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In the present study, 5052 Al alloy was processed through different rolling methods to obtain ultrafine
grains and its high-cycle fatigue behavior were investigated. The solution-treated Al-Mg alloys (AA 5052)
were deformed through different methods such as cryorolling (CR), cryo groove rolling (CGR) and cryo
groove rolling followed by warm rolling (CGW), up to 75% thickness reduction. The deformed samples
were subjected to mechanical testing such as hardness, tensile and high-cycle fatigue (HCF) test at stress
control mode. The CGW samples exhibit better HCF strength when compared to other conditions. The
microstructure of the tested samples was characterized by optical microscopy, SEM fractography and TEM
to understand the deformation behavior of deformed Al alloy. The improvement in fatigue life of CR and
CGR samples is due to effective grain refinement, subgrain formations, and high dislocation density ob-
served in the heavily deformed samples at cryogenic condition as observed from SEM and TEM analysis.
However, in case of CGW samples, formation of nanoshear bands accommodates the applied strain during
cyclic loading, thereby facilitating dislocation accumulation along with subgrain formations, leading to the
high fatigue life. The deformed or broken impurity phase particles found in the deformed samples along
with the precipitates that were formed during warm rolling also play a prominent role in enhancing the
fatigue strength. These tiny particles hindered the dislocation movement by effectively pinning it at grain
boundaries, thereby improving the resistance of crack propagation under cyclic load.
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1. Introduction

AA5052 is a medium strength, non-heat treatable alloy and
possesses better welding characteristics. Because of its excel-
lent corrosion resistance properties, it is used in both seawater
and industrial chemical environments. It exhibits good combi-
nation of mechanical properties such as tensile strength and
ductility, fatigue strength and fracture toughness.

The fatigue properties of the light alloys are strongly
governed by the ultimate tensile strength, which in turn
depends on grain size of the materials, as described by Hall-
Petch (Ref 1, 2). There are several mechanical routes to
produce ultrafine grain (grain size between 100 and 1000 nm)
materials using severe plastic deformation techniques such as
high-pressure torsion (HPT) (Ref 3-7), equi-channel angular
pressing (ECAP) (Ref 8-12), multi-axial forging (MAF) (Ref
13-17), accumulative roll bonding (ARB) (Ref 18-22) and
repetitive corrugation and straightening (RCS) (Ref 14, 23-26)
to improve its tensile and fracture properties.

P. S. Rao et al. have obtained ultrafine-grained (UFG) Al-
7.5Mg by cryomilling and compared its fatigue crack growth
rate with larger grained Al-7Mg obtained by powder metallurgy
and ingot metallurgy routes. The fatigue crack growth rate in
UFG Al-Mg samples is higher than the larger grained Al-7Mg
samples as reported in their work. This improvement was
attributed to smoother fracture surface morphology in the UFG
samples, which closes the crack and deflects it too (Ref 27).

A. Vinogradov et al. have ECAPed four different Al-Mg-Sc-
Zr alloys (Al-6Mg-0.2Sc-0.15zr, Al-4.5Mg-0.2Sc-0.2Zr, Al-
3Mg-0.2Sc-0.18Zr and Al-1.5Mg-0.2Sc-0.2Zr) at different
temperatures and investigated both high-cycle and low-cycle
fatigue properties. It was reported in their work that the fatigue
strength has increased with increasing ultimate tensile strength
and percentage of Mg content in the alloy (Ref 28).

In another study of their work, 5056 Al-Mg alloy was
ECAPed at 423 K and its fatigue investigations have shown a
slight improvement in fatigue life at low stress amplitudes.
They also observed that the crack growth rate at relatively small
stress intensity factor range (DK) is greater in ECAPed material
than its bulk counterpart, as crack propagates in a straight line
manner with small deviation in ECAPed material, whereas it
moves in a zig-zag manner in its bulk alloy, because of its
coarse grain structure (Ref 29).

V. Patlan et al. have performed ECAP of 5056 Al-Mg alloy
and short-annealed at 150 �C for 15 min and studied the fatigue
performance. They have observed that the ECAP + short-
annealed samples exhibit double the tensile elongation than
ECAPed samples. It showed better low-cycle fatigue strength
during constant strain amplitude, due to grain refinement and
the work hardening in the material (Ref 30). J. H. Cha et al.
have ECAPed 5052 Al-Mg alloy with subsequent annealing at
150 �C for 1 h and conducted its low-cycle fatigue test at
constant total strain amplitudes of 0.5, 0.7, 0.9 and 1.1%. They
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observed only cyclic hardening in the ST samples, with the
number of fatigue cycles increased at all strain amplitudes,
whereas the ECAP-processed samples exhibit cyclic hardening
in the beginning and then with saturation till fracture. Also,
they observed higher plastic strain in ST samples after a certain
number of fatigue cycles as compared to ECAPed ones (Ref
31).

P. Cavaliere et al. have produced ultrafine grains of pure
aluminum and pure copper by ECAP at room temperature with
twelve and four passes, respectively, using Bc route. They have
investigated pure titanium grade-2 ECAPed at 425 �C and pure
nickel at 750 �C with eight passes each to produce UFG
structures in the alloy. Further, they conducted tensile and
fatigue test of the processed samples with load ratio R = 0.25
for fatigue test. They observed that the grain refinement through
ECAP improves the fatigue properties of the processed samples
under stress control mode (Ref 1).

G. Khatibi et al. have performed HPT of commercial pure
copper and compared its high-cycle fatigue behavior with
conventional grain (CG)-sized copper and ECAP-processed
copper. The HPT-processed samples showed better fatigue
performance than ECAP-processed samples due to higher
stability of extreme fine microstructure ensured by impurities

that avoids cyclic-induced recrystallization and grain coarsen-
ing (Ref 32).

The cryorolling (CR) has been identified as a potential route
to obtain ultrafine grain (UFG) and requires less true strain of
order 2-3 as compared to ECAP route (Ref 33, 34).

S. Malekjani et al. have cryorolled and aged (naturally and
artificially) 2024 Al alloy to study its cyclic deformation
behavior under strain control mode. They have observed that
the fatigue performance of artificially aged samples was higher
than the naturally aged samples. This was due to decrease in
coherency of the precipitates which leads to homogenous
deformation in artificially aged samples (Ref 35).

D. Singh et al. have studied the high-cycle fatigue behavior
of 5083 Al alloy processed through cryorolling and cryorolling
followed by warm rolling. They have observed that the
cryorolling followed by warm rolling samples exhibited better
fatigue strength than the ST and CR samples. They have
reported that the enhancement of fatigue strength in CR
samples was attributed to static strength improvement, whereas
the improvement in cryorolling followed by warm rolling was
due to enhancement in yield strength of the material through
various strengthening mechanism like solid solution strength-
ening, dislocation strengthening, grain boundary strengthening

Table 1 Compositional details AA 5052

Element Si Fe Cu Mn Mg Cr Zn Al

Composition, wt.% 0.20 0.33 0.10 0.10 2.3 0.26 0.10 Remainder

Fig. 1 Optical and SEM images of ST sample with EDS: (a) optical image, (b) high-magnification SEM image, (c) EDS of Mg2Si particle
shown in (b) and (d) EDS of Mg O particle shown in (b)
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and precipitation strengthening (Ref 36). The present work is
focused to investigate fatigue behavior of UFG AA 5052 alloy
produced through different rolling techniques such as cry-
orolling, cryo groove rolling and cryo groove rolling followed
by warm rolling and compare the effective grain refinement
achieved in each technique. The alloy subjected to cryo groove

rolling has been investigated in detail for high cyclic fatigue
properties as the deformation is achieved through combined
compressive and shear stress.

2. Experimental

2.1 Processing

The commercially available 5052 Al alloy was procured
from Vijay Prakash Aeromarine Metals Pvt Ltd, New Delhi,
with chemical composition 2.3 wt.% Mg, 0.26 wt.% Cr,
0.2 wt.% Si, 0.33 wt.% Fe, 0.10 wt.% Cu, 0.10 wt.% Mn,
0.10 wt.% Zn and rest aluminum (Table 1). The samples were
prepared from the received material to the dimension
609 809 24 mm and solution-treated (ST) at 540 �C for 2 h
followed by water quenching. The ST samples were subjected
to grain refinement through different rolling methods. The first
set of samples was subjected to cryorolling, where in the
samples were rolled in liquid nitrogen atmosphere to achieve
effective true strain of 1.38 (75% thickness reduction). The
second sets of samples were cryo groove-rolled to an effective
true strain of 1.38, where in the samples were groove-rolled
(70%) followed by flat rolling (30%) in cryogenic temperature
(Ref 35). The homogeneity during the deformation in this step
was maintained by reversing the surface (upside down) of the
sample after each pass in order to ensure reverse shear
deformation. Similarly, the third sets of samples were subjected
to cryo groove rolling (70%) followed by warm rolling (30%)
at 175 �C to achieve total effective true strain of 1.38. The
soaking time for each pass during warm rolling was 5 min.

2.2 Tensile and Hardness Measurements

The deformed samples were subjected to tensile testing and
microhardness testing to study the influence of deformation
strain on the grain refinement. To perform tensile test, the
samples were prepared as per ASTM Standard E-8/E8M-09
subsize with gauge length 25 mm, and test was conducted on
Hounsfield universal testing machine model H25K-S with a
strain rate of 0.69 10�3/s. The hardness measurement of the
deformed samples was performed on Vickers hardness testing
machine on plane parallel to the direction of rolling, using a
load of 5 kgf with dwell time of 15 s. Each hardness value was
determined as a result of ten indentation tests.

2.3 High-Cycle Fatigue Test

The high-cycle fatigue test of all samples was performed on
Instron universal testing machine. Fatigue testing samples were

Table 2 Variation of elastic strain component of AA
5052 with fatigue strength after different deformation
conditions

Material condition rf, MPa Deel
2 (a) Nf(a)

ST 40 0.001085 230,642
CR 75 0.000785 1,218,308
CGR 85 0.000742 1,632,431
CGW 95 0.000704 2,134,421

(a) For a common stress amplitude 80 MPa in all conditions

Fig. 2 Variation in hardness with respect to different rolling conditions

Fig. 3 Variation in UTS, YS and percentage elongation of 75%
CR-, 75% CGR- and 75% CGW-processed samples

Fig. 4 Stress amplitude vs. number of cycles to failure (S-N)
behavior of AA 5052 before and after different rolling process
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prepared by machining the deformed material along the plane
of rolling direction as per ASTM E466-15 standards. The
sample was polished using emery papers up to 1500 grit size to
remove minor surface defects after machining process. The
specimens were axially loaded under stress control mode,
keeping stress ratio of 0.1 and frequency of 20 Hz in all cases
of samples.

The microstructural characterization of all processed sam-
ples was conducted by Leica DMI 5000M optical microscope,
for which etching of the polished samples was carried out
through modified Poulton�s reagent. Specimens for TEM
characterization were prepared by polishing the deformed and
fatigue tested samples up to 80 lm thickness followed by
punching it into 3-mm-diameter disks. Twin-jet polishing of
these disks was performed in an electrolyte of 10% perchloric

acid and 90% methanol mixture, which is maintained at low
temperature of �40 �C, with a DC regulated power supply of
40 V. TEM characterization of these samples was made on FEI
Technai TEM instrument.

3. Results and Discussion

3.1 Microstructures

The optical microstructure of ST alloy exhibited equiaxed
grain structure with an average grain size of 390 lm is shown
in Fig. 1(a). The magnified view of these, which observed
through SEM, depicts the presence of impurity phase particles

Fig. 5 Variation in elastic strain component vs. number of cycles to failure for different rolling conditions at different stress amplitudes (a)
80 MPa, (b) 90 MPa, (c) 100 MPa and (d) 110 MPa
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(Mg2 Si, Mg O) which measures up to 15 lm as shown in
Fig. 1(b). These particles are further confirmed with energy-
dispersive spectroscopy (EDS) Fig. 1(c) and (d). They promote
dislocation accumulation by obstructing the movement of
dislocation.

3.2 Tensile and Hardness Properties

Figure 2 shows the variation of strength and ductility of
AA5052 with respect to different rolling conditions. The ST
samples exhibit UTS of 170 MPa and YS 152 MPa, while its
ductility is 42%. The 75% CR and 75% CGR samples possess
UTS of 278 and 286 MPa, YS of 265 and 274 MPa,
respectively, while their ductility reduced to 10 and 7.7%,
respectively. Whereas the 75% CGW samples possess UTS of
321 MPa and YS of 308 MPa, while its ductility increased to
12.1%. Similarly, the hardness values corresponding to ST, CR,
CGR and CGW samples are 55, 98, 112 and 128 Hv,
respectively (Fig. 3). The increased strength and hardness in
CR and CGR samples are attributed to accumulation of high
dislocation density during cryogenic process, during which
cross-slip or climb associated with dynamic recovery is
effectively suppressed (Ref 33, 37, 38). The improved tensile
strength, ductility and hardness in CGW sample are due to
partial grain refinement and solid solution strengthening (Ref
39, 40). The fine precipitates (Mg2Al3) thus formed during
warm rolling along with deformed or broken secondary phase
impurity particles helps in effective pile up of dislocation
movement.

3.3 High-Cycle Fatigue Properties

The stress amplitude (ra or S) versus number of cycles to
failure (Nf) relation has been plotted (Fig. 4) using experimen-
tal data to find out the fatigue strength (rf) of each condition.

This fatigue strength or limit is based on 106 cycles as a
measure of high-cycle fatigue life (Ref 36, 41). Besides grain
size, the elastic strain amplitude is more significant for high-
cycle fatigue lives, as fatigue strength is directly proportional to
strength (rf P rut).

Dr

2
¼ r0f ð2Nf Þb ðEq 1Þ

The above Basquin expression which relates stress ampli-
tude to total number of reversal to failure 2Nf is used to obtain
elastic strain component (Deel) using the following relation (Ref
1, 28).

Deel
2

¼ r0f ð2Nf Þb ðEq 2Þ

where Deel
2 ¼ Dr

2E, b is Basquin exponent, E is Young�s modulus

and r
0

f is fatigue strength.
All HCF parameters of processed samples are given in

Table 2. A significant improvement in fatigue strength of the
processed samples is observed when compared to their ST
condition. The samples corresponding to CR and CGR
conditions exhibit an increase of 88 and 113% in their fatigue
strength, whereas it is 138% in CGW samples as compared to

Fig. 6 SEM fractographs of fatigue tested ST sample, (a) low-magnification image showing inclusion sites from where fatigue crack initiates,
(b) magnified image of region I with striations, (c) enlarged view of striations, (d) magnified view of region II (fatigue propagation region)
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ST samples. On the other hand, the elastic strain component in
these processed samples has decreased, least in CGW-pro-
cessed samples when compared to other processed samples.
Figure 5(a), (b), (c) and (d) shows the decreased elastic strain
component in samples for the stress amplitude of 80, 90, 100
and 110 MPa.

3.4 Fractographical Analysis of Fatigue Samples

Figures 6, 7, 8, and 9 show the fractured surface of the
fatigue tested (at 80 MPa) samples of ST, CR, CGR, CGW
conditions, respectively. The mentioned region I and region II
in the fractured images represent crack initiation and crack
propagation regions, respectively, Fig. 6-9(a). The initiation of
cracks in region I occurs at the sites where the Fe-rich
inclusions are present. Minimum 2-3 such sites are observed in
all the processed condition of samples. Usually, fatigue cracks
advance by highly localized plastic rupture, whereas cleavage
cracks advance with stepwise growth. Figures 6-9(b) represent
magnified view of such region I. Figures 6-9(c) represent
striations present in this region, which are similar to ductile
striations. The striations are formed as a result of crack
propagation at stresses lower than the yield strength. These
striations bow out in the direction of crack propagation. The
striations gaps are directly linked with the elastic strain
component as each of these curved lines represent the position
of the crack front during cyclic loading. In ST samples, these
striation gaps are measuring around 60 lm. The CR and CGR

samples possess around 1-lm striations gap width, whereas the
CGW sample possesses around 0.5 lm gap widths. The
magnified views of crack propagation region II are shown in
Fig. 6-9(d). Here, the ST samples exhibit large-size dimples
and cavities. The CR and CGR samples possess smaller
dimples, and the CGR samples possess small amount of
cleavage facets over which small dimples are present, which is
the reflection of reduced ductility. The CGW samples possess
more number of bit bigger dimples compared to CR and CGR
samples. Similar kinds of observations were made by Beachem
and Yan and Fan while performing fatigue study of 2xxx series
Al alloy (Ref 42, 43).

3.5 TEM Analysis

TEM image of the ST sample before the fatigue test is
shown in Fig. 10(a), as seen in the optical images, the grains
(average size 390 lm) are bigger. The presence of secondary
impurity phase particles (MgO, Mg2Si) can be seen in this
image. These impurity phase particles were formed during
solidification, which are of various shapes like needle, plate and
rod. They play a very important role in increasing the strength
of the material by obstructing the movement of dislocation
through effective pinning at grain boundary (Ref 44-46).
Figure 10(a) shows the presence of such particles at the vicinity
of grain boundary. Figure 10(b) and (c) shows the TEM images
of the CR- and CGR-processed samples, respectively. The
images show the density of dislocation imposed and subgrains

Fig. 7 SEM fractographs of fatigue tested CR sample, (a) low-magnification image showing inclusion sites from where fatigue crack initiates,
(b) magnified image of region I with striations, (c) enlarged view of striations, (d) magnified view of region II (fatigue propagation region)
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thus formed during processing. The CGR samples exhibit
comparatively higher dislocation density than CR samples; also
the subgrains formed in these samples are relatively smaller.
The average size of such subgrains in CGR samples is 150 nm,
whereas it is 200 nm in CR samples. The CGW sample
(Fig. 10d) possesses bit less dislocation density when com-
pared to other processing conditions (CR and CGR) as a result
of warm rolling. These samples possess duplex-structured
subgrains which include both elongated and equiaxed subgrains
with an average subgrain size of 125 nm. The SAED pattern
consisting of dotted as well as elongated spots justifies the
presence of such subgrains (Fig. 10g), whereas only dotted
spots are observed in ST sample (Fig. 10f). The CGR and
CGW samples exhibit the formation of nanoshear bands which
are layered microstructure formed due to the difference in flow
properties of neighboring layers. These bands are formed as a
result of intense shear deformation along with compressive
deformation in the CGR and CGW process. The magnified
image of the CGW sample shows such bands with average
band width of 20 nm (Fig. 10e). These shear bands accommo-
date the applied strain during cyclic loading by prolonging the
dislocation accumulation. These are high-energy-stored regions
with large orientation gradient in subgrain which makes it
favorable for subgrain growth during plastic strain, which
enables fatigue strength improvement by delaying crack
propagation (Ref 47). Figure 10(f) shows the formation of
precipitates (Mg2Al3) during warm rolling. These precipitates
are around 20- to 50-nm size, which plays a prominent role in

increasing the strength. Singh et al. and Gang et al. have also
observed such type of precipitate formation while performing
cryorolling followed by warm rolling to improve the strength of
Al-Mg alloy through precipitation and dislocation strengthen-
ing mechanism (Ref 44, 48). Figure 10(h) shows the presence
of deformed or broken impurity phase particles present in alloy
after CGW process, which effectively hinders the dislocation
movement to increase material strength.

TEM microstructures of the fatigue tested samples, which
were obtained at the area nearer crack tip, are shown in Fig. 11.
There exists considerable amount of dislocation density over
the grains of ST samples due to cyclic loading, during which
the interaction between dislocation lines and impurity phase
particles support the dislocation pile up (Fig. 11a). The CR and
CGR samples possess a small amount of increase in dislocation
density; there exists no change in other features Fig. 11(b) and
(c). The CGW samples exhibit a considerable increase in
dislocation density at some regions Fig. 11(d), the elongated
subgrains present, bit stretched and fragmented due to cyclic
loading (Fig. 11e). These UFGs are much responsible in
increasing the fatigue properties in this stress-controlled mode
of tests. The deformed or broken impurity phase particles along
with precipitates which were formed during warm rolling are
effectively hinder the movement of dislocation, thereby
increasing the fatigue strength of the CWG samples as
compared to other conditions. Figure 11(f) shows such an
impurity phase particle which obstructs the dislocation move-
ment. The EDS of the Mg2Al3 precipitates, which were formed

Fig. 8 SEM fractographs of fatigue tested CGR sample, (a) low-magnification image showing inclusion sites from where fatigue crack initiates,
(b) magnified image of region I with striations, (c) enlarged view of striations, (d) magnified view of region II (fatigue propagation region)
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Fig. 9 SEM fractographs of fatigue tested CGW sample, (a) low-magnification image showing inclusion sites from where fatigue crack initi-
ates, (b) magnified image of region I with striations, (c) enlarged view of striations, (d) magnified view of region II (fatigue propagation region)

Fig. 10 TEM images AA 5052 after different deformation methods (before fatigue test): (a) ST, (b) 75% CR, (c) 75% CGR, (d) 75% CGW, (e)
enlarged view of nanoshear bands with precipitates in 75% CGW specimen, (f) and (g) SAED pattern of ST and CGW specimen, respectively.
(h) Deformed or broken impurity phase particle present in CGW specimen
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during warm rolling of the CGW samples, are shown in
Fig. 12.

3.6 XRD Analysis

XRD plot of ST and all deformed samples is shown in
Fig. 13. The ST samples show the peaks of a phase Al and
impurity phases Mg2Si, MgO. The CR and CGR samples show
the peaks with decreased intensity, revealing the grain refine-

ment. The CGW samples show the Mg2Al3 peaks, along with
Al, Mg2Si, MgO peaks. The formation of new phase, Mg2Al3,
is due to the effect of warm rolling during CGW process. These
precipitates along with impurity phase particles improve the
strength of CGW samples by hindering the dislocation
movement effectively as compared to other processed samples.
Bo Wang et al. have observed such type of precipitate
formation during annealing treatment after conducting cold
rolling of 5052 Al alloy (Ref 49).

Fig. 11 TEM images AA 5052 (after fatigue test). (a) ST, (b) 75% CR, (c) 75% CGR, (d) 75% CGW, (e) enlarged view of 75% CGW
specimen, (f) impurity phase particle hindering the dislocation movement in CGW specimen

2834—Volume 26(6) June 2017 Journal of Materials Engineering and Performance



4. Conclusions

In the present study, the ST 5052 Al alloy has been
deformed up to 75% thickness reduction by using different

rolling techniques like CR, CGR and CGW process. The
fatigue behavior of the processed samples was investigated, and
the following conclusions are drawn based on this work.

• CGW samples exhibit comparatively better ultimate ten-
sile strength (321 MPa) and fatigue strength (95 MPa)
than CR and CGR samples.

• The presence of subgrains of an average grain size
125 nm in CGW-processed samples plays an important
role in increasing the rut and rf, as grain refinement is
responsible in increasing the fatigue properties.

• The formation of nanoshear bands during CGW process-
ing accounts for the improvement in fatigue strength of
the Al alloy. It accommodates the applied strain during
cyclic loading by prolonging the dislocation accumulation,
which delays the crack propagation in the alloy.

• The deformed or broken impurity phase particles present
in the CGW samples along with precipitates formed dur-
ing warm rolling which hinders the dislocation movement
also play a prominent role in increasing rut and rf.

• Very fine striation of width 0.5 lm, as observed in the
SEM fractographs of CGW-processed samples, reveals de-
creased elastic strain component, compared to other condi-
tions.
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