activity. Valle et al. [22] reported that dynamic recovery was activated
by a non-basal slip system in an alloy with an intensive basal texture. To
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Fig. 4. Relationship between uniform elongation and intensity of the
basal texture.
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assess the dynamic recovery due to the difference in slip activity, Fig. 5
(a) shows the work-hardening behavior after the yield stress. In all al-
loys, the work-hardening rate decreased linearly, indicating stage III
work hardening. In this stage, the dynamic recovery annihilates the
stored dislocations and decreases the work-hardening rate. Stage III was
modeled using the following equation [22]:

0:@:6(,(1—"_“’), €))
de

Os

where 6 is the work-hardening rate at the yield stress, o, is the yield
stress, and the o; is the saturated stress. Kocks & Mecking [23] proposed
the evolution model of the dislocation density p in stage III as follows:

d
T=kivp—kap @

Here, k1./p is a term associated with the rate of accumulation of dislo-
cations and —kyp is related to the annihilation of the dislocations by the
dynamic recovery. The flow stress is expressed as follows:

6 =0y, + MaGb,/p 3)

where M is the Taylor factor, a is a constant, G is the shear module, and b
denotes the Burgers vector [22]. Using Egs. (2) and (3), the
work-hardening rate can be described as follows:

_ MaGb k2

0 2 k] — E (0 — Gy) (4)

Comparing Egs. (1) and (4), the factor governing the rate of dynamic
recovery ks can be written as
ko= 20 %)

Os

The slope of stage III (6, /o,) can quantify the activity of the dynamic
recovery. Fig. 5(b) shows the influence of dynamic recovery on the
uniform elongation. The uniform elongation decreased with an increase
in the magnitude of the slope of stage III, which agrees with previous
studies [24-26]. The dynamic recovery annihilates the stored disloca-
tions and degrades the work hardenability, decreasing the uniform
elongation. This tendency is generally consistent with the relationship
shown in Fig. 4, where alloys with stronger basal texture tend to exhibit
lower uniform elongation.

Although the forged alloy had an intense basal texture, its uniform
elongation was close to that of alloys with a weak basal texture, as
shown in Fig. 4. This is because of the heterogeneous microstructure
composed of coarse and fine grains. Several studies reported that the Mg
alloy with heterogeneous microstructure exhibits good ductility
[27-29]. According to Wei et al. [29], the deformation incompatibility
at the grain boundaries between coarse and fine grains causes
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geometrically necessary dislocations (GNDs). Supplementary Fig. S4
shows the IPF maps and grain reference orientation deviation (GROD)
maps of tensile samples. In the tensile sample from forged alloy, the high
GROD values are observed in vicinity of the boundaries of coarse sized
grains, indicated by white arrows in Supplementary Fig. S4 (b). Addi-
tionally, the high GROD regions are rarely observed in fine sized grains.
In the tensile sample from rolled alloy, although the high values of
GROD are observed, these distributions are not related to the grain size
(Fig. S4 (d)). Thus, GNDs were frequently induced in the forged alloy
with heterogeneous grain sized microstructure. These GNDs impede
dislocation gliding and cause work hardening, consequently enhancing
ductility. The heterogeneous microstructure of the forged alloy was the
reason for its good ductility despite its intensive basal texture.

Fig. 2(b) shows that the increase in compressive strain ¢,, induced by
the wrought processes degrades the ductility. However, under uniaxial
compression, the microstructure composed of coarse and fine grains
improved the work hardenability, and the ductility was enhanced, even
with an intensive texture.

5. Conclusions

The AZ31 Mg alloy was subjected to an equivalent strain of
approximately 1.5 via five wrought processes (forging, rolling, extru-
sion, ECAE, and caliber rolling) at 573 K. The strain state induced by
these processes was computed using FEM. The mechanical properties of
the processed alloys were examined using ambient tensile tests. These
results led to the following conclusions.

(1) The yield stress increased with increasing compressive strain
applied during these processes. The larger the induced
compressive strain, the more intensive was the development of
the basal texture, and this texture increased the yield stress.
However, the forged alloy, which had the largest compressive
strain, was not strengthened by texture intensification owing to
its heterogeneous microstructure composed of fine and coarse
grains.

Uniform elongation decreased with increasing compressive strain
applied during the processes. The basal texture intensified by the
large compressive strain promoted dynamic recovery, conse-
quently degrading work hardenability and uniform elongation.
However, in the forged alloy, the deformation incompatibility
between the fine and coarse grains enhanced the work harden-
ability, resulting in a highly uniform elongation despite the sharp
basal texture.

(2

—
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