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Abstract: The fatigue property of Al-5Zn-2Mg aluminum alloy Metal-Inert Gas (MIG) welding joints used in high-speed trains was
studied by a fatigue machine. Scanning electron microscopy (SEM) was used to observe the fatigue fracture and the surface damage.
The results show that uniaxial ratcheting behavior occurs in the welding zone (WZ) when the stress is higher than 0.5q; there are
obvious plastic deformations in the WZ and a lot of slip bands on the surface, which reduce the fatigue life of the sample. The
uniaxial ratcheting behavior mainly appears in the first cycle and the final failure stage of the fatigue process. When the stress is
lower than 0.5ay, the fatigue samples crack in the heat affected zone (HAZ). The fatigue fracture of the WZ and the fusion zone (FZ)
is typical ductile fracture pattern while that of the HAZ and the base metal (BM) is quasi-cleavage fracture. The fatigue life of the

BM is much longer than that of the HAZ.
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With the rapid development of high speed trains, it makes a
higher request on vehicle lightweight and low energy
consumption as well as security and reliability. The stiffness,
strength, processing performance, stress corrosion resistance
and welding property of Al-Zn-Mg alloy are very well ™.
However, after the action of long-term stress, the welding
material may cause fatigue damage, making a higher
requirement on the fatigue performance of welding joints.

Precipitated strengthening phase of Al-Zn-Mg alloy separate
out in the sequence of GP. zone, #' phase and # phase ?%. In
recent years, many researches have been conducted on
Al-Zn-Mg alloy. Coarse particles in ground boundary such as
Al;Cu,Fe, Al;Fe, Mg,Si or impurity element enrichment such
as Fe and Si could affect the fatigue property of Al-Zn-Mg-Cu
alloy and it could cause fatigue damage . Many welding
processes could be used in the aluminum alloy. The most
widely used welding process in high speed trains is still MIG
(Metal-Inert Gas) ®®. Until now there is lack of study on the
fatigue property of Al-Zn-Mg alloy welding joints.
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This paper is mainly about uniaxial fatigue property of
Al-5Zn-2Mg aluminum alloy welding joints. It is a previous
work to make the high speed trains develop in the direction of
a safer, more reliable and durable way.

1 Experiment

The material used in the present study was Al-5Zn-2Mg
aluminum alloy which was welded by the process of MIG
filler wire welding with ER5356welding electrode. Fatigue
tests on the welding joints, the heat affected zone (HAZ) and
the base metal (BM) were performed by an IBTC-2000 fatigue
machine. The tension-tension cyclic loading at a stress ratio of
R=0 was applied at a frequency of 1 Hz and sinusoidal
waveform. The dimension of the fatigue test specimen is
shown in Fig.1. S-3400N SEM was used to research fatigue
fracture morphology and surface damage. And the
microhardness was tested by a HXD-1000 microhardness
tester.
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Fig.1 Fatigue test specimen (unit: mm)

2 Results and Discussion

2.1 Fatigue life and the fracture sites

The results of fatigue tests are shown in Table 1. The
percentage elongation of sample A, B and C after fracture
shows an obvious plastic deformation in the welding joints
samples. The plastic deformation increases with the increasing
stress. The comparison of A5, B6, and C7 shows that, when
the stress is the same, the fatigue life of the welding joints
sample is the shortest. The percentage elongation after fracture
of the welding joint sample is the largest. However, that of the
HAZ and the BM sample is only 0.5%. It indicates that the
plastic deformation happens in welding joints mainly in the
WZ; in that case, the failure in welding joint sample is
attributed to the large amounts of plastic deformation in the
WZ. It also indirectly indicate that the tensile strength of the
WZ is relatively low. From the comparison of sample B and C,
the fatigue life of the HAZ sample is far below that of the BM.
It states that the fatigue property of the HAZ declines owing to
the welding thermal cycle.

The tensile strength (o) of the Al-5Zn-2Mg aluminum alloy
MIG welding joints is 280 MPa and the tensile fracture is
located in WZ. When the fatigue stress is higher than 0.54,
the welding joint samples crack in the FZ.

The microhardness distribution is shown in Fig.2. The
microhardness HV gradient in the FZ is large, rising rapidly
from 800 MPa to 1244 MPa when transited from the WZ to
the HAZ. And the plastic deformation in the HAZ and the WZ
is markedly different, which leads to the stress concentration
in the FZ and makes the FZ a weak region of the welding

Table 1 Results of fatigue tests of Al-5Zn-2Mg aluminum alloy

Specimen  omax/ omin/  Cycles . Elongation/
i 1D Mm;xa h;;a nu):nber Final state g/o
Al 120 0 96853 No failure -
A2 150 0 28891  Failure in HAZ 4.3
A3 180 0 11214  Failure in FZ 4.8
Ad 210 0 9075 Failure in FZ 5.3
A5 240 0 4688 Failure in FZ 8.8
B6 240 0 29436 Failure 0.5
c7 240 0 198713 Failure 0.5

Note: A stands for the samples of welding joints, B stands for the
sample of HAZ, and C stands for the sample of BM
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Fig.2 Microhardness (HV) of Al-5Zn-2Mg aluminum alloy welding
joints

joints. So the welding joint samples are most likely to break in
the FZ at the fatigue stress higher than 0.54,

When the fatigue stress is lower than 0.50,, the plastic
deformation as well as the stress concentration in the WZ
significantly decrease. In that case, the FZ is no longer the
weakest region of welding joints. However, the HAZ full of
compound particles which is brittle and hard, could initiate
cracks more easily and lead to final fracture in the HAZ
(sample A2) under the action of a long period of low fatigue
stress. So the WZ, FZ, and HAZ showing different stress
sensitivity determine the different fracture positions of
welding joints.

2.2 Ratcheting behavior

Fig.3 shows the ratcheting strain of sample A2, A4, and A5
changing along with the number of cycles. Ratcheting effect is
the result of inelastic deformation accumulation during the
cycles in the process of asymmetric stress control. Ratcheting
strain can make the material produce great plastic deformation
and result in the decrease of material fatigue life. The uniaxial
ratcheting strain is defined as follows:

&= (Emaxtemin)/2 (1)
where, gmax and enin are the maximum and the minimum
ratcheting strain in each cycle, respectively, and N is the
number of cycles. The strain evolution could be divided into
three stages: transient, steady state and tertiary™. At the
transient stage, there is an initial sharp increase in the
ratcheting strain but a decrease in the ratcheting strain rate
because of cyclic strain hardening. And the ratcheting strain
accumulates to a large value in a short period of time. The
ratcheting strain accumulating at the transient stage decreases
with decreasing the maximum stress. At the steady state stage,
the ratcheting strain rate remains stable (approximate 0)
without any change. At the tertiary stage, the material
deformation resistance declines, and the ratcheting strain
increases sharply, leading to great plastic deformation and
ultimate fracture of the samples™™®. And the ratcheting strain
accumulating at the tertiary stage increases with the
decreasing maximum stress. But to the whole process, the
ratcheting strain is larger when the stress is higher.
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Fig.3 Ratcheting strain versus number of cycles

Uniaxial hysteretic stress-strain curves of welding joints in
different stress at the first cycle are shown in Fig.4. The
hysteretic stress-strain curves are unclosed in the first cycle
owing to the large plastic deformation. The plastic
deformation in the first cycle increases with the increasing
stress. From the observation in the process of experiment, the
WZ surface turns tough after the first cycle. When the stress
increases, the WZ surface becomes rougher.

Fig.5 shows stress-strain curves of welding joints in
different stress from the 2nd cycle to the last cycle. From the
comparison of Fig.5a, 5b, 5c¢, it can be concluded that the
strain rate of all the samples slows down rapidly after the first
cycle and the stain of the second cycle almost overlaps the
latter half of the first cycle because of the cyclic strain
hardening generated by the large number of plastic
deformation in the first cycle. The number of cycles needed to
achieve stability increase with increasing stress. At the stable
stage, the strain remains unchanged until the specimen reaches
to the failure stage. The plastic deformation at the failure stage
decreases with increasing of stress. For example, when the
maximum stress is 240, 210 and 150 MPa, plastic deformation
occurs in the failure stage is 500, 50, 2 cycle, respectively.

2.3 Slip band on WZ surface

Fig.6 shows SEM morphologies of slip band on the WZ

surface. In Fig.6a, there are two slip systems of different
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Fig.4 Ratcheting behavior of uniaxial stress-strain response at the
first cycle
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Fig.5 Ratcheting behavior of uniaxial stress-strain response at the
maximum stresses of 240 MPa (a), 210 MPa (b), 150 MPa (c)

Fig.6 SEM morphologies of slip band on WZ surface: (a) feature of
slip band and (b) crack at slip band



Ni Weiyuan et al. / Rare Metal Materials and Engineering, 2016, 45(11): 2774-2778 2777

sliding direction slips along the same grain boundary. The
angle between sliding direction and tensile stress direction is
about 45°which is the optimum angle to achieve shear stress
needed to a crystal slip. The dotted lines marked along the
direction of slip plane in the crystal of right side show that slip
plane and slip direction exhibit a bottom-up deflection and
finally coincide with the slip direction of the left crystal.
Under the action of tensile stress, the crystals slip towards the
direction of about 45< leading to a certain amount of lateral
displacements. But the fixture of the tensile machine can’t do
transverse movement, so in order to keep tensile axis direction
unchanged, the crystal orientation must be accordingly rotated
and it leads to the change of the slip plane direction. In the left
crystal binary slip exists which has two entirely different
sliding directions in a crystal. The slip begins first in the most
advantageous orientation. Due to the rotation of crystal
orientation, the shear stress of another slip plane has increased
to the critical shear stress to begin slip. So the two slip planes
both slip in the same crystal. Fig.6b shows cracks at slip band.
This states that excessive amounts of plastic deformation
could lead to micro-cracks initiation and reduce fatigue life.

3 Fractograph

Fig.7 represents the fatigue fracture of the Wz, FZ, HAZ
and BM. In which letter a, b, c marked in the figure stand for
the fatigue initiation site, fatigue crack propagation site and
final fracture site, respectively. The fractures of four different
zones show that fatigue initiation site are generally located on
or near the surface of samples.

As shown in Fig.7a, the WZ fracture has three obvious
crack initiation sites, all of which is on or near the surface of
the sample. Fatigue crack propagation range of the middle one

is very small, only about 80 pm. The fatigue initiation site of
the right one starts from the slip band on the surface of the
WZ. The fatigue initiation site in the WZ is more various than
in other regions. These initiations propagate inside and finally
gather together, leading to the final fracture of the sample.

As shown in Fig.7b, fatigue initiation of the FZ is caused by
two blowholes. The size of the hole is big (85 pm>72 pm) that
has reached the critical size of the crack nucleation (generally
defined as 0.05~0.1 mm). In that case, fatigue crack
nucleation could easily happen in the hole edge. Final fracture
zone of the WZ and the FZ is characterized by dimpled
rupture. It indicates that toughness of the WZ and the FZ is
well.

Fig.7c and 7d show that both the fatigue cracks of the HAZ
and the BM initiate from the surface, accurately in the corner
where the stress is the most concentrated. Fatigue crack
propagation area of the HAZ is the smallest of the other three
(the FZ, HAZ, BM) and that of the BM is more than half of
the whole fracture. This declares that the fatigue crack
propagation life of the HAZ is the shortest and the resistance
to fatigue crack propagation of the HAZ is poor. The boundary
between the fatigue crack propagation site and the final
fracture site in the HAZ and the BM is clearly visible, where
there is a large tear ridge. Few dimples and a lot of cleavage
facet and tear ridges exist in the final fracture site of the HAZ
and the BM, demonstrating that the fracture of the HAZ and
the BM is brittle and the toughness of the HAZ and the BM is
not as good as that of the WZ and the FZ. In addition, tear
ridges in the fracture of the HAZ are much more and the
cleavage facet is bigger than that of the BM. It also explains
that the toughness of the HAZ and its resistance to fatigue
crack propagation are not as good as those of the BM.

Fig.7 SEM fracture morphologies of WZ (a), FZ (b), HAZ (c), and BM (d)
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4 Conclusions

1) For the sample of Al-5Zn-2Mg welding joints, it
fractures in the FZ when the stress is higher than 0.5y, or it
fractures in the HAZ when the stress is lower than 0.5¢,. But
to the sample of the HAZ and the BM, the fatigue life of the
HAZ is much shorter than that of the BM at the same stress.

2) Ratcheting strain in the WZ is divided into three stages:
transient, steady state and tertiary. At the transient stage plastic
deformation mainly focuses on the first cycle.

3) Slip band in the WZ is complicated. There exist repeated
slip, binary slip and crystal rotation and slip plane rotation.
The slip band could initiate micro-cracks and decrease the
fatigue life.
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