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Prediction of vulnerable zones based on residual stress and
microstructure in CMT welded aluminum alloy joint
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Abstract: Numerical simulation and experimental results were employed for the identification of the most vulnerable zones in
three-pass cold-metal-transferring (CMT) welded joint. The residual stress distribution in the joint was predicted by finite element
(FE) method, while the structural morphology of distinctive zones was obtained through metallographic experiments. The highest
principal stress made the symmetric face of the joint most sensitive to tensile cracks under service conditions. Whereas, the
boundaries between the weld seam and the base plates were sensitive to cracks because the equivalent von Mises stress was the
highest when the first interpass cooling was finished. The third weld pass and the inter-pass remelted zones exhibited the modest
mechanical performances as a result of the coarse grain and coarse grain boundary, respectively. The most vulnerable zones were

regarded to be the crossed parts between the zones identified by numerical and experimental methods.
Key words: aluminum alloy; vulnerable zone; cold-metal-transferring welded joint; residual stress; microstructure morphology

1 Introduction

The relative location of the vulnerable zones in the
welded joint could be obtained through destructive
experiments including tensile test, impact test and fatigue
test. Tensile test was mostly used and often followed by
microstructure analysis. HUANG et al [1] studied the gas
tungsten arc (GTA) welded AA7AS2 plates and found
that tensile cracks initiated in the weld seam and 18 mm
away from the center of the weld seam. Transmission
electron microscopy (TEM) results were then employed
to reveal the mechanism. However, destructive
experiments were often of high cost and time consuming.
The importance of numerical method lay upon the
prediction of test results and assistance to theoretical
demonstration in addition to lower cost [2]. Combination
of the numerical and experimental methods made an
efficient way for materials science. FU et al [3] studied
the mechanical behaviors of pulsed gas metal arc (GMA)

welded AA7005 plates by experiments and numerical
methods. It was found that the softened zone covered the
area within 12 mm from the weld pool boundary.

With regard to the vulnerable zones in aluminum
alloy welded joints, MA and OUDEN [4] studied the
softening of HAZ in the welded AA7020 and AA7022
joints. The HAZ was divided into the quenched zone and
the overaging zone in which the strengthening phase was
dissolved and got coarser, respectively, which was in
strict consistence with Refs. [1,3,5]. This was supposed
to be the mechanism of softening in HAZ. It was also
found that the hardness over the HAZ could be retained
by artificial post weld heat treatment which was more
effective than natural aging. Different research results
were also reported. MA et al [6] performed standard
tensile tests on the plasma arc (PA) welded AA7AS2
joints. The tensile rupture occurred in the weld seam in
which equiaxed grains and strip-shaped grains
were found simultaneously. The weld seam was also
reported [7] as the weakest zone in the twin-wire GMA
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welded AA7AS52 plates. The microstructure of the weld
seam was composed of a(Al) and f(Mg,Al;), while the
microstructure in the fusion zone was related to the
fusion ratio. WU and WANG [8] tested the mechanical
properties of the GTA welded AA7005 joints and found
that the mechanical performances closely related to the
ageing states. Fracture was found in the weld seam, the
molten line and the HAZ for the samples subjected to
24 h, 110 °C ageing, natural ageing for 7 d and natural
ageing for 14 d, respectively.

With regard to the numerical method, classical
strength theories were adopted in the identification of the
vulnerable zones. The fourth classical strength theory, as
an universal strength theory to almost all kinds of
materials, assessed the safety of materials by the shape
change ratio of the cell body. Thus, the application of the
fourth strength theory was converted to the solution of
equivalent von Mises stress [9]. Failure of material and
the corresponding judging criterion was also dependent
upon the stress state of the material [10]. The maximum
tensile stress theory, or the first classical strength theory,
should be used for materials in the tri-axial tensile stress
state. So, the fourth strength theory was independent of
the stress state and suitable for assessing the reliability of
the joint during welding process, while the first strength
theory was suitable for assessing the reliability of the
joint under working conditions. Few reports could be
found upon the failure behavior of multi-pass
cold-metal-transferring (CMT) welded joint. Moreover,
even fewer references could be found about the
influences of residual stress on the mechanical
performances of the CMT welded joint. So, vulnerable
zones in the multi-pass CMT welded joint were
identified using the microstructure and numerical
analysis in the present study. Vulnerable zones should be
defined as the zones where cracks were easily initiated
during the manufacturing process or under service
conditions.

2 Experimental and FE model

The AA7AS52 aluminum alloy plates with the
dimensions of 100 mm X 100 mm x 20 mm were welded
with cold-metal-transferring (CMT) process. The
commercial ER5356 welding wire was used with pure
argon as the shielding gas. The base coupons were
degreased with acetone, cleaned with a brush that has
stainless bristles, assembled along the weld joint and
tacked. The joints were obtained by three-pass welding
which is shown in Fig. 1. Samples for metallographic test
were sectioned from the middle of the welded joint,
mounted, mechanically polished and etched with
standard Keller’s reagent (2.5 mL HNOs;, 1.5 mL HCI,
1 mL HF and 95 mL deionized water).

Symmetric face

1st weld pass
' 2nd weld pass /
3rd weld pass u
Base plates

Zs
Fig. 1 Schematic diagram of welding process and location in

Cartesian coordinates

A three-dimensional (3D) finite element (FE) model
was developed, in which the elements of the weld seam
and the adjacent zone were meshed to obtain smaller
size. The elements were divided into four different parts
including the base plates and three weld passes. The
location of the model in the Cartesian coordinates is
shown in Fig. 1. Modeling of the cooperation between
wire feeding and heat input had been detailed in
Ref. [11] together with the mechanical boundary
conditions. The thermal boundary conditions and the
thermal cycle had been analyzed [12], base upon which
the thermal-mechanical analysis could be done in the
present work. The distribution of final principal stresses
was studied so as to assess the safety of the joint under
working conditions, while evolution of the equivalent
von Mises stress was studied for safety assessment
during the welding process.

3 Results and discussion

3.1 Microstructure of joint

Firstly, special annotation should be given about
fusion zone and molten zone. The former was used and
referred to as the zone between the weld seam and the
base plate, while the later was used to represent the zone
between the weld passes.

The microstructures of the fusion zone and the
center of the three weld passes are shown in Figs. 2 and
3, respectively. It was shown that grains in the first weld
pass were like plum blossom, which should be due to the
neoformative boundaries as a result of the precipitated
solute from the matrix phase. In other words, grains in
the first weld pass were refined by the subsequent weld
passes via heat treatment. Although it was weaker in the
second weld pass, the refinement was still revealed by
the grain morphology in which the neoformative
boundaries were shorter and less continuous. Grains in
the third weld pass were coarser compared with that in
the other weld passes.

Microstructures of the molten zone between the first
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Fig. 2 Microstructures in fusion zone: (a) Between first weld
pass and base metal; (b) Between second weld pass and base
metal; (c) Between third weld pass and base metal

and the second weld passes are shown in Fig. 4(a) with
the microstructure between the second and the third weld
passes shown in Fig. 4(b). For the first weld pass the
low-melting components were repelled to the weld seam
boundary which should be remelted as a result of the
second weld pass. The low-melting solution supplied a
large number of nuclei for the following solidification
process. Moreover, the remelted zone was the bottom of

the molten pool where heat diffusion rate was the highest.

As a result, grains in the remelted zone were refined.
However, the remelted zone was also characterized with
thicker grain boundary and more intergranular
precipitates with low melting point. These components

Fig. 3 Microstructures in center of three weld passes: (a) First
weld pass; (b) Second weld pass; (c) Third weld pass

Fig. 4 Microstructure of molten zone: (a) Between first and
second weld passes; (b) Between second and third weld passes
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were firstly repelled to the upper surface of the former
weld pass after solidification. Then, they were repelled to
the grain boundaries during the solidification of the
subsequent weld pass (or intergranular segregation), as a
result, the coarse grain boundary was yielded. So, these
zones with coarse microstructure were indicated to
exhibit inferior mechanical performances.

3.2 Vulnerable zones of joint

Failure of the joint was interlocked to stress state of
different zones. The first classical strength theory was
therefore adopted for the safety evaluation of material
under tri-axial tensile stress state, while the fourth
classical strength theory was used for the other stress
states. Tensile and compressive stresses were identified
as positive and negative, respectively, in contour bands
and distribution curves.

Contour bands of the principal stresses are shown in
Fig. 5. It was shown that the zones under tri-axial tensile
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Fig. 5 Contour bands of final tri-axial principle stresses:

(a) Minimum principal stress; (b) Intermediate principal stress;
(c) Maximum principal stress

stress state included four corners under rigid fixation and
fusion zone. Neither crystal crack nor hot crack was
supposed to occur at the four rigidly fixed corners
because of the relatively low peak temperature during its
thermal cycling as detailed in Ref. [12]. Tri-axial tensile
stress was found along the fusion zone resulting in
tendency for tensile failure under working conditions,
which was due to the compositional difference between
both sides of the fusion line and got experimental
supports [13]. The other vulnerable zone identified by
the fourth strength theory was situated in the symmetric
face, where the stress style was of tension-crush style,
thus it was the sign of the principal stresses that made
equivalent von Mises stress bigger than that along the
fusion zone.

In order to accurately find the most vulnerable zone,
the distribution of residual equivalent von Mises stress
was studied along different lines in the symmetric face as
shown in Fig. 6. The maximum residual equivalent von
Mises stress zone transferred from the arc starting side to
the arc ending side as the first weld seam was finished,
as indicated by its distribution along line 2 (Fig. 7(b)).
With regard to line 1, the peak value point transferred
from the top of the weld seam (point 4) to about 1 mm
beneath (point B) which stayed as the peak point of line 1
till the end of the procedure. Stress distribution along
line 2 was characterized by two peaks at both ends, and
the peak value on the arc ending side was nearly twice
that on the arc starting side. The maximum value along
line 3 was found much smaller than that of line 1, as
shown in Figs. 7(c) and (a). As conclusion, the top (point
A) of the first weld pass at the arc ending side was
regarded to be the most vulnerable. It was just before
starting the second weld pass that the equivalent von
Mises stress at point 4 was shown to be the highest.

Relativity between equivalent von Mises stress
and transverse residual stress could be explained through
the maximum principal stress. Figure 8 shows that
distribution of the maximum principal stress was mainly
dependent upon the first weld pass. Consistency was

4
Fig. 6 Schematic of location of two specific points and specific
lines along distribution of residual equivalent von Mises stress

studied
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Fig. 7 Distribution of equivalent von Mises stress at different
time steps: (a) Along line 1; (b) Along line 2; (c) Along line 3

found between evolution of the maximum principal
stress and transverse residual stress through the
comparison of Figs. 8 and 9. The highest tensile stress
for every time step was the transverse stress [11], thus
the maximum principal stress approximated transverse
stress. So, it was appropriate to assess the vulnerable zone
of the joint directly through transverse residual stress.

So, it was indicated by the microstructures of the
joint that the vulnerable zone of the joint was located
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Fig. 8 Contour bands of maximum principal stress distribution

on arc-ending side after every inter-pass cooling: (a) After
190th time step; (b) After 390th time step; (c) After 840th time
step

either in the center of the third weld pass or in the molten
zone due to the coarse grain and the coarse grain
boundary, respectively. As conclusion of the mechanical
analysis, the residual stress distribution indicated that the
most vulnerable zone in the joint was either the
symmetric face of the joint or the boundaries between the
weld seam and the base plates. The former was obtained
under the conduction of the fourth classical strength
theory, whereas the later under the conduction of the first
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Fig. 9 Contour bands of transverse residual stress
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distribution after every inter-pass cooling: (a) After 190th time
step; (b) After 390th time step; (c) After 840th time step

classical strength theory. The vulnerable zones identified
by the presented work are shown in Fig. 10, which
indicated that there were agreements between the judging
results upon the zones highlighted with red dash lines.
They were the crossed parts of the vulnerable zones, in
other words, they were suggested to be the most
vulnerable zones.

With regard to the welded Al-Zn—Mg alloys with
ER5356 as filler metal, the prediction of breaking
tendency in the symmetric face, the fusion zone and the
molten zone had been proved by experimental research,

respectively [13—15]. The third pass was indicated to
have better ductility yet lower strength than the other
passes, which resulted in unbalanced deformation in the
tensile process. This meant that crack source was
initiated in the other weld passes rather than the third
weld pass. It was also indicated [14] that the local
mechanical property was closely related to the
compositional distribution, especially the =zinc to
magnesium content ratio. In addition, the plastic factors
could be changed by material mismatch, which could
lead to different crack locations [16]. Exactly, lots of
work needed to be finished, such as numerical
characterization of the fusion zone, optimization of the
model and systematic research on the factors that
influenced the mechanical properties of the multi-pass
welded joint.

zZ/
#z2 Vulnerable zones judged by microstructure
== Vulnerable zones judged by
residual stress distribution
== Symmetric face

Fig. 10 Schematic of crossed parts in vulnerable zones
identified by different methods

4 Conclusions

1) Grains were refined by the subsequent weld
passes through heat treatment, as a result, the grain size
in the third weld pass was the biggest. Intergranular
segregation gave birth to the coarse grain boundary
between the weld passes. These zones with coarse grain
or grain boundary were indicated to exhibit inferior
mechanical performances.

2) Tri-axial stress distribution in the fusion zone
was indicative of tendency to tensile failure under
service conditions. The top of the first weld pass at the
arc-ending side was regarded to be vulnerable because
the equivalent von Mises stress was the highest.
Moreover, it made sense to assess the vulnerable zone of
the joint directly through transverse residual stress.

3) The most vulnerable zones were regarded to be
the crossed parts between the vulnerable zones which
were identified according to the microstructure and the
mechanical analysis.
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