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Tensile behaviors of fatigued AZ31 magnesium alloy
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Abstract: The relationship between microstructure and tensile behaviors of fatigued AZ31 magnesium alloy was investigated. Axial
fatigue tests were performed on PLG—100 fatigue machine at stresses of 50 and 90 MPa. Tensile samples were cut from the fatigued
samples, named as L-sample and H-sample respectively, and the O-sample was cut from original rolled AZ31 alloy. The EBSD and
TEM were used to characterize the microstructure. It is found that the twinning—detwinning was the main deformation mechanism in
high stress fatigue test, while dislocation slipping was dominant in low stress fatigue test. After fatigue tests, the average grain size of
the L-sample and H-sample decreased to 4.71 and 5.33 pum, and the tensile and yield strength of the L-sample and H-sample
increased slightly. By analyzing SEM images, the ultimate fracture region of the L-sample consisted of dimples, while there were
many microvoids in the ultimate fracture region of the H-sample. Consequently, the tensile behaviors of fatigued magnesium have a

close relationship with microstructure.
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1 Introduction

Magnesium and its alloys are widely used as project
structural materials due to their high specific strength
and excellent machinability [1,2]. For project structural
materials, fatigue failure is the main failure mechanism,
while it will lead to great economic loss and social harm
since there is no macroscopic  plastic
deformation before fatigue failure. As is well known,
magnesium alloys have a hexagonal close-packed (HCP)
crystal structure and the main deformation mechanisms
are basal (@) slip and {1012} extension twinning [3,4].
When the stretch is parallel to the c-axis (or compression
is perpendicular to the c-axis), the {l012} extension
twinning can be activated [5]. If the stretch is
perpendicular to the c-axis (or compression is parallel to
the c-axis), the formed {1012} extension twins will
disappear, called as detwinning process [6]. Twinning
and detwinning take place alternately during fatigue
process. Many studies have reported the fatigue behavior
of magnesium. YU et al [7] have investigated the
microstructure evolution during high cycle fatigue in
magnesium alloy, and they used continuous dynamic
recrystallization (CDRX) theory to explain the

obvious

microstructure evolution in fatigue and prove a new way
to improve the manufacture performance of magnesium
alloy. YOSHIKO et al [8] used electron back-scattered
diffraction (EBSD) to analyze the fatigue crack initiation
behavior of magnesium, and they have made it clear that
the stress concentration at the secondary twin will
lead to the fatigue crack initiation. The studies on
symmetric [9—12] and asymmetric [11—14] stress—strain
loops of magnesium alloys have also been reported. All
the above studies focused on fatigue properties of
magnesium alloy, while some articles described the
tensile mechanical properties of fatigued magnesium
alloy, only few studies on tensile fracture morphologies
of fatigued magnesium alloy have so far been published.
In this work, we aimed at investigating the tensile
behaviors of fatigued AZ31 magnesium alloy and
explaining the relationship between microstructure and
tensile behaviors, and revealed the different fracture
mechanisms of high stress and low stress fatigued AZ31
magnesium alloy.

2 Experimental

Commercial rolled AZ31 magnesium plate was used
in the current research, and the chemical composition is
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listed in Table 1. Two fatigued samples with a gauge
length of 80 mm were cut along rolling direction (RD),
whose sizes are shown in Fig. 1(a). Axial fatigue tests
were carried out on PLG—100 fatigue machine at a stress
ratio of R=—1 and frequency /=100 Hz, the fatigue load
was 50 MPa (low stress fatigue) and 90 MPa (high stress
fatigue). After fatigue tests, tensile samples were cut
from the fatigued sample along RD, named L-sample
(cut from fatigued sample under stress amplitude of
50 MPa) and H-sample (cut from fatigued sample under
stress amplitude of 90 MPa), respectively. The tensile
sample was also cut from the original rolled AZ31
magnesium plate along RD, named as O-sample. A total
of six tensile experiments were performed and two tests
were performed at each fatigued or original sample.
Figure 1(b) shows the sizes of three tensile samples.
Tensile tests were performed with a strain rate of
1x107°s™! by using SHIMADZU AG-X10KN machine.
The EBSD test plane was parallel to RD—ND plane, and
the EBSD samples were prepared by standard
metallographic  polishing, followed with electro-
polishing. Channel 5 software was used to process the
EBSD data and calculate the grain size. TEM samples
were prepared by electropolishing using a Struers
Tenupol-5 machine, and TEM bright-field images were
taken together with corresponding thickness for the
purpose of analyzing the microstructure of the L-sample
and H-sample. The tensile fracture morphology was
observed by TESCAN VEGA 3 LMH SEM.

Table 1 Chemical composition of AZ31 alloy (mass
fraction, %)
Al Zn Mn Fe Ni Cu Si Mg
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Fig. 1 Shape and dimension of fatigued (a) and tensile (b)

sample (unit: mm)
3 Results and discussion

3.1 Fatigue properties and microstructure

Fatigue properties of the L-sample and H-sample
are listed in Table 2. After 3.6x10" fatigue cycle
deformation, the H-sample was broken into two parts.

Figure 2(a) shows the microstructure of the O-sample,
and the average grain size of the O-sample was 5.84 um.
The microstructures of L-sample and H-sample are
shown in Figs. 2(b) and (c), and their average grain sizes
are 4.71 and 5.33 um, respectively. Figures 3(a) and (b)
show the TEM images of L-sample and H-sample,
respectively. Obviously, there are many dislocations
inside the L-sample, while the microstructure of
H-sample consists of dislocations and twins.

Table 2 Fatigue properties of sample

Sample  Cyclic stress/MPa  Cyclic number  Status
L-sample 50 10 Run out
H-sample 90 3.6x10* Fractured

During the fatigue progress, as for the L-sample, it
is difficult to activate the {1012} extension twinning
because of the low cyclic stress. Thus, the main
deformation mechanism is dislocation slipping, and a
mass of dislocations were produced in the L-sample in
the process of fatigue. With the help of dislocation
motion and pile-up, low angle boundaries were formed in
the early stage of fatigue process, and then the grain
boundaries were generated with dislocation piling up at
low angle boundaries, the grain size finally became
smaller to 4.71 um [7]. For the H-sample, at a higher
cyclic stress of 90 MPa, the {1012} extension twinning
can be activated in the first compressive loading along
RD, and the following reversal tensile stress can activate
detwinning process. When the tensile stress reaches
90 MPa in the first cycle, detwinning completes and few
residual extension twins remain in the H-sample. The
twinning—detwinning was carried on until the H-sample
was broken into parts under the last tensile stress. The
twinning—detwinning process will also produce
secondary twins. The dislocation slipping and
twinning—detwinning obstruct each other in the high
stress fatigue process, so the grain size of the H-sample
decreases slightly to 5.33 um. Meanwhile, plenty of
dislocations, the residual {l012} extension twins and
secondary twins still remain in the H-sample after fatigue
process.

3.2 Tensile mechanical properties

The engineering stress—strain curves of tensile
samples are shown in Fig. 4. The yield strengths of the
O-sample, L-sample and H-sample are 238, 254 and
253 MPa. And the tensile strengths of the O-sample,
L-sample and H-sample are 269, 293 and 278 MPa.
Apparently, the yield/tensile strength of the O-sample is
lower than that of other two samples. Since the fatigue
deformation is one kind of cold deformation, it is found
that the dislocations density in grains will increase with
the fatigue process going on. As a result, the mechanical
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Fig. 3 TEM bright images of L-sample (a) and H-sample (b)

properties will increase a lot. But the experiment result
shows that the yield/tensile strength only increases
slightly.

In the earlier fatigue stage, the fatigue process can
produce numerous dislocations at grain boundaries and
refine grains. The yield/tensile strengths of the L-sample

and H-sample are enhanced because of the grain
refinement strengthening and  work-hardening
strengthening. As the fatigue process continues, the
tensile strength of fatigue sample can reach the
maximum. After the peak yield/tensile strength, work-
softening occurred and microcracks appeared with the
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fatigue process going on. The work-hardening and
softening both occurred in the whole fatigue process and
through fatigue process, and the yield/tensile strengths of
the L-sample and H-sample are slightly higher than that
of the O-sample. The results of tensile tests are
consistent with reports in Ref. [15]. The elongations of the
O-sample, L-sample and H-sample are 18.3%, 19.0% and
17.8%, respectively. Because the dislocation slip has a
better capability of plastic deformation than twinning,
combined the microstructure of three tensile samples, the
elongation of L-sample is the highest and the H-sample
has the lowest elongation.

3.3 Tensile fracture morphologies
Figure 5(a) shows the tensile fracture surface of the
O-sample at low magnification. The fracture of the

500um

Fig. 5 Low and high magnification fracture morphologies of O-sample (a, b), L-sample (c, d) and H-sample (e, f)
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O-sample was typical ductile fracture pattern and its
deformation and fracture process was the formation,
growth and coalescence of microdefects. The fracture
morphology of the O-sample at high magnification is
shown in Fig. 5(b). Obviously, the fractographs consist
of equal-axis dimples and a small amount of microvoids.

Figures 5(c) and (e) show the tensile fracture
surfaces of the L-sample and H-sample at low
magnification, respectively. The tensile fracture surface
of the two samples can be divided into two parts that are
cracks initiated region and ultimate fracture region. After
fatigue process, there are many dislocations and other
microdefects inside the L-sample. The morphology of
initiated region is relatively smooth because of the slow
crack expand rate and microdefects, which does not exist
in the O-sample. The ultimate fracture regions of the
L-sample and H-sample at high magnification are shown
in Figs. 5(d) and (f), respectively. The ultimate fracture
region of the L-sample consists of dimples, while
ultimate fracture region of the H-sample has many
microvoids. The {I012} extension twins and secondary
twins have a poor compatible deformation capability and
induce the crack nucleation. The plentiful microvoids of
the H-sample can be ascribed to the numerous {1012}
extension twins or secondary twins. As for the L-sample,
although the tensile stress is high enough to activate
twinning, the dislocations and fine grains can prevent the
formation of the {1012} extension twins, and let alone
secondary twins. So, the ultimate fracture region of the
L-sample consists of dimples without microvoids. When
the tensile stress is high enough, a few appropriate
orientation grains can activate twinning to accommodate
deformation. As a result, we can observe a few
microvoids on the tensile fracture morphology of the
O-sample. According to the discussion above, twins can
induce crack nucleation and lead to a large number of
microvoids.

4 Conclusions

1) The average grain sizes of the L-sample and
H-sample decrease from 5.84 pum (the average grain size
of the O-sample) to 4.71 and 5.33 pm, respectively.

2) The work-hardening and softening both occur in
the whole fatigue process and through fatigue process,
the tensile strengths of the L-sample and H-sample are
slightly higher than that of O-sample. And the elongation
of the L-sample is higher than that of the other two
samples.

3) The ultimate fracture region of the L-sample
consists of dimples, while ultimate fracture region of the
H-sample has many microvoids. And twins can induce

crack nucleation and lead to a large number of
microvoids.
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