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The tensile, compressive and low-cycle fatigue properties of a rolled magnesium alloy Mg-2.8% Al-1.1% Zn-0.4% Mn (AZ31)
along the transverse direction (TD) and rolling direction (RD) were investigated. The results show that both the strength and elon-
gation of the TD samples are higher than those of the RD samples; consequently, the low-cycle fatigue properties of the TD samples
are better than those of the RD samples in the total strain amplitude range from 0.2% to 0.6%, due to the effects of texture and

microstructures.
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Magnesium alloy is a potential structural mate-
rial that has a high strength-to-weight ratio, good
machinability and recyclability [1]. These advantages
make it very attractive for the automotive and aerospace
industries [2,3]. As structural materials in service, mag-
nesium alloys are usually subjected to repeated loading;
therefore, the cyclic deformation behavior of these mate-
rials needs to be further investigated for safety reasons.
There have been many studies on the fatigue properties
of wrought magnesium alloys [4-8], but only a limited
number have focused on rolled ones [5,9]. It is well
known that a certain texture is easily formed in rolled
magnesium alloys [10], leading to anisotropy of their
mechanical properties; however, there are few reports
which reveal the differences in the tensile, compressive
and low-cycle fatigue properties of magnesium alloys
along the transverse and rolling directions.

In wrought magnesium alloys, the texture has a sig-
nificant effect on the plastic deformation behaviors,
and the basal plane orientation influences the tensile
and compressive strengths greatly; further, the texture
plays an important role in the fatigue properties, as
reported previously [6,11]. It has been recognized that
better ductility is propitious for the improvement of

* Corresponding author. Tel.: +86 24 23971043; e-mail: zhfzhang@
imr.ac.cn

low-cycle fatigue properties, while high strength is ben-
eficial for the increase in high-cycle fatigue properties
[12]. Therefore, the fatigue lifetime will be different in
a rolled magnesium alloy when there is strength anisot-
ropy along the transverse direction (TD) and rolling
direction (RD). In this study, it was interesting to find
that both the strength and the elongation of the TD
samples are higher than those of the RD samples in a
rolled AZ31 magnesium alloy sheet. Furthermore, the
tensile, compressive and low-cycle fatigue properties
along the TD and RD in the AZ31 alloy are compared.

Rolled AZ31 alloy sheet (Mg—2.8% Al-1.1% Zn-0.4%
Mn, wt.%) was used in the present study. The materials
were rolled for three passes to form a 4 mm thick sheet
at 623, 573 and 298 K, respectively, then annealed at
623 K for 15 min. The specimens for tension and com-
pression were cut along the RD and TD respectively.
The gauge section of the tensile specimens was 25 mm
and the dimensions of the compressive specimens were
4 x 4 x 8 mm>. The tensile and compressive tests were
conducted on an Instron-8801 testing machine at a con-
stant strain rate of 1 x 107> s, The low-cycle fatigue
samples were also cut from the sheet along the RD and
TD according to ASTM E606. Low-cycle fatigue tests
were conducted on an Instron-8801 fatigue testing ma-
chine with a frequency of 0.5 Hz and a strain ratio of
S = —1 in the total strain amplitude range from 0.2% to
0.6% at room temperature in air. The specimen at the total
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strain amplitude of 0.2% was cyclically deformed through
50,000 cycles, then was subjected to a load-controlled test
with a frequency of 30 Hz. The fracture morphologies
were observed with a LEO-Supra35 scanning electron
microscope.

Figure 1(a) and (b) show the texture and microstruc-
ture of the rolled AZ31 sheet respectively. There is a
strong basal texture in the sheet, with a maximum inten-
sity of 9.29. Figure 1(b) shows the optical microstructure
of the sample observed on the three planes; it can be
seen that most grains on the ND plane are equiaxed,
with an average size of about 10 pm.

Figure 2(a) shows the engineering stress—strain curves
of the materials along the TD and RD under tensile and
compressive loadings. The ultimate tensile strengths of
the TD and RD samples are 306 and 280 MPa, respec-
tively. The elongation of the TD sample is nearly 25%,
prominently higher than that (~13%) of the RD sample.
This indicates that both the tensile strength and the
elongation of the AZ31 alloy display simultaneous
increasing trends from the RD to the TD, which was
not observed previously in rolled AZ alloys [13,14]. In
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Figure 1. (a) {0002} pole figure for rolled AZ31 alloy; (b) optical
images of the microstructures observed in three planes.
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addition, the compressive yield strength of the RD and
TD samples are found to be much lower than their ten-
sile yield strengths; however, their compressive fracture
strengths are significantly higher than the tensile ones,
which can be attributed to the easier twinning under
compression [11]. The tension/compression asymmetry
of extruded AZ magnesium alloys was also reported
by Bohlen et al. [15], who discussed the grain size and
solute content effects. Meanwhile, the maximum com-
pressive strength and maximum plastic strain of the
TD sample are also higher than those of the RD sample,
showing a similar trend to their tensile properties. The
great differences in the compressive and tensile proper-
ties must significantly influence their fatigue damage
processes and fatigue lifetime; this will be discussed
later.

Dobron et al. [16] and Balic et al. [17] reported the
tensile strength of rolled AZ31 alloy with the same
trend, i.e. the strength of the TD sample is definitely
higher than that of the RD sample. However, the elon-
gation of the TD sample was not greater than that of the
RD sample, as indicted in Table 1. In addition, Balic
et al. [17] and Agnew et al. [18] performed tensile tests
on a rolled AZ31-H24 sheet at room and elevated tem-
peratures. They found that the strength of the TD sam-
ples was higher than that of the RD samples while the
difference in the elongation was not so obvious. A simi-
lar result was also reported by Koike and Ohyama [14]
in a rolled AZ61 magnesium alloy, though with the dif-
ference that the strength and elongation did not increase
synchronously. Yi et al. [19] also explained the difference
in the strength of the extruded AZ31 with texture evolu-
tion. The detailed mechanism will be discussed
elsewhere.

Since the tensile and compressive strengths, elonga-
tion and compressive plasticity of the TD samples were
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Figure 2. (a) The tensile and compressive stress—strain curves of the samples in the TD and RD at a strain rate of 5 x 1077 s™;
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responses of the TD and RD samples at total strain amplitudes of 0.3, 0.4 and 0.6%; (c and d) hysteresis loops of the RD and TD samples at total
strain amplitudes of 0.5% and 0.6%, respectively, at the first and after several circles.
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Table 1. Mechanical properties of the current magnesium alloy sheet and other magnesium alloys with similar compositions [15,16].

Compositions Heat treatment Direction TYS (MPa) UTS (MPa) El (%)
Mg-2.8% Al-1.1% Zn-0.4% Mn O-temper RD 195 280 13
TD 260 306 24
Mg—3% Al-1% Zn [15] H24 RD 220 280 21
TD 265 295 17
Mg-3% Al-0.9% Zn—0.15Mn [16] H24 RD 190 340 15
TD 220 380 15

TYS, tensile yield strength; UTS, ultimate tensile strength; EL, elongation.

always higher than those of the RD sample, it was nec-
essary to reveal whether the fatigue properties of the
samples displayed a similar trend. Figure 2(b) shows
the cyclic stress responses of the TD and RD samples
with increasing cyclic number. It can be seen that under
the same total strain amplitude, the cyclic stresses of the
TD samples are always higher than those of the RD
samples. This can be explained by both the tensile and
compressive strengths of the TD samples being higher
than those of the RD samples. Apparently, there was
no obvious cyclic hardening or softening behavior under
the low total strain amplitudes of 0.3% or 0.4%, while a
slight cyclic hardening occurred at a total strain ampli-
tude of 0.6% for both the TD and RD samples. Figure
2(c) and (d) demonstrate the hysteresis loops at different
total strain amplitudes, of 0.5% and 0.6% respectively.
The shape of the loops is rather symmetrical and is far
different from those observed by Yin et al. [8] for ex-
truded AZ31 alloy. The formation of the symmetrical
loops in the current samples may be caused by the grain
size and texture. The extruded AZ31 observed by Yin
et al. [8] had a fibrous texture and a larger grain size;
therefore deformation twins were easy to form during
compression, while the tension—compression asymmetry
phenomenon is serious and induces the sigmoid hyster-
esis loop. However, in the present study, different basal
texture and smaller grain size make the shape of the hys-
teresis loop not so asymmetric.

The difference in the tensile and compressive proper-
ties should have a definite effect on the samples’ fatigue
properties. Figure 3(a) shows the curves of total strain
amplitude vs. number of cycles to failure. It is apparent
that the low-cycle fatigue lifetime of the TD samples is
higher than that of the RD samples under the strain-
controlled tests. This indicates that the higher elonga-
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tion and compressive plasticity of the TD samples im-
prove their low-cycle fatigue life compared with that
of the RD samples. As shown in Figure 2(b), the cyclic
stresses of the TD samples are always higher than those
of the RD samples under the same total strain ampli-
tudes. We selected the stress amplitudes at the half of
lifetime as the applied stress amplitudes, and the S-N
curves of the TD and RD samples are shown in Figure
3(b). It can be seen that under the same stress amplitude
the fatigue life of the TD samples is also higher than that
of the RD samples. According to the above results, one
can predict that the fatigue life of the TD samples will be
longer than that of the RD samples under stress-con-
trolled conditions. This will be systematically summa-
rized in a coming paper.

As can be seen in Figure 1(a), the basal texture could
explain the mechanical anisotropy, the ellipse-shaped
intensity contour indicating that grains tend to be ori-
ented with their basal planes inclined more towards
RD than TD. Also, the Schmid factor for basal <a> slip
within the grains in the RD samples is larger than that
for the TD samples. Other slip systems (especially pris-
matic slip [14]) could also contribute to the higher
strength and elongation of the TD samples. Dobron
et al. [16] and Balic et al. [17] also attributed the higher
strength of TD samples to the dislocation on the basal
and non-basal planes, as well as deformation twinning.
The macroscopic fracture morphologies of the TD and
RD samples are shown in Figure 4. It can be seen that
necking occurred in the TD sample and the microscopic
fracture indicates better ductility with large and deep
dimples (see Figure 4(b) and (d)). On the other hand,
the failure features of the RD sample are macroscopic
shear fracture with shallower shear dimples on the
microscale, as shown in Figure 4(a) and (c). The above
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Figure 3. (a) Total strain amplitude as a function of the number of cycles to failure for the RD and TD samples; (b) stress amplitude vs. number of

cycles to failure curves for the RD and TD samples.
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Figure 4. Macroscopic and microscopic tensile fracture features of the
RD and TD samples.

fracture features provide some indirect evidence for the
differences in slip deformation between the TD and RD
samples.

Ishihara et al. [S] reported that, in extruded AZ31 al-
loy, the tensile strength of the parallel extrusion (EP)
samples was higher than that of the vertical extrusion
(EV) samples, so the corresponding fatigue-life of the
EP samples was longer than that of the EV samples un-
der stress-controlled conditions. Zuberova et al. [7] com-
pared the fatigue performances of AZ31 alloy processed
by three routes, and found that the hot-rolled AZ31 al-
loy had the highest fatigue limit under stress-controlled
tests because the strength was the highest under such
processing conditions. Therefore, when the TD samples
have higher elongation and strength than the RD sam-
ples, this endows them with better fatigue properties,
as shown in Figure 3(a) and (b). This finding suggests
that the mechanical properties of AZ31 magnesium al-
loy can be optimized even further for structural applica-
tions by producing higher strength, higher elongation
and better fatigue properties through suitable rolling
processes.

In summary, the current results provide new evidence
that the mechanical properties of AZ31 magnesium al-
loy can be optimized to have higher strength, higher
elongation and better fatigue properties through suitable
rolling processes. It has been confirmed that, for the
same material, the higher elongation corresponds to a

longer strain-controlled fatigue life and the higher ten-
sile strength yields a longer stress-controlled fatigue life.
This finding should be helpful in achieving the optimum
design of rolled AZ31 magnesium alloy for potential
applications.
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