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Fatigue behavior and life prediction of A7NO1 aluminium alloy welded joint
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Abstract: Fatigue characteristics of A7N0O1 aluminium alloy welded joint were investigated and a fatigue crack initiation life-based
model was proposed. The difference of fatigue crack initiation life among base metal, weld metal and heat affected zone (HAZ) is
slight. Furthermore, the ratio of fatigue crack initiation life (N;) to fatigue life to failure(Ny) is a material dependent parameter,
26.32%, 40.21% and 60.67% for base metal, HAZ and weld metal, respectively. Total fatigue life predicted using the presented
model is in good agreement with the experimental data and that using Basquin’s model. The observation results of fatigue fracture
surfaces, using scanning electron microscope (SEM), demonstrate that fatigue crack initiates from smooth surface due to welding
process for weld metal, blowhole in HAZ causes fatigue crack initiation, and the crushed second phase particles play an important

part in fatigue crack initiation in base metal.
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1 Introduction

A7NO1 aluminium alloy is widely used in storage
tanks of space rockets, armor plates, military vehicles,
road tankers and railway transport systems, because of its
specific properties, such as high specific strength, low
quench sensitivity, good hot workability and excellent
corrosion resistance [1,2]. Most of these welded
components in service are subjected to cyclic loading
frequently. Hence, the fatigue characteristics of welded
joints, which are important to the safety and reliability of
these applications, have aroused wide attention and
detailed studies. RAVINDRA et al [3] developed a
empirical relationship to predict gas metal arc welded
crucifrom joints of AA7075 aluminium alloy.
BALASUBRAMANIAN et al [4] reported the influences
of pulsed current welding and post weld aging treatment
on fatigue crack growth behaviour of AA7075
aluminium alloy. LILJEDAHL et al [5] investigated the
weld residual stress effects on fatigue crack growth
behavior of 2024-T351 aluminium alloy fabricated by
variable polarity plasma arc welding. However, few
investigations have been carried out on fatigue crack
initiation behaviors of Al-Zn—Mg alloy welded joint. In
fact, fatigue crack initiation life occupies about
40%—50% of the total life for endurances between 10’

and 10° cycles [6]. If the stage of fatigue crack initiation
is overlooked, it is too late to avoid a disaster even if
thorough investigations of the fatigue crack growth is
carried out. Therefore, it is necessary to pay more
attention to fatigue crack initiation.

In this work, U-shape notched specimens were
adopted in fatigue test. Then fatigue life for crack
initiation and total fatigue life of base metal, weld metal
and HAZ of A7NOI1 aluminium alloy welded joint were
obtained. The characteristics of fatigue crack initiation
for different regions were analyzed. Meanwhile, a fatigue
crack initiation life based model was developed to
evaluate the total fatigue life. Further, the mechanism of
fatigue crack initiation in each region was clarified.

2 Experimental

The manual gas tungsten arc welding (GTAW) of
rolled A7NO1 aluminium alloy was carried out using
filler material ER5356 with a diameter of 1.6 mm. The
chemical compositions of the base metal and the filler
wire are given in Table 1. Prior to welding, the plates of
6 mm in thickness were cut into required dimensions
(250 mmx300 mm) and thoroughly cleaned to remove
any dirt or grease adhering to the surface. The other
welding conditions are summarized in Table 2. During
the welding operation, necessary care was taken to avoid
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Table 1 Chemical compositions of A7NO1 alloy and wires
ER5356 (mass fraction, %)

Material Si Fe Cu Mn Mg

ATNO1 0.35 0.40 0.20 0.15 1.20
ER5356 0.057 0.12 0.011 <0.13 4.9

Material Cr Zn Ti Al
ATNO1 0.20 4.60 - Bal.
ER5356 0.065 0.13 0.11 Bal.

Table 2 Manual-GTAW welding parameters
Current  Voltage  Welding speed
A UV v/(mm-s™")

200 23-25 1.67

Gas flow
O/(L'min")

12-15 Ar

Gas

joint distortion and parallel misalignment.

Metallographic specimens were cut across vertical
transverse cross-section of the weld metal, and ground
with emery paper of 240, 500, 800 grid, followed by fine
polishing with diamond suspensions of 1 pm; finally,
etched with Keller’s reagent (HF 1 mL, HCl 1.5 mL,
HNO; 2.5 mL and H,O 95 mL). The microstructures
were characterized using an optical microscope and
energy dispersive X-ray spectroscopy (EDS). After the
fatigue specimen broken, fatigue fractography and crack
initiation sites were observed using a HITACHI S—3400
scanning electron microscope (SEM).

In order to evaluate the strength reduction near the
weld metal, microhardness test was performed on the
transverse section of the joint at various distances from
the weld centre.

Aiming to investigate the fatigue behaviors of each
region, notched fatigue test specimens were prepared.
Weld reinforcements were removed mechanically,
meanwhile, a single U-shape notch was introduced in
base metal, HAZ and weld metal, respectively. Further,
the corresponding stress concentration factor was
calculated according to the approach presented in Ref.
[7], that is 3.49. Details of fatigue specimen are
illustrated in Fig. 1.

50

100
Fig. 1 Geometry of fatigue specimen (Unit: mm)

Constant amplitude fatigue tests with R=0 were
conducted using an electromagnetic resonance fatigue
testing machine in air at room temperature. The samples
were loaded in the form of sinusoidal waveform at a

resonant frequency of about 82 Hz, and at each stress
level three samples were tested until failure, which was
defined as 5 Hz resonant frequency drop. Normally, the
drop was almost followed by complete rupture of
materials.

In this study, the size of fatigue crack initiation was
defined as 1 mm [8]. A travelling microscope with an
accuracy of 0.01 mm was used to monitor the length of
crack length every 20000 cycles. In order to reduce
measurement error caused by surface roughness, the
specimens were polished mechanically, and then
electropolishing was made near the notch.

3 Results and discussion

3.1 Microstructures and microhardness

Microstructures of base metal, weld metal and HAZ
of A7NO1 aluminium alloy welded joints are displayed in
Figs. 2(a), (b) and (c), respectively. Elongated matrix
grain morphology parallel to the rolling direction in base
metal can be observed in Fig. 2(a). Zn and Mg are the
major alloyed elements and the phase #(MgZn,) is the
main strengthening precipitates of A7NO1 aluminium
alloy [9]. Meanwhile, quite a lot of coarse particles,
which are enriched in Cr, Mn and Fe measured by EDS,
can be found in base metal. It is believed that incomplete
dissolution during the rolling process gives rise to the
existence of coarse particles. Wire ER5356, which is
Al-Mg alloy, was adopted to reduce welding hot
cracking susceptibility, thereby a(Al;Mg,) phases are
obtained at room temperature, as shown in Fig. 2(b). In
this micrograph fine solidification structure can be
observed throughout the weld metal. However, being
subjected to weld thermal cycle, fibrous structure formed
during the rolling process transformed into recrystallized
and incomplete recrystallized structures in HAZ, as seen
in Fig. 2(c).

Figure 2(d) illustrates the evolution of
microhardness in the cross section of the joint. The
microhardness test results demonstrate that the difference
of hardness among weld metal, HAZ and base metal is
significant. Furthermore, the average microhardnesses of
weld metal and base metal are HV72.4 and HV108.7,
respectively. Lower hardness is caused by less alloy
element in welding wires ER5356 which leads to the
decrease of strengthening effect. In addition, because
welding thermal cycle is different from HAZ, there are
partially melted zone, quenched zone and overaging zone
in HAZ. The microhardness increases with increasing
distance from weld center. In overaging zone, the
aggregation and growth of precipitation phases
contributes to the decrease of hardness and formation of
softened zone.
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Fig. 2 Microstructures of base metal (a), weld metal (b), HAZ (c¢) and micro-hardness distribution (d)

3.2 Fatigue behavior

Fatigue life to failure (V) of base metal, weld metal
and HAZ are displayed in Fig. 3. Obviously, remarkable
difference of the lifetime among the three regions can be
observed. The difference diminishes gradually with
increasing the stress level.
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Fig. 3 Fatigue test data of base metal, weld metal and HAZ for
A7NO1 aluminium alloy welded joint

Figure 4 shows the fatigue crack initiation life (V;)
of base metal, weld metal and HAZ. It can be seen that
the difference of fatigue crack initiation life is slight at a
higher stress level; however, the difference can be
observed gradually with decreasing the stress amplitude.
The fatigue crack initiation life of base metal is a little

longer than that of weld metal. However, the fatigue
crack initiation life of HAZ fluctuates due to
inhomogeneous microstructure which results from
welding thermal cycle. It is implied that slight diversity
of microstructure around the notch tip gives rise to the
difference of fatigue crack initiation lives. Overall, the
variation of fatigue crack initiation life is not very
obvious.
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Fig. 4 Fatigue crack initiation life data of base metal, weld
metal and HAZ

From Figs. 3 and 4, the ratios of fatigue crack
initiation life to total fatigue life of different regions are
obtained, as displayed in Fig. 5. As shown in Fig. 5, the
ratios are stable, which are 26.32%, 40.21% and 60.67%
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for base metal, HAZ and weld metal, respectively.
Furthermore, the ratio is independent on the stress
amplitude, but dependent on the microstructure and
mechanical properties. In summary, the stage of fatigue
crack initiation plays an important role during the
process of fatigue damage.
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Fig. 5 Ratio of N/N; for base metal, weld metal and HAZ for
A7NO1 aluminium alloy welded joint

3.3 New approach to predict fatigue life

Generally, the process of fatigue failure consists of
two stages: fatigue crack initiation and fatigue crack
growth. Fatigue life has been predicted successfully
using fatigue crack growth rate based models [10—13].
However, the stage of crack initiation under cyclic
loading covered a considerable proportion of total fatigue
life. It is well known that long testing time is required to
obtain total fatigue life. If total fatigue life can be
predicted according to the characteristics of fatigue crack
initiation, a large amount of time and energy will be
saved. From the view mentioned above, a novel model is
developed to predict the total fatigue life.

The fatigue life to failure can be written as

NE=NHN, &

where N, is the fatigue crack propagation life.
The ratio of fatigue crack initiation to total fatigue
life is defined as

n= N /N; 2

In present work, a continuum damage mechanic
model for high cycle fatigue developed by LEMAITRE
[14] was employed to predict fatigue crack initiation life:

-1
v i) 3)
2(By +2)ByR)

where S, and B, are material and temperature dependent
coefficients. Applied the model to one-dimensional case,
the equivalent stress o.q=|o], the triaxiality function (Ry)
is 1. For the case of present study, stress ratio is 0, then,

N, =K(f! )_1 4

where K =(p,+1)/[2(8,+2)B,] » K and p, are
evaluated from the S—AN, curve as shown in Fig. 4. Thus,
fatigue initiation life of the three regions can be predicted
using a uniform model:

N, =4.075x10"0 52578 (5)

The fatigue test shows that the ratio # of fatigue
crack initiation life to total fatigue life is constant
approximately for different regions (see Fig.5). Hence, it
is reasonable to believe that the ratio # is a material
dependent parameter. Thus, the total fatigue life can be
expressed as

Ny =, ©

n

The experimental data, predicted results using the
proposed model and Basquin’s model are shown in
Fig. 6. It can be observed that the results of predicted
total fatigue life using the proposed model and Basquin’s
model are comparable. Therefore, it is reasonable to
believe that the proposed model has a good ability of
predicting the total fatigue life.
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Fig. 6 Experimental and predicted fatigue life for different

regions

3.4 Fatigue crack initiation sites

Figure 7 reveals a typical example of SEM
micrograph of fracture surface near the crack initiation
site for weld metal. SEM observations show that all
cracks initiated on smooth surfaces for all tested
specimens of weld metal. The fatigue crack initiated on
the root of the notch due to the smooth surface on the
fracture surface covered with thin films. And many
crystallized particles can be observed in Fig. 7. It is
reasonable to believe that the formation of smooth
surface at a result of solidification cracking or eutectics
existing at grain boundaries which generated during the
welding solidification process. Consequently, the
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existence of smooth surfaces decreased the cohesion
between grains and increased the tendency of crack even
under low loading.

Fig. 7 SEM fractograph of fatigue crack initiation site of weld
metal

As shown in Fig. 8, fatigue crack initiation occurred
at a blowhole that was produced during the welding
process in HAZ. The blowhole is located in the vicinity
of the notch tip, and the diameter is about 90 um. Due to
high heat temperatures, quickly heating and cooling in
HAZ (exactly in fusion zone), blowhole is a common
defect in aluminium alloy welding processing. Despite
the fact that fatigue crack initiated at the blowhole, the
blowhole hardly affected the fatigue crack initiation life,
as shown in Fig. 3, compared with the case of weld metal
and base metal.

Fig. 8 SEM fractograph of fatigue crack initiation site of HAZ

The fracture morphology of base metal near the
fatigue crack initiation site is shown in Fig. 9. It can be
seen that fatigue crack initiated from a large second
phase particles. Figure 10(a) shows the morphology of
the second phase particle, the same as the one in Fig. 9 in
terms of the chemical compositions. The corresponding
energy dispersive X-ray spectroscopy (EDS) analysis
(Fig. 10(b)) reveals that the second phase particles are
enriched in Cr, Mn and Fe. Constituent particles,
generally iron-bearing phases, have been identified as the
most likely site of crack initiation in 7000 series

alloy [15]. And the existence of the large particle is
incomplete dissolution in the process of rolling. As
shown in Fig.10(a), microcracks in the second phase
particles can be observed in the base metal. Hence, it is
reasonable to infer that the particles were crushed during
the rolling process. Furthermore, since the loading
direction was parallel to the rolling direction and
perpendicular to microcrack, propagation of the
microcrack was induced to the matrix by stress
concentration produced at interface between the particle
and matrix. Accordingly, the crack initiated at the coarse
particle under cyclic loading.

Fig. 9 SEM fractograph of fatigue crack initiation site of base
metal

Al
Mn Zn
Mo Crr&uM .\Si,Mo. o
0 05 10 15 20 25 30 35 4.0 45

Energy/keV

Fig. 10 Morphology of second phase particle in base metal (a)
and EDS spectrum of small area analysis in particle (b)
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Although the fatigue crack initiation mechanisms
for base metal, weld metal and HAZ are different, the
distinctions of fatigue crack initiation life among the
three regions are insignificant, as shown in Fig. 4. Hence,
it is reasonable to attribute the difference of total fatigue
life among the three regions to the diversity of fatigue
crack growth life.

Generally, the fatigue crack growth life depends on
the fatigue crack growth rate. OULD CHIKH et al [16]
proposed a model to evaluate fatigue crack growth rate:

da 2
— = Ar, 1
dnv ¢ o

where 7, is the plastic zone size, and 4 is the correction
factor of the plastic zone.

IRWIN [17] believed that plastic zone size depends
on the yield strength of material:

r=—|— (8)

where k is the stress intensity factor, and o; is the yield
strength. It is noticed that the higher the yield strength,
the smaller the plastic zone size.

Experimental results revealed that the yield strength
can be determined by hardness test. Then, the fatigue
crack growth rate of base metal, weld metal and HAZ
can be predicted by the hardness testing results shown in
Fig. 2. Consequently, a higher hardness leads to a smaller
plastic zone size, and results in a longer total fatigue life.
Accordingly, base metal with a higher hardness has a
longer fatigue life. The weld metal has the lowest
hardness and the shortest fatigue life.

4 Conclusions

1) Total fatigue life to failure of base metal is longer
than that of HAZ and weld metal, and weld metal has the
shortest fatigue lifetime.

2) The difference of fatigue crack initiation life for
base metal, weld metal and HAZ is negligible. The ratio
of N; to Ny is independent on stress amplitude, but
dependent on microstructure and mechanical property.

3) A fatigue crack initiation life based model was
proposed. The predicted total fatigue life using the
present model is in good agreement with the
experimental data, and comparable with that using
Basquin’s model.

4) The fatigue crack initiation mechanisms of base
metal, weld metal and HAZ are different. In weld metal,
fatigue crack initiated at solidification cracking or
eutectics existing in grain boundaries. Blowhole is the
primary reason of fatigue crack initiation for HAZ. And
the cause of fatigue crack initiation in base metal is
attributed to crushed large second phase particles.
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