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Abstract In present study, Al 5052 alloy was cross rolled at cryogenic temperature
up to a true strain of 2.3. The impact on microstructure, mechanical, and fracture
behaviour is then examined. The microstructure is characterised through optical
microscopy and TEM, which shows the formation of ultrafine-grained (UFG) struc-
ture in cryo-cross rolled (CCR) samples. Reduction in grain size of CCR samples
leads to improvement in tensile properties as a direct consequence of the Hall-Petch
effect. As the UFG structure is formed, CCR samples demonstrate a simultaneous
increment in tensile strength and fracture toughness compared to solution treated
(ST) samples and high dislocation density formed during cryo-cross rolling. The
conventional rolling at a cryogenic temperature known as cryorolling (CR) was also
performed on Al 5052, and the results were compared with CCR. CCR samples
revealed higher ductility enhancement from 7.38% to 10.64% for all sample condi-
tions with respect to CR samples because of the change in strain path and recrystal-
lized microstructure. Due to higher dislocation density, the CCR sample indicates
higher hardness from 112 to 128HV as compared to CR sample.
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1 Introduction

Aluminium 5052 is a non-heat treatable aluminium alloy based on magnesium [1].
Due to its combined properties like good strength-to-weight ratio, easy to weld, and
high corrosion resistance, aluminium 5052 is used in armour plates, and naval plates
[1]. Aluminium 5052 is widely accepted as a replacement for conventional Al 5083
alloy in armour plates. It is a good choice for applications in the marine sector due
to its excellent strength and corrosion resistance. [2]. Bergquist et al. [3] compared
the static and dynamic response of three aluminium alloys (Al 5059, Al 5083, Al
7039) which are potential candidates for armour plates, and he reported the highest
tensile strength in Al 7039, but Al 5059 shows the best combination of strength and
corrosion resistance. Izadi et al. [4] have investigated grain development patterns and
Hall-Petch strength in Al 5059 samples processed by friction stir welding (FSW)
and reported the formation of fine-grained structure in FSW samples. Due to its use
in armour plating and ships, a lot of research has been dedicated towards ballistic
performance [5] and weld joints [4, 5] of aluminium 5059 alloy, but efforts for
improving the mechanical properties are scarce in literature.

The strength of non-heat treated alloys can be improved by using strain hard-
ening and solid solution strengthening [6]. Aluminium 5052 alloy derives its supe-
rior tensile strength from high magnesium concentration [7]. Although magnesium
is soluble in aluminium, a large amount of magnesium in the alloy causes lower
ductility and low corrosion resistance [6, 7]. As a result, strain hardening emerges
as the most viable option for enhancing the mechanical characteristics of Al 5052
alloy. A wide range of severe plastic deformation (SPD) processes, such as multiaxial
forging (MAF) [8, 9], accumulative roll bonding (ARB) [10], and cryorolling (CR)
[11-13], have been developed in recent decades for improving the mechanical prop-
erties of metals/alloys. SPD process induces high dislocation density which leads
to the formation of UFG structure and thereby improves the mechanical properties
[14]. Cryorolling is a relatively simple and inexpensive SPD technique that is used to
produce UFG structure in various Al alloys [15, 16] and it has the additional benefit
of producing output in sheet form as required in the armour plates. Rangaraju et al.
[17] have reported the formation of UFG structure in cryorolled commercially pure
aluminium which leads to an increase of 134% in tensile strength. Nikhil et al. [15]
have reported an increase of 71.17% in the ultimate tensile strength of Al 5052 alloy
accompanied by a simultaneous 600% decrease in ductility. Similar results have been
observed in Al 6063 alloy by Panigrahi et al. [18]. An increase of 123% in ultimate
tensile strength and a decrease of 600% in ductility is observed after cryorolling.
These studies show the increase in mechanical properties like tensile strength, and
hardness comes at the expense of ductility. The researcher has demonstrated that the
ductility of cryorolled samples can be increased by post-rolled annealing or ageing
treatment [14, 16]. Annealing improves the ductility of samples by recrystallization
and improves the grain size, but as a direct consequence of this increase in grain size,
the tensile strength of samples decreases in annealed samples. Despite cryorolling
and post-rolled annealing, a new method known as cryo-cross rolling (CCR) has
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emerged for enhancing the strength and ductility of metals/alloys at the same time.
The CCR method combines the benefits of cross rolling with cryorolling to give
deformed materials the best mechanical qualities under a variety of situations.

Despite the potential of improving mechanical properties by UFG formation in
Al 5052 alloy, the literature on SPD processing of Al 5052 alloy by use of the CCR
method is really scarce. The present work is focused on improving the mechan-
ical and fracture behaviour of Al 5052 alloy by CCR treatment and correlating
the changes in mechanical properties and fracture behaviour with microstructural
features. Microstructure in the present study is studied using optical microscopy,
and tunnelling electron microscopy (TEM) was used to characterise, the tensile and
fracture behaviour after CR and CCR treatment is analysed through the tensile test
and three-point bend test, respectively.

2 Materials

For present study, aluminium 5052 was procured in the form of 40 mm thick
sheets in T6 temper condition from BAM, Maharashtra, India. The chemical
composition of aluminium 5052 alloys is given in Table 1. The samples of
40 mm (length) * 30 mm (width) * 10 mm (thickness) were cut from 170 mm
(length) * 110 mm (width) * 40 mm (thickness) plates. After that, the samples were
solution treated for 2 h at 540 °C before being quenched in room temperature water.

These samples were immersed in liquid N2 for fifteen minutes before going
through the rollers, then dipped again for 10 min before each pass until an effec-
tive true strain of 2.3 was achieved. Researchers have utilised a similar cryorolling
process to create the UFG structure [19]. The microstructure of cryorolled and cross
rolled samples was observed through optical microscopy and tunnelling electron
microscopy (TEM). Optical microscopy samples were polished using varied grit
emery paper sizes up to 2000, followed by cloth polishing using a polishing cloth
and an abrasive slurry of MgO. These samples were then etched through Poultons
reagent and observed under Leica DMI 5000 using polarised light. As for analysis
by TEM, samples were prepared through mechanical grinding using emery paper of
various grit size ranging from 250 to 1200 followed by polishing through ion beam
milling. At 120 V, TEM was performed on a Philips CM 12 microscope. Various
tests, including as tensile tests, hardness tests, and 3-point bend test, are used to find
out the mechanical and fracture behaviour of CR and CCR samples. Tensile test
samples were manufactured and analysed according to the ASTM ES8 sub-size stan-
dard on H25K-S Tinius Oslen using a strain rate of 5 * 10—4. Detailed specifications

Table 1 Composition of aluminium 5052 alloy
Element Si Fe Cu Mn Mg Cr Zn Al
Composition (wt. %) 0.21 0.37 0.11 0.09 2.34 0.29 0.11 Balance
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Fig. 1 Specification of: a tensile sample and b three-point bend sample

of tensile samples are shown in Fig. la. Vickers hardness testing rig was used to
measure the hardness of samples by using a five kilogram-force load for a dwell time
of fifteen seconds. Hardness is measured in different locations in individual samples,
and an average of five readings is taken as a final result. Three-point bend samples
were prepared as per American Society for Testing and Materials (ASTM) standard,
and the test was performed on H25K-S Tinius Oslen using the special attachment.
Specification of 3-point test specimens is shown in Fig. 1b. Field emission scanning
electron microscopy (FESEM) study shows the fracture surface after tensile and
3-point bend tests.

3 Experimental Procedure

3.1 Microstructure Characterisation

3.1.1 Optical Microscopy

After solution treatment and cryorolling, the microstructure of aluminium 5052 is
characterised through optical microscopy and TEM analysis. Figure 2 shows the
optical microscopy of samples in different processing conditions. Solution treatment
of Al 5052 alloy led to the formation of a uniformly distributed equi-axed structure
with an average grain size of 200 pwm, as seen in Fig. 2a.

Fig. 2 Optical microscopy in diverse processing conditions: a ST, b CR 90%, and ¢ CCR 90%.
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After CR up to 90% thickness reduction, grains become elongated in the rolling
direction, as seen in Fig. 2b. Cryorolling leads to the deformation of well-defined
grain boundaries formed during solution treatment and converts them into ill-defined
deformation cells as described by many researchers [6, 14], but due to the limited
magnification of optical microscopy, we need TEM to observe the formation of
UFG structure after cryorolling. The optical microstructure of CCR samples with
90% thickness reduction is shown in Fig. 2c. CCR samples showed ill-defined grain
boundaries. However, the thickness of the grains is slightly more as compared with
CR 90% samples. This may be due to the cross rolling effect resulting wider grain
structure as observed in Fig. 2b.

3.2 Tunnelling Electron Microscopy (TEM), and Electron
Back-Scattered Diffraction (EBSD) Analysis

TEM results of CR 90% samples subjected to the true strain of 2.3 are shown in
Fig. 3a. CR samples showed entangled dislocation cells and substructures elongated
in rolling direction surrounded by an ill-defined grain boundary. The size of these
dislocation substructures is well within the UFG regime, as seen in Fig. 3a. Areas
with high dislocation density, which is a characteristic feature of all SPD processes
can be seen distributed over the whole surface of CR samples [9]. The microstructure
of annealed samples differs significantly from that of cryorolled samples. Figure 3c
and d depicts the TEM results of CCR samples subjected to a true strain of 2.3. The
density of dislocations has decreased even further in these samples, while the size of
the dislocation sub-structure has increased. These samples show a significantly lower
dislocation density compared to the CR samples, as shown in Fig. 3d. The size and
width of grains increases due to the cross rolling effect, as observed in these figures.
The misorientation distribution of the cryorolled and cross-cryorolled samples is
depicted in Fig. 3e and f, respectively. Misorientation distribution of both CR and
CCR samples shows a very high fraction of low-angle grain boundaries (LAGB,
grain boundaries less than 15°). The high fraction of the LAGB can be attributed to
the formation of the deformation substructures such as sub-grains in CR and CCR
samples.

3.3 Mechanical Behaviour

Figure 4 and Table 2 show the mechanical properties of Al 5052 alloy in different
processing conditions. Aluminium 5052 alloy in ST condition has a yield strength of
81 MPa and ultimate tensile strength of 170 MPa. After cryorolling, yield strength
and ultimate tensile strength increase to 157.11 MPa and 289 MPa. So, an increase
of 94.35% in yield strength and 70.51% in ultimate tensile strength is observed after



68 R. Pant et al.

o 20 40 60 [} 20 40 60
Misorientation angle (") Misorientation angle (*)

Fig. 3 TEM micrograph for: a CR 90%, b and ¢ CCR 90%. Misorientation distribution of a CR
90% and b CCR90%

CR treatment. The main reason behind this increase in tensile strength is the fact that
CR leads to suppression of dynamic recovery and results in high dislocation density,
as confirmed by TEM analysis. The formation of UFG structure after CR treatment
also contributes to this increase in tensile strength, as explained by the famous Hall—
Petch relationship, but this increase in tensile strength is at the cost of a decrease in
ductility. The ductility of A1 5052 alloy decreased by 68.79% (from 23.65% to 7.38%)
after CR treatment compared to ST samples. To neutralise these adverse effects of
CR treatment, the samples were subjected to cryo-cross rolling (CCR) treatment.
Cryo-cross rolled samples show an increment in yield strength (229 MPa) and ulti-
mate tensile strength (436 MPa), and simultaneously an enhancement in ductility
(from 7.38% to 10.64%) is also observed in comparison with CR processed samples.
Recrystallization and grain enlargement after CCR treatment can be attributable to
these changes in mechanical characteristics, as proven by TEM investigation. So, the
CCR samples show a significant increase in ductility with simultaneous enhancement
in the strength.

The hardness of the aluminium 5052 alloy follows the same trend as seen in the
tensile behaviour of different processing conditions. The hardness variation of Al
5052 alloy under different production conditions is shown in Fig. 4c. Cryorolled
samples have more hardness as compared with the solution-treated samples. Vickers
hardness of solution treated samples comes out to be 52HV, and after cryorolling, it
becomes 112HV. The hardness of Al 5052 alloy is increased to 128 HV after CCR
treatment. This increase in hardness is due to higher dislocation density and the
creation of UFG structure in cryorolled samples. Similar results have been found for
different materials subjected to cryorolling [14].

Scanning electron microscopy (SEM) fractography of tensile samples for different
processing conditions is shown in Fig. 5. Figure 5a shows the fracture surface of
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Fig. 4 a Stress—strain curve for ST and CR 90%, CCR 90%. b Variation in tensile properties of Al
5052 for all processing conditions. ¢ Variation of hardness of Al 5052 for all processing conditions

Table 2 Mechanical properties of Al 5052 alloy under the different processing conditions

Processing | YS (MPa) | UTS (MPa) |Elongation at | Vickers Ko (MPa /m)
condition fracture (%) hardness (HV)

ST 81 170 23.65 52 19.45

CR 90% 157 289 7.38 112 23.32

CCR 90% 229 436 10.64 128 34.41

tensile test specimen of solution treated samples. This increase in hardness is due to
higher dislocation density and the creation of UFG structure in cryorolled samples.
The dimples in the fracture surfaces of samples subjected to various processing
condition are marked by the yellow sphere in Fig. 5. In CR samples, the dimples
size is significantly lower compared to the solution treated samples which is a clear
indication of the formation of UFG structure in CR samples. In addition to the fine size
dimples, fracture surface of CR samples also has some areas with fine facets which
is indicated by a yellow rectangle in Fig. 5b. So, mode of fracture in CR samples is
mixed mode. Cross rolling improves the grain size of CR samples by recrystallization
and this has a direct consequence on dimple size obtained in SEM fractograph of
tensile samples. Cross rolling increases grain size and hence the dimple size also
increases as seen in Fig. 5c. This increase in grain size of dimples is accompanied
by decrease in the density of areas with flat facets. These changes in CCR sample
clearly depict the higher tendency of cross rolled samples towards ductile fracture.

3.4 Fracture Behaviour

Fracture toughness of Al 5052 alloy in different recessing condition was analysed
through single edge notch bending specimen (as shown in Fig. 1) using three-point
bend test. Load-extension curve for the different condition is shown in Fig. 6a.
Fracture toughness represents the ability of any material to resist fracture in the
presence of a crack. Fracture toughness of aluminium 5052 under different processing
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Fig. 5 Fracture surface morphology of Al 5052 alloy after tensile test: a ST; b CR 90%; and ¢ CCR
90%

condition is shown in Fig. 6b. The procedure used in present study for the determining
fracture toughness has already been used by various researchers for different alloys
[6, 12, 15]. In three-point bend test, high-intensity tri-axial stress is induced in the
samples resulting in failure under low loads.

2
B= 2.5(&> (1)

00

B obtained from the above equation must be lower compared to other parame-
ters like crack length (a), specimen thickness (B) and unbroken ligament (b) If this
criterion is met, the calculated fracture toughness is known as plane strain fracture
toughness; if the samples do not match the criteria, the fracture toughness is known as
apparent fracture toughness. KQ in the above equation is calculated by the following
formula:

—— ST 354 | Apparent Fracture Tough
—— CR 90%

—— CCR 90%

Load (N)
g
Fracture Toughness (MPavm)

N\

- - - - T T
00 05 1.0 15 20 25 ST CR 90% CCR 90%
Extension (mm) Processing Condition

(a) (b)

Fig. 6 a Comparison of force versus displacement diagram for different processing condition;
b Comparison of apparent fracture toughness in different processing condition
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Substituting the values of KQ in Eq. 2 or solution treated samples comes out to
be 19.45 MPa,/m. From Egq. 1, the value of B for all sample conditions comes out to
be greater than the thickness of specimen and hence samples prepared in the current
study fail to satisfy the criteria and hence fracture toughness obtained in the present
study is apparent fracture toughness. Apparent fracture toughness for all processing
conditions is shown in Fig. 6b.

Fracture toughness of Al 5052 alloy is improved after CR and CCR treatment. This
increment might be due to formation of UFG structure and dislocation tangle zones
in the CR and CCR samples as shown by TEM results. However, CCR samples
showed the higher fracture toughness parameter (apparent fracture toughness) in
comparison with CR and ST samples. According to numerous researchers, high
dislocation density and dislocation tangles in CR samples promote a delay in fracture
onset [20, 21]. The smaller size of grain in CR samples offers increased resistance to
the movement of dislocation during loading leading to higher fracture toughness in
cryorolled samples as compared to ST samples. CCR treatment further increases the
fracture toughness due to the increase in grain size resulting improvement in crack
propagation phase. The improved crack propagation phase leads to the enhanced
fracture toughness of CCR alloys as compared to CR and ST alloy.

3.5 Fractograph After Three-Point Bend Test

The fracture surface of aluminium 5052 alloy under different processing condi-
tions was characterised by SEM fractography. Figure 7 shows the fracture surface
morphology of ST, CR, and CCR samples subjected to a three-point bend test.
Solution-treated samples of the fracture surface are shown in Fig. 7a. The fracture
surface of solution-treated samples shows a mixture of dimples, brittle facets, and
micro-cracks which shows fracture in mixed mode the solution-treated samples.CR
sample shows a mixture of flat facets and fine dimples as seen in Fig. 7b which
shows the mixed mode of fracture. It might be due to the fact that crack initiation
has become easy on account of softening caused by recovery which lowers the frac-
ture toughness values as compared to CCR sample. After CCR, large amount of
fine dimples is observed in the fracture surface as seen in Fig. 7c. This indicates
that significant amount of plastic deformation has taken place before the failure has
occurred in CCR sample resulting significant improvement in resistance to crack
initiation and crack propagation phases due to which the fracture toughness of the
CCR sample has improved dramatically. It could be related to the establishment of
the UFG structure following CCR. A similar observation was made by Joshi et al.
[6] during cryorolling and followed by annealing of Al 2014 alloy.
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Fig. 7 Fracture surface morphology of Al 5052 alloy after 3 PB test: a ST; b CR 90%; and ¢ CCR
90%

4 Conclusion

The effects of CR and CCR treatment on the aluminium 5052 alloy were explored
in this study, and the following results were reached:

Cryorolled samples have significantly higher tensile strength than ST samples.
After cryorolling, YS is increased by 94.34%, while UTS is increased by 70.51%,
and this rise in tensile strength is accompanied by a loss in ductility, which has
decreased from 23.65% to 7.38 per cent. The formation of UFG structure and
high dislocation density is the key factors behind these change in mechanical
characteristics.

The hardness of samples shows a similar trend as tensile strength. The hardness
of Al 5052 is increased from 52 to 112 HV after CR, and the value of 128 HV
is achieved for CCR-treated samples. This extraordinary improvement in tensile
strength and hardness of Al 5052 alloy is attributed to the formation of UFG
structure and high dislocation density in cryorolled samples.

The fracture toughness of samples is also improved after CR and CCR treatment.
Apparent fracture toughness value of 34.41 MPa,/m is obtained in CCR-treated
samples and 23.32 MPa,/m in CR samples. Reduction in grain size after CR and
CCR treatment increases resistance to crack initiation in Al 5052 alloy.
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