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ABSTRACT

In the present study, the influences of cold rolling and annealing time on the fatigue crack propagation
behavior of AA5052 aluminum alloy were investigated. The alloy sheet was cold-rolled under different
rolling reductions, i.e., 0, 15, 30, and 45%. A 45% as-rolled specimen was then annealed at 370°C under
different annealing times, i.e., for 2, 4, and 6 h. The microstructure evolutions after the cold rolling and
annealing treatments were also examined using optical microscopy whereas the fatigue crack
propagation behavior was characterized by using a fatigue test. Results showed that severely elongated
grains were observed with increasing the rolling reduction. The elongated microstructures were changed
into equaxial structures due to recrystallization during annealing treatment. The fatigue life was
decreased drastically by increasing the rolling reduction but increased significantly with increasing
annealing time. The fatigue life of the alloy was reduced by 93% when cold-rolled up to 45%. On the
other hand, the fatigue life of the 45% rolled samples was increased significantly by 412% when annealed

at 370°C for 6 h.

Doi: 10.5829/ije.2021.34.09c.16

1. INTRODUCTION?

Due to its excellent properties including lightweight,
processability, physical characteristics, corrosion
resistance, and low cost, aluminum-magnesium alloys
have been widely applied in the aerospace, automotive,
shipbuilding, and construction industries [1,2]. One of
the most widely used Al-Mg alloys is the AA5052
aluminum alloy. However, this alloy is non-heat treatable
in that its strength is not high enough to be used for
structural applications [3]. To improve its mechanical
properties, there are two well-known methods, namely
micro-alloying and strain hardening [4]. It is reported that
the mechanical characteristics of aluminum alloys can be
improved by the application of severe plastic
deformations (SPD) such as accumulative roll-bonding,
cryogenic rolling, and equal channel angular pressing
[5,6]. Cold rolling has been proven to be one of the most
widely used methods of strain hardening for Al-Mg
aluminum alloys due to its simplicity, ease of processing,
and low cost. Cold rolling can significantly enhance the
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strength and hardness of Al-Mg aluminum alloy because
of the improved dislocation density [7]. However, the
ductility of the cold-rolled aluminum alloys is lower
which limits its application due to poor forming ability.
Tabatabaeia and Zarasvand [8] studied the influences of
cold bulge forming speed on thickness reduction and
tensile properties of aluminum alloys. Their results
showed that the tensile and yield strength of aluminum
alloys were increased after cold bulge forming.
Moreover, a more uniform thickness was achieved by
reducing the forming speed. To enhance the ductility, an
annealing treatment is often applied for cold-rolled Al-
Mg aluminum alloys [9]. In our previous studies [10], it
was reported that the strength and hardness of AA5052
aluminum alloy were significantly improved with rolling
reduction but the ductility decreased. Furthermore, the
annealing process decreased both strength and hardness
but increased ductility. Several factors play a role in the
success of annealings such as temperature, holding time,
and heating rate of the process.
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Manufacturing components made of AA5052 which
are used in several applications such as aerospace,
automotive, and shipbuilding are often subjected to
cyclic loading which can result in fatigue failure. In
connection with this, several researchers have conducted
many studies on the fatigue behavior of AA5052
aluminum alloy. Azadi et al. [11] investigated the effects
of various parameters (maximum temperature, dwell
time, thermo-mechanical loading factor) on the out-of-
phase thermo-mechanical fatigue lifetime of the A356.0
casting aluminum alloy. They found that the maximum
temperature and thermo-mechanical loading factor had a
more significant effect on the lifetime compared to the
dwell time. Li et al. [4] studied the effect of annealing
treatment on the microstructure, tensile strength, and
fatigue crack propagation behavior of Al-Mg-Sc alloy
sheets. The sheets were hot-rolled at 470°C with the 77%
rolling reduction and then cold-rolled with 65%
reduction. The sheets were then annealed at 340 and
500°C for 1 h. They found that the microstructure, tensile
strength, and fatigue crack growth rate were greatly
dependent on the annealing temperature. Studies on the
fatigue resistance of 5083-O aluminum alloy cold-rolled
in parallel (PD) and in vertical to rolling direction (VD)
were done by Ma et al. [12]. It was reported that the
fatigue resistance of PD specimens was lower than that
of the VD specimen due to the primary crack propagation
throughout the chain-shaped coarse inclusions in PD
specimens. Mughrabi and Hoppel [13] demonstrated that
the fatigue properties of metal alloys are strongly affected
by physical metallurgical properties such as grain size.
Grain size affects remarkably both fatigue-crack
propagation characteristics of alloys. Mughrabi and
Hoppel [13] and Kim and Bidwell [14] reported that a
microstructure with a relatively larger grain size has a
higher fatigue-crack-propagation threshold (4Kw) and
lower crack-growth rate. Shou et al. [15] investigated the
effect of grain size on the fatigue crack propagation
behavior of the 2524-T3 aluminum alloy. They found
that the increased fatigue resistance of alloys with larger
grain sizes is due to crack closure induced by both surface
roughness and plasticity. Research works on the fatigue
characteristics of aluminum alloys have been studied
extensively, but published data on the influences of cold
rolling and annealing treatment of AA5052 aluminum
alloy have been limited.

In this study, the AA5052 alloy sheet was cold-rolled
with different rolling reductions, namely 15, 30, and
45%. The sample with 45% reduction was then annealed
at 370°C for different holding times, namely 2, 4, and 6
h. This work, the influences of cold rolling and annealing
time on the fatigue crack propagation characteristic of
AA5052 aluminum alloy were discussed. The fatigue
fracture surfaces of these alloys were also characterized.

2. MATERIAL AND EXPERIMENTAL

The material used in this study was an AA5052 plate with
its chemical composition is given in Table 1. In this
investigation, the plate with 3 mm in thickness was firstly
homogenized at 470°C for 6 h with a heating rate of
5°C/min and then cooled in air. The homogenized sheet
was then cold-rolled at room temperature under different
rolling reductions, namely 0, 15, 30, and 45%. The cold-
rolled sheet with 45% reduction was then annealed at
370°C for different times, i.e., 2, 4 and 6 h with a heating
rate of 5°C/min. The schematic illustration of the cold
rolling and annealing processes was presented in Figure
1.

The microstructures of as-received, cold-rolled, and
annealed specimens were observed using optical
microscopy in a short transverse direction. The analysis
of phases was carried out using an X-ray diffractometer
(X’pert MPD) with Cu Ka X-ray source and 20 range
from 20 to 90° at a scanning rate of 0.03°/s. The fatigue
crack growth test was conducted by using a servo-
hydraulic universal testing machine with the center-crack
tension (CCT) specimens taken from the sheet in the
rolling direction as shown in Figure 2. Electric discharge
machining was used to prepare the notches and the
surface of the sample under test was polished. All tests
were carried out at a stress ratio of R = 0.1, and with a
sinusoidal loading frequency of 11 Hz at room
temperature. A 20% of yield stress was selected as stress
level and the fatigue crack growth rate (da/dN) of the
Paris power law was determined following the Secant
method below:

() =i ®
a=(*5) @

where, a is average crack length, subscripts i and (i + 1)
represent im and (i + 1)w cycle. The stress intensity
factor range, AK for center crack tension (CCT)
geometry was determined as follows:

(3
AP = Buax — Prin 4)

where P is the load, B and W are the thickness and width

TABLE 1. Chemical compositions of AA5052 aluminum alloy
Chemical composition (wt.%o)

Mg Fe Cr Si Mn Al

2.37 0.31 0.22 0.11 0.08 Bal.
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Figure 1. Schematic illustration of both cold rolling and
annealing processes
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Figure 2. Centre-crack tension (CCT) specimen

of the sample, respectively; o = 2a/W; and a is the length
of half of the crack. The fatigue fracture surface of the
specimens was examined using scanning electron
microscopy (Carl Zeiss Evo Ma 10 SEM).

3. RESULTS AND DISCUSSION

3. 1. Microstructure Observations Figure 3a
shows three principal directions in the alloy during cold
rolling. Figures 3b, 3c, 3d, 3e, and 3f display the optical
micrographs in the short transverse direction of as-
received, as-rolled with 15, 30, 45% reduction, and as-
rolled with 45% reduction followed by annealing for 6 h,
respectively. The structure of the a(Al) matrix and many
second phases dispersed within the grain are observed in
all samples. Some equiaxed grains and elongated ones
can be observed in Figure 3b. However, a larger
elongated grain as a result of cold rolling is exhibited
clearly in Figures 3c, 3d, and 3e. This indicates that the
cold rolling led to a smaller grain size of alloy. An
increase in the number of nucleation sites when higher
rolling reductions are applied may be responsible for the
smaller grain size [16]. Some equiaxed grains can be
observed in the 45% as-rolled sample followed by
annealing for 6 h in Figure 3f. This suggests that the

a
rolling direction
gy — %,

ST

L : longitudinal

LT :long transverse L I /
ST  :short transverse

e s ==
Figure 3. (a) Three principal directions in the alloy sheet
with corresponding microstructure in short transverse: (b)
as-received sample, (c) 15% as-rolled sample, (d) 30% as-
rolled sample, (e) 45% as-rolled sample, (f) 45% as-rolled
sample followed by annealing for 6 h

annealing for 6 h has changed from the elongated grains
to the equiaxed ones. This may be related to the
recrystallization phenomenon that occurred during
annealing treatment [9].

3. 2. X-Ray Diffraction Analysis The XRD
patterns of as-received and as-rolled samples with
different thickness reductions are demonstrated in Figure
4. As shown in Figure 4, it can be observed that both as-
received and as-rolled samples consist of similar phases,
namely o(Al) matrix, and AlsFe. No other phases were
observed. This suggests that the cold rolling does not
change the phases in the AA5052 aluminum alloy.
However, the intensity of diffraction peaks is increased
with rolling reduction, especially for 45% reduction. This
indicates that the amount of secondary phase (AlsFe)
increases with increasing rolling reduction. An increase
in cold rolling causes greater energy stored in the cold-
rolled sample as indicated by an increase in the intensity
of AlsFe as shown in the XRD results. In addition, cold
rolling produces an increase in dislocation density.
Similar observations were also demonstrated by previous
researchers [9] where the cold rolling did not affect the
microstructure but only increased the amount of the
second phase as indicated by the enhanced intensity of
peaks after cold rolling. Figure 5 displays the XRD
patterns of as-rolled with 45% reduction and annealed
samples for different holding times. It can be seen from
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Figure 5 that all samples are composed of a (Al matrix
and AlsFe as shown in Figure 4. This implies that the
annealing treatment at 370°C for 2, 4, and 6 h does not
affect the phase changes of as-rolled AA 5052 aluminum
alloy. The annealing time does not influence the presence
of AlsFe because the annealing treatment reduces the
dislocation density due to the recrystallization process
during annealing treatment.

3. 3. Fatigue Crack Propagation Behavior
Results of fatigue tests of the as-received and as-rolled
alloy under different rolling reductions are displayed in
Figure 6. It was found that the fatigue life of as-received
alloy was around 1,050,000 cycles. A remarkable
reduction in fatigue life is exhibited by a 15% cold-rolled
sample where the number of cycles decreased to around
560,000 cycles. More reduction in fatigue life is also
found for as-rolled samples with the rolling reductions of
30 and 45%. The number of cycles of as-rolled specimens
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Figure 4. XRD patterns of as-received and as-rolled samples
with different thickness reductions
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Figure 5. XRD patterns of as-rolled samples with 45%
reduction subjected to annealing at different times
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Figure 6. Fatigue life of as-received and as-rolled samples
with different rolling reductions

with 30 and 45% reduction is 485,000 and 73,000 cycles,
respectively. It can be concluded that the fatigue life of
alloy is drastically reduced with rolling reduction. This is
probably attributed to the smaller grain size and high
tensile residual stress caused by cold rolling [17, 18].
These increases the local stress ratio and the effective
stress intensity factor range and finally result in reduced
fatigue life [18].

Figure 7 displays the fatigue crack growth rate as a
function of the stress intensity factor range (AK) of as-
received and as-rolled alloy with different rolling
reductions. It is observed that the fatigue crack
propagation curves reveal three different regions, i.e., I,
I1, and I11. For both samples, region 11 shows a stable rate
of fatigue crack growth following the Paris law as given

by:
o= C (k)" ®)

where da/dN is the growth rate of fatigue cracks, and 4K
is the difference between the maximum and minimum
stress intensity factors, (Kmax — Kmin) during the load
cycle. By taking the trend line in region Il, the values of
C and n known as the Paris constant can be determined
and the results are presented in Figure 8 and summarized
in Table 2. C is the value of da/dN at AK = 1 MPa.m%®
and n represents the slope of the lines. The n value of
aluminum alloy increased with rolling reduction. This
indicates that the cold rolling increased the fatigue crack
growth rate. The reduced fatigue performance is ascribed
to the smaller grain size and tensile residual stress
induced by cold rolling. These findings were consistent
with previous results reported that the rate of fatigue
crack growth of fine-grained commercially pure titanium
induced by the cold rolling was higher compared to that
of the coarse-grained samples due to the difference in the
magnitude of crack closure of the samples [19-21]. The
rate of fatigue crack growth of aluminum alloys is greatly
influenced by grain size [15,22]. It has been reported by
previous researchers that the higher rate of fatigue crack
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propagation was indicated by a smaller grain size
compared to alloys with a larger grain size [23]. This is
related to the combined effects of grain boundaries, crack
deflection, and crack closure due to crack surface
roughness and plasticity [15].

Figure 9 demonstrates the fatigue life of 45% as-
rolled alloy with different annealing holding times. It is
found that the fatigue life for samples annealed for 2, 4,
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Figure 7. Fatigue crack propagation rate of as-received and
as-rolled samples with different rolling reductions
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Figure 8. Trend line taken from region Il of Figure 7

TABLE 2. Paris Constants of as-received, as-rolled samples
and followed by annealing under different times

Materials C n

As-received 9.6351E-13 1.8726
CR-15% 2.3555E-12 1.8979
CR-30% 2.4204E-13 2.0317
CR-45% 6.9064E-14 2.5379

5.7237E-14 2.3969
4.3521E-13 2.2841
3.5767E-13 2.0028

CR-45% + annealed for 2 h
CR-45% + annealed for 4 h
CR-45% + annealed for 6 h
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Figure 9. Fatigue life of as-received and as-rolled samples
followed by annealing with different annealing times

and 6 h are 213,000, 232,000, and 374,000 cycles,
respectively. Compared to the un-annealed sample, there
is a significant increase in fatigue life by 192, 218, and
412% for samples annealed for 2, 4, and 6 h, respectively.
This indicates that the annealing treatment significantly
enhances the fatigue life of an as-rolled alloy. This may
be due to the more ductile nature of the annealed alloy
compared to the rolled sample allowing a greater number
of crack extensions before failure [24]. In addition, these
are also attributed to both the reduced dislocation density
and tensile residual stress because of recrystallization
during annealing [25].

Figure 10 demonstrates the fatigue crack growth rate
as a function of stress intensity factor range (AK) of as-
received and 45% as-rolled alloy for different annealing
times. It can be seen that all samples also reveal the
fatigue crack growth rate curves with three distinct
regions, i.e., the region I, Il, and Ill. All samples also
exhibit the stable fatigue crack growth rate in region Il
and follow Paris law. The curve of da/dN versus AK
taken from region Il is presented in Figure 11 and Paris
constants are determined that summarized in Table 2.
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Figure 10. Fatigue crack propagation rate of as-received and
45% as-rolled samples with different annealing times
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Figure 11. Trend line taken from region Il of Figure 10

From Table 2, it can also be found that the n value is
decreased with annealing time. This implies that the
annealing treatment reduces the fatigue crack growth
rate. This is associated with grain coarsening as a result
of recrystallization during annealing. Furthermore, the
grain coarsening can increase the intensity factor of the
crack closure and decrease the driving force of change in
the crack path. It is ascribed to the microstructure and
possible contact between facets of rough cracks resulting
in a low crack growth rate as indicated by lower n values
after annealing treatment [26,27]. This may also be
associated with the higher release rate of tensile residual
stress with increasing annealing time producing a lower
fatigue crack growth rate. In addition, The enhanced
fatigue crack growth resistances for annealed alloys may
be attributed to their high C values (but lower values of
n) suggesting that the fatigue crack growth retardation
occurs at high AK [28].

3. 4. Fatigue Fracture Surface Analysis Figure
12 shows the fatigue fractured surfaces of AA5052
aluminum alloy for as-received and as-rolled samples
with 15 and 45% of rolling reduction. The crack
propagates from the left to the right as shown in Figure
12 with the initial crack from the notch. From Figure 12,
it can be seen that the fracture surface consisted of three
different regions, namely an area with a flat surface that
is characteristic of a fatigue fracture, an area with a
rougher surface called a shear fracture or shear mode, and
an area with a reduction in the area which is a feature of
the final fracture. The fatigue surface area reflects the
fatigue life of the fatigue-tested alloy [29]. Therefore, the
larger the fatigue surface area confirms the higher the
fatigue life. From Figure 12, it can be observed that the
largest area of the fatigue fracture is observed for the as-
received alloy followed by the cold-rolled alloy with 15%
rolling reduction, and alloy with 45% rolling reduction.
This confirms that the fatigue life of the alloy is reduced
with an increase of rolling reduction as presented in
Figure 6.

notch
v shear mod\c

T

final fracture

(a) [ fatigue fracture
1

(b)

©f

crack growth direction
S

>

Figure 12. Fractured surfaces of AA 5052 aluminum alloy:
(a) As-received, (b) CR-15%, (c). CR-45%

Figure 13 presents the fatigue fractured surfaces of
AA 5052 aluminum alloys subjected to cold rolling with
45% and followed by annealing at different times of 2, 4,
and 6 h. A similar to Figure 12, three different regions,
namely the fatigue, shear, and final fractures can be
observed. The larger area of the fatigue fracture is
observed for the alloy annealed 6 h followed by 4 and 2
h. This suggests that the fatigue life of the alloy is
increased with increasing annealing time. These results
are consistent with the fatigue life as shown in Figure 9
before. From Figures 12 and 13, it can also be observed
that the area of fatigue surface of the as-received alloy is
still higher compared to that of all annealed alloys. This
reflects that the fatigue life of as-received alloy is higher
than that of cold-rolled alloy followed by annealing
treatment at different times. In other words, the annealing
treatment has not been able to restore the fatigue life of
as-received alloy.

Figure 14 displays scanning electron micrographs of
the fatigue fracture surfaces taken from stable crack
propagation region of as-received, 45% as-rolled, and
45% as-rolled alloy annealed for 6 h. It can be seen that
the presence of fatigue striation can be observed in the
fatigue crack fractures of as-received and 45% as-rolled
samples annealed for 6 h (Figures 14a and 14c). The
smaller striation width can be seen in the fracture surface
of the as-received sample compared to the 45% as-rolled
alloy followed by annealing for 6 h. This supports the
lower fatigue crack growth rate exhibited by the

final fracture

(c) ¢ fatigue fracture

crack growth direction
>~

rd

Figure 13. Fractured surfaces of AA 5052 aluminum alloy
subjected to 45% of cold rolling and annealed at different
times: (@) 2 h, (b)4h, (c)6h
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Figure 14. SEM images of fatigue frature surfaces of (a)
as-received alloy, (b) 45% as-rolled alloy, (c) 45% as-rolled
alloy and annealed for 6 h

as-received sample compared to the 45% as-rolled
sample annealed for 6 h, as shown in Figure 8 and Table
2. According to Matos et al. [30], striation width is the
fatigue crack growth distance under each cyclic load
reflecting the fatigue crack growth rate properly. In
general, the smaller striation width corresponds to the
lower fatigue crack growth rate [31,32]. Another feature
seen in Figures 14a and 14c is the presence of the
secondary crack obtained in the fracture surface of as-
received and 45% as-rolled followed by annealing for 6

h. It is interesting to note from Figure 14b that poorly
defined striation is revealed in the fatigue surface of 45%
as-rolled AA5052 aluminum alloy. This indicates the
transgranular cleavage fracture as typical of brittle
fracture. This confirms the high fatigue crack
propagation rate of 45% as-rolled AA 5052 aluminum
alloy as shown in Figure 8 and Table 2.

4. CONCLUSIONS

In this study, the effects of cold rolling and annealing
time on the microstructure and fatigue behavior of the
AA5052 aluminum alloy was investigated and the
conclusions were as follows:

* The severely elongated grains are observed with
increasing rolling reduction. The elongated
microstructures are changed to equaxial structures
due to recrystallization during annealing treatment
especially for an annealing holding time of 6 h.

« Both cold rolling and annealing processes do not
change the phases in the AA5052 aluminum alloy.

« Both cold rolling and annealing time strongly
influence the fatigue resistance of AA5052 aluminum
alloy. The fatigue resistance decreases drastically as
the rolling reduction increases. On the other hand, the
fatigue resistance of cold-rolled AA5052 aluminum
alloy increases significantly with increasing
annealing time.
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