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Abstract

Aluminum alloys, especially the 5000 series, have drawn the attention of the transportation industry
due to their lightweight and consequently reduced fuel consumption. In this regard, one of the major
problems of this alloy is its low strength and ductility that can be solved using rolling and post-
annealing. Accordingly, the present study concentrates on this issue. Microstructural images showed
that the rolling process develops a lot of tangled and trapped dislocations in the sample, which
gradually lead to the formation of dislocation bundles and networks. Subsequent annealing can
produce a more homogeneous structure with clear grain boundaries and low dislocation density in the
inner region of the grains. However, grain refinement efficiency through rolling is retained even after
annealing. Initial and rolled Al5052 with the maximum intensity of 2.87 and 6.33 possess the lowest
and highest overall texture. Also, post-annealing decreases the texture intensity to 6.33 and 4.87 at 150
and 200 °C, respectively. In this context, deformation texture components strengthen considerably
after the rolling process due to the formation of shear bands, and they slightly weaken during heat
treatment. Although the initial annealing of the as-received material does not cause discontinuous
recrystallization during rolling, it may facilitate the material recovery before rolling. Post-annealing
was found to decrease the improved effect of strength by rolling and increase the negative influence of
ductility due to the inhibition of dislocation strengthening. The results showed that both dislocation
density and the precipitation of Mg atoms are influential for electrical resistivity.

1. Introduction

The use of lightweight materials such as aluminum alloys is required in order to reduce the weight of
components in the transportation industries for obtaining high fuel efficiency and low air pollution [1].
Amongst various aluminum series, 5000 aluminum alloy as an Al-Mg series alloy has a significant appliance in
the military, marine, automobile, aerospace, and other industries due to its suitable weldability and high
corrosion resistance. However, the industrial utilization of this non-heat-treatable aluminum series, especially
5052 aluminum alloy (A15052), is relatively restricted due to its low strength, ductility, formability, and wear
resistance. To overcome these limitations, researchers over the last three decades have introduced and examined
various techniques such as metal matrix composite (MMC) technologies and plastic deformation processes that
improve the microstructure as well as the mechanical properties of the final product [2—6]. Nevertheless, each
method has its own pros and cons. For instance, in MMCs, the single material becomes a composite in which the
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applied process is most costly. In contrast, processed materials through different plastic deformation techniques,
such as conventional metal-forming methods or severe plastic deformation (SPD) are of great significance due to
their simplicity and cost-efficiency setup [7-12].

Among them, sheet material processing methods have received a lot of attention from researchers due to
their widespread applications in engineering and industry [13]. These methods include rolling [14], deep
drawing [15], hydroforming [16], accumulative roll-bonding [17], constrained groove pressing [ 18], repetitive
corrugation and straightening [19], friction stir processing [20], etc [21-23], among which, the continuous
techniques are used extensively in the production of metallic sheets and foils. It is worthy to note that more than
70% of metal products are processed through rolling techniques in the world [ 14, 24]. In this regard, thickness
reduction and the following annealing heat treatment are the two most significant parameters during the rolling
process. The mentioned post-annealing heat treatment is useful due to the improved formability of the
processed sheets. Consequently, it is prominent to evaluate the effects of rolling thickness reduction and post-
annealing operation on the microstructure and mechanical properties of the processed materials.

So far, many studies have been carried out on the rolling techniques related to aluminum alloys [25-27]. In
this regard, rolling techniques have been developed continuously from the simple to the flexible, strip profile
rolling, and eventually accumulative roll-bonding processes [28, 29]. On the other hand, fine-grained and even
ultrafine-grained structures have shown significant strength improvement in the aluminum alloys processed by
rolling techniques due to the imposed plastic deformation/strains. Wen and Morris found that a decrease in the
grain size of the recrystallized Al5182 through cold-rolling followed by annealing led to an increase in both
Liiders elongation and serration frequency [30]. Previous studies determined that annealing of cold-rolled
continuous cast 5052 and 5182 aluminum alloys resulted in fine equiaxed grains with the cube and R
recrystallization textures, while coarse elongated grains of continuous cast 5083 aluminum alloy exhibited a
strong M {113} (110) texture after complete recrystallization [31, 32]. By investigating the rolling process of
Al5052 by Wang et al the ultimate tensile strength reached 325 MPa with the low elongation-to-failure at the
87% thickness reduction [33]. Nakamachi et al studied the metallurgical design system for optimizing the
asymmetric rolling conditions and the tailoring texture to produce a high formability sheet [34]. Cold rolling
deformation on powder metallurgy 2024 aluminum alloy was investigated by Wang et al [35]. Accordingly, the
microstructure gradually evolved from the original equiaxial structure to the fiber one after processing. Yang
et alindicated that cryogenic rolling of 3003 aluminum alloy could significantly decrease the size of sub-grains
and second-phase particles, and increase the dislocation density [36]. The solid-solution treated 2099 aluminum
alloy was rolled by Guo et al up to a total reduction of 80% at both room and cryogenic temperatures [37].
Accordingly, the nanocrystalline grain structure with a size of 20-100 nm was detectable only in the cryogenic-
temperature high-strain rolled sample due to the shear banding behavior. The heat transfer behavior during the
hot rolling process of Al7075 was analyzed numerically by Zhao et al [38]. It was found that heat transfer between
the sheet and roller during the process is a significant factor affecting the temperature distribution of the rolling
sheet. The effect of the rolling process followed by natural and artificial aging on the microstructure and
mechanical properties of the pre-quenched hot-pressed 2024 aluminum alloy was studied by Krymskiy [39].
The results determined that the cryorolling did not change the type of the initial coarse-fibered microstructure,
but produced a well-developed nano cell substructure inside the fibers. During the warm rolling study of 7475
aluminum alloy at 350 °C, it was found that the zirconium element in the alloy led to the stable subgrains with an
average diameter of 3 um after the process and solution heat treatment [40]. An experimental study by
Amegadzie and Bishop showed that asymmetric rolled Al6061 has superior tensile properties compared to the
symmetric rolled sample [41]. Also, asymmetric rolling reduced the minimum number of passes. In this regard,
the Cubic texture {100} (001) of the as-received aluminum evolved into shear {111} (110) and brass {110}
(112) texture components after subjecting to the asymmetric and symmetric rolling, respectively.

According to the previous studies, there is no comprehensive investigation of the microstructural and
mechanical properties of the hot-rolled and post-annealed 5052 aluminum alloy, which further necessitates this
research. Consequently, in this work, it has been attempted to study the effects of rolling thickness reduction and
annealing temperature on the microstructure and mechanical behavior of the Al15052.

2. Material and method

For this study, commercially coarse-grained (CG) 5052 aluminum alloy was chosen in the form of a sheet with a
thickness, width, and length of 5 mm, 20 mm, and 120 mm, respectively. The nominal compositions of the alloy
are listed in table 1 obtained through a full-spectrum direct-reading inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Perkin Elmer, Plasma 400). All samples were annealed at 360 °C for 2 h before
beginning the process to minimize residual stresses. In this regard, the average grain size of 45 yum with nearly
equiaxed grain structure was achieved for the initial sample. The hot-rolling process was performed first on the

2



10P Publishing Mater. Res. Express9 (2022) 056516 JWuetal

Table 1. Chemical composition of the 5052 aluminum alloy (wt.%) used in this study.

Element Al Mg Fe Si Cr Mn Zn Cu

Amount Balance 2.6 0.34 0.24 0.23 0.10 0.10 0.08

prepared sheets with a rolling temperature of 120 °C, roller diameter of 200 mm, and speed of 3 rpm.
Accordingly, the imposed cumulative thickness reductions of the processed A15052 sheet were equal to about
37%, 48%, 57%, and 69%. Then, the deformed sheet with the 57% thickness reduction was conducted by
annealing heat treatment at the two annealing temperatures of 150 and 200 °C in the dwell time range of
30-120 min. Eventually, the microstructure characterization and mechanical properties of the initial, hot-
rolled, hot-rolled+post-annealed samples at different processing parameters were compared and investigated
systematically.

For microstructure characterization and texture evolution, transmission electron microscopy (TEM) and
electron backscatter diffraction (EBSD) were applied to the prepared specimens. Accordingly, thin TEM foils
were prepared by grinding 1-mm-thick slices down to a thickness of 70-90 ym and thinning them with a
double-jet electro-polisher in a solution of 20% HCINO, and 80% methyl at —15 °Cand 24 V. TEM
experiments were done through a Philips CM200 microscope operating at 200 kV. Note that the thin foils were
tilted to align specimens to the low-index zone axis almost parallel to the incident beam direction to achieve
more excellent image contrast. Furthermore, texture measurements were carried out on the initial, rolled, and
post-annealed samples using electron backscatter diffraction (EBSD) data. For this aim, the (111), (110), and
(100) pole figures were measured and determined. In addition, quantitative texture analysis was performed by
calculating the orientation distribution function (ODF) using ATEX software [42].

In addition, tensile specimens were cut in accordance with ASTM E8 along the rolling direction. In this
regard, the overall length, gage length, width, width of the grip section, and thickness of the prepared tensile
specimens are equal to 110, 50, 10, 18, and 3 mm, respectively, which are parallel to the rolling direction.
Uniaxial tensile tests were performed at a cross-head speed of I mm min ™' on a tensile test instrument equipped
with an extensometer with a gauge length of 50 mm. The hardness test was performed in accordance with the
ASTM E384 usinga UHL VMHT Vickers microhardness tester with 100 g applied load and 10 sec dwell time.
Each specimen measurement was carried out three times for the tensile test and eight times for the hardness test,
and the related average values were reported. Moreover, the electrical resistivity of the A15052 sheet under
different rolling and annealing conditions was examined. Fisher’s Sigmascope was utilized for this purpose.
Also, 8 locations were chosen and recorded, and finally, their average value was reported. The electrical resistivity
of each material condition was calculated with the following relationship in which R and Care electrical
resistivity and electrical conductivity, respectively [30].

R (p€ cm) = 172.4/C (%IACS) (1)

3. Results and discussion

Figure 1 shows the microstructure image of the A15052 sheet after subjecting to the hot-rolling process at four
thickness reductions of about 37%, 48%, 57%, and 69%, respectively. Accordingly, it can be inferred thata
rolling process develops many tangled dislocations in the sample regardless of the imposed thickness reduction.
So, the higher the amount of thickness reduction, the greater the number of dislocations produced, and as a
result, qualitatively, its density will increase. Detailed observation in the obtained images indicated the
increasing the thickness reduction causes more mobile dislocations to be trapped and entangled in the rolled
sample. Subsequently, they lead to the formation of dislocation bundles and ultimately, dislocation networks.
Such a mechanism returns to the imposing more further shear plastic strains to the sample with the high
thickness reduction. Previous studies [43] determined that higher plastic deformation may balance with the
recovery process using the migration of cell walls to fabricate a stabilized low-energy dislocation structure. There
are also signs of the production of geometrically necessary dislocations (GNDs) in the produced microstructure.
The formation of GNDs is directly related to the rolling thickness reduction in the processed sample.

Figure 2 represents TEM images of hot-rolled Al5052 sheets with a thickness reduction of 57% at different
annealing heat-treatment parameters. Note that they were achieved by [100] aluminum zone axis. According to
the images obtained at 150 °C annealing temperature, the microstructure of the aluminum sheet contains a high
density of dislocations with random entanglement, especially for alow annealing time of 30 or even 60 min In
addition, the heterogeneity at the grain boundaries is easily detectable by the presence of numerous distortions.
It can be seen that the number of grains with sharp grain boundaries is low, confirming the existence of
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200 °C & 120 min

;200 °C & 90 min
r Kt

)

Figure 2. TEM images of the hot-rolled A15052 sheet with 57% thickness reductions at two annealing temperatures of 150 and 200 °C
as well as the dwell time in the range of 30—120 min. Note that regions A, B, C, D, E, F, and G denote elongated grains with
subboundaries, polygonal subgrains, tilted grain boundaries, recrystallized grains, distorted grain boundaries, subcell structures,
tangled dislocations, and distorted grains, respectively.

considerable density of randomly orientated dislocations, these heterogeneous microstructural features are very
common in severely deformed materials [44, 45]. Furthermore, some signs of substructure formation are
recognizable. Moreover, the detailed analysis of figure 2 exhibits other microstructural features, such as the
existence of elongated grains due to rolling with slight substructure formation as marked by ‘A’ in the yellow
oval. Also, the marked section with ‘B’ shows the polygonal subgrains that is substituted with the original
structure after heat treatment. Region ‘C’ indicates the tilted grain boundaries, confirming grain boundary
impediment effect on dislocations’ movement. Stress relaxation due to annealing heat treatment and
dislocations’ movement along with impeding influence of grain boundaries may lead to formation of these tilted
grain boundaries [46]. In the most annealed condition, it is observed the region marked by ‘D’, showing the
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generation of new recrystallized grains without any dislocations. In fact, the previously deformed grains by
rolling can be substituted by a new set of defect-free grains that nucleate and grow until the original grains have
been consumed entirely. The regions indicated by ‘E’ displays the distorted grain boundaries and the presence of
heterogeneous grain boundaries mainly due to direct effect of deformation. The regions indicated by ‘F’ shows
the formation of subcell structure, subgrains, and activation of restoration mechanisms due to heat treatment.
Finally, ‘G’ displays a region full of dislocation arrays with tangled dislocations which are the clear signs of severe
deformation and introduction of many dislocations.

It can be concluded, in general, that more homogeneous structures are achieved with clear grain boundaries
and low dislocation density in the inner regions of the grains during the annealing heat treatment. In this
context, the areas surrounded by dislocation entanglement in the micrograph are within the range of nano-sized
subgrains. It means that obtained grain refinement efficiency by the rolling process is retained even after
annealing. By increasing the dwell time of the annealing process to 60—120 min, the number of dislocation
tangles and, consequently, the density of dislocations decreases. Therefore, the microstructure of the annealed
hot-rolled sheet with the annealing temperature and time of 150 °C and 120 min will have the least number of
dislocations. As a result, the subgrain size of the aluminum sample increases to about 750 nm. Such an increase
in grain size due to the Hall-Petch relationship decreases the strength of the A15052 sheet, which will be discussed
later. By raising the annealing temperature to 200 °C in a short dwell time, the microstructure of the processed
aluminum sheet consists of dense dislocation walls, while the area inside the cells has relatively low dislocations.
The subgrain size of the processed sample increases from 700 to 900 nm by increasing the annealing time from
30 to 120 min at an annealing temperature of 200 °C.

The increment of subgrain size due to post-annealing treatment as compared to the rolled condition may
attribute to the restoration mechanisms (recovery and static recrystallization) in the processed sample after
annealing (softening occurrence). Moreover, during the high-temperature and high-dwell-time annealing
operation of the Al5052 sheet processed through high amount of thickness reductions, some grains take part in
the static recrystallization mechanism, leading to grain refinement; See figure 2 (200 °C & 120 min). This can be
related to the increment of stored energy due to the rolling process that acts as a driving force for the
recrystallization occurrence in the rolled sample. As known, the recovery phenomenon leads to the
redistribution or/and annihilation of dislocations with /without forming new low angle boundaries, while
recrystallization has the capability to annihilate most of the deformation-induced dislocations, forming
distortion-free grains with high angle boundaries [47, 48]. It is known that recovery mechanisms rearrange and,/
or partially annihilate the rolling-induced dense dislocation networks through the dislocations glide and
interactions. This phenomenon releases some amount of the previously stored energy due to implemented
plastic deformation. Furthermore, recrystallization is progressed mainly by the consumption of surplus volume
energy accumulated in the primary rolling process and localized at the stress fields [48—50]. Note that the
recrystallization activation energy is typically higher than the recovery occurrence.

Figure 3 shows pole figure on (100), (110), and (111) planes in the AI5052 sheet at the initial state, rolled with
57% thickness reduction, and annealed at the temperatures of 150 and 200 °C with a dwell time of 120 min. In
this regard, the initial state of the material has the lowest overall texture, for example, an intensity of 2.87 on the
(111) pole figure. By imposing plastic deformation through the rolling process up to 57% thickness reduction,
the intensity increases and reaches 6.67 for the mentioned pole figure. Annealing heat treatment leads to the
intensity decrease of (111) pole figure to 6.33 and 4.87 in the rolled A15052 after the applied temperatures of 150
and 200 °C, respectively.

In addition, the significant texture components and the related Miller indices and Euler angles of the rolled
FCC metals and alloys during plastic deformation and recrystallization processes are listed in table 2 [29].
Accordingly, figure 4 represents the intensity of each typical texture component in the mentioned conditions of
the Al5052 sheets. It should be mentioned that the reported strength for the mentioned texture components was
driven by the orientation distribution function (ODF). As can be observed, all mentioned deformation texture
components (Copper, Brass, and S) strengthen considerably after the rolling process and weaken thereafter
during annealing, irrespective of the applied temperatures. Also, a potential explanation for the stronger
deformation components could be due to the formation of shear bands in the microstructure of the rolled
Al5052 condition; see figure 1(c). It was reported that Mg atoms in Al-Mg series alloy considerably influence the
development of shear and recrystallization textures, assisting the shear banding phenomena in rolling. Rolling
reductions and Mg content have a great impact on the shear banding [51]. Moreover, annealing temperatures
can significantly affect the recrystallization textures. Shear bands effectively suppress the development of cube
recrystallization texture, also high temperature and rapid annealing weaken the cube texture; this is also
dependent on the content of Mg atoms. Also, the slight changes in the strength of the recrystallization
components (Cube and Goss) indicate that the initial annealing of the as-received material did not lead to the
static/dynamic discontinuous recrystallization during the rolling process [52]. However, it may facilitate the
recovery phenomenon of the Al5052 sheets before rolling. Furthermore, the post-annealing process has nota
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Figure 3. Pole figure of the Al5052 sheets at the (a) initial state and after subjecting to (b) hot-rolled process with 57% thickness
reductions and (c) and (d) post-annealing heat treatment at the temperatures of 150 and 200 °C with the dwell time of 120 min,
respectively. Note that RD and TD denote rolling and transverse directions, respectively.
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Table 2. Important texture components and the relevant
Miller indices and Euler angles in the rolled FCC metals and

alloys.
Euler angles

Component {hkl} (uvw) ¢° P° ©,°
Copper {r12}(111) 90 35 45
Brass {110}(112) 35 45 0
S {123} (634) 59 29 63
Cube {100} (001) 0 0 0
Goss {110} (001) 0 45 0

considerable effect on the recrystallization texture components. As seen from figure 4, the brass, copper, and S
components that are well-known rolling textures of fcc metals with high stacking fault energies are significantly
increased during hot rolling and subsequently strongly weaken by annealing in high temperatures. The
annealing textures are the combination of the weakened remnant rolling components and the cube texture. As
seen, the magnitude of the cube texture is almost the same in all the conditions. This is due to the tendency of
cube-oriented grains to be growing rather than reorientation [53]. Moreover, during annealing, the dislocations
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mCopper EBrass S mCube mGoss

Strength of texture component
(ODF)

Initial state Hot-rolling with 57% Post-annealling at Post-annealling at
thickness reduction 150 °C & 120 min 200 °C & 120 min

Different conditions of Al5052 sheet

Figure 4. Strength of each typical texture component in terms of orientation distribution function (ODF) for the Al5052 sheets at
different conditions of the initial state, hot-rolled process with 57% thickness reductions, and post-annealing heat treatment at the
temperatures of 150 and 200 °C with the dwell time of 120 min.

in the grains are actively interacted and annihilated, leading to the considerable drop of recrystallization driving
force and intercepting the recrystallization textures [54].

Previous studies [55] revealed that the copper component develops specifically in the layers that are prone to
the subgrain formation and shear bands in plastic deformation. It has been shown that the shear bands in
homogenously deforming crystals require the single slip activation that decreases the plastic work potential
during deformation [56]. Also, the brass component is developed essentially in the adjacent layers of the copper
component. Indeed, the planar slip can facilitate the brass component, so this component principally happens
adjacent to the copper layers [55, 57]. Moreover, it was found that the Goss component is formed in the brass-
oriented grains. This component preferably nucleates in the shear bands and overcomes the brass component
[32]. Therefore, the formation of shear bands during the rolling process can facilitate and strengthen the Goss
component development. Eventually, the Cube-oriented grains can nucleate at transition bands due to the
favored growth relationship with the S component. Consequently, the cube component forms by rotating the
copper-oriented grains towards the 3 fiber in the deformed material [58].

Tensile test and Vickers hardness measurement were carried out on the as-received, hot-rolled at different
thickness reductions, and post-annealed heat treatment with various dwell times and temperatures A15052
sheet. Accordingly, their results in terms of yield strength (YS), ultimate tensile strength (UTS), elongation to
failure (El), and average Vickers microhardness (HV) are represented in figure 5. For better understanding and
comparison, table 3 lists the mechanical results obtained from the sample under the mentioned conditions in
figure 5. As can be observed, the use of the hot-roll process and increase of rolling thickness reduction leads to
the improvement of material strength and reduction of ductility. For example, applying a 57% rolling thickness
reduction on the Al5052 sheet increases the yield strength by about 70%, ultimate tensile strength by nearly 36%,
and hardness by approximately 67%, while the elongation to failure decreases intensely to around 83%. On the
other hand, the employment of annealing heat treatment slightly decreases the strength of the material, but
elongation to failure significantly improves. According to the microstructure observations, the strength
reduction within the annealing process may be related to the inhibition of dislocation strengthening. In
addition, the applied temperature has a more significant influence on both strength and ductility of the hot-
rolled Al5052 compared to the dwell time. At an annealing dwell time of 60 min, the Al15052 sheet has higher
strength (3% in YS and 6% in UTS) and hardness (5%) at the temperature of 150 °C than 200 °C. Also, a 2%
difference in strength and a 5% difference in elongation to failure are detectable during the annealing
temperature of 150 °C at two dwell times of 90 and 120 min. The results indicated that annealing heat treatment
can not diminish the strength and hardness lower than 321 MPa and 74 HV within 150 and 200 °C annealing
temperatures and a dwell time of 30-120 min. So, it is rational to conclude that other strengthening mechanisms
are involved that can retain the strength of the hot-rolled aluminum during annealing.

As is concluded, the strength and hardness of the rolled sheets are considerably higher than that of the
annealed conditions. This is relevant to the three strengthening mechanisms of grain refinement, dislocation,
and precipitation; See equation (2). As known, high misorientation grain boundaries (>>15°) may act as an
effective dislocation barrier, impeding the movement of mobile dislocations from one crystal to its neighbor.
This leads to the enhancement of the material strength during plastic deformation [59, 60]. The finer the grains,
the greater the grain boundaries per unit area; as a result, the effect of strengthening will be more evident. The
grain boundary strengthening (o) contribution to the yield strength (o,,) is shown by equation (3) in which k
and d are the Hall-Petch constant and average grain size, respectively [61]. In addition, the dislocation
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Figure 5. Mechanical properties of A15052 sheet after subjecting to (a) hot-rolled process with different thickness reductions and (b)
and (c) post-annealing heat treatment with different parameters.

Table 3. Tensile and hardness properties of Al5052 sample after rolling process with different thickness reduction as well as post-annealing
heat-treatment at two different temperatures of 150 °C and 200 °C and various dwell times.

Yield Ultimate tensile
Material processing condition strength (MPa) strength (MPa) Hardness (HV)  Elongation (%)
Initial state — 218 287 58.2 19.46
Hot-rolled with thickness reduc- 37% 336 361 83.5 4.73
tion of
48% 358 379 91.1 3.95
57% 370 391 97.2 3.22
69% 381 402 101.4 2.96
Post-annealingat 150 °Canddwell 30 min 336 374 85.8 7.68
time of
60 min 322 362 83.2 8.55
90 min 313 356 78.9 9.11
120 min 306 348 77.4 9.56
Post-annealingat 200 °Cand dwell 30 min 325 352 83.3 8.99
time of
60 min 313 341 78.7 9.35
90 min 304 329 76.3 10.02
120 min 299 321 73.7 10.31
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Electrical resistivity of Al5052

Figure 6. Electrical resistivity of A15052 sheet after subjecting to hot-rolled process with different thickness reductions of 37%, 48%,
57%, and 69% and the post-annealing heat treatment at two temperatures of 150 and 200 °C in the dwell time range of 30 to 120 min.

strengthening (o) contribution to the yield strength is expressed by equation (4) where M, o, G, b, and p
represent the Taylor factor, a constant, shear modulus, the Burgers vector, and dislocation density, respectively
[36,62,63]. The obtained microstructure in figure 1 indicated that the dislocation density gradually increases
with the increment of thickness reduction.

Oyp = Ogb + Oiis + Op @)

o =k/\d ©)

ouis = MaGb./p (4)

o, = 0.4MGb In 2_r )
1 -v b

According to the previous studies [64, 65], Mg,Si and Al;Fe particles are the second-phase particles in the
Al5052, which are incoherent with the A15052 matrix. In this regard, some dislocation loops encircle the
particles after rolling, as can be observed in figure 1. This means that the dislocation glide passes through
particles using the Orowan bypass mechanism without shearing them. The incoherent particle strengthening
contribution (0,,) to the yield strength is estimated through the Orowan mechanism; See equation (5). In this
relationship, v and r denote the Poisson ratio and average radius of a circular cross-section in a random plane in
aspherical precipitate, respectively. It has been reported that the second-phase particles can be easily broken into
smaller particles during deformation processing through the imposed shear stress [66, 67]. Increasing thickness
reduction can effectively inhibit the dynamic recovery occurrence. Consequently, it causes the large production
of adislocation density and increases the strength. On the other hand, high shear stress produced during rolling
with the high thickness reduction leads to a decrease in the size of the second-phase particles.

Based on the mentioned investigation, the high strength and hardness of the rolled sheets as compared to the
annealed ones are principally associated with the contribution of dislocation strengthening and grain-
refinement strengthening in the studied Al5052. Moreover, strength and hardness decline with annealing
application while the elongation-to-failure improves. This heat treatment decreases the subgrain size and
develops the netted dislocation structures with numerous dislocation sources resulting in an improvement of
the overall strain-hardening capacity of the alloy [68]. Eventually, texture type can also impact the sample
elongation, requiring further investigation [69].

Figure 6 shows the electrical resistivity of the Al15052 sheet subjecting to various rolling and post-annealing
parameters. The results indicated that the rolling process considerably increases electrical resistivity while the
subsequent heat treatment reduces it moderately. This can be attributed to the dislocation density and
precipitation of alloying elements, especially Mg atoms (Mg, Al; compound). In this regard, the previous
findings showed that the electrical conductivity varies depending on the lattice d-spacing of the crystallographic
planes with a higher peak intensity ratio (I/I,.,) [6]. Also, dislocations (lattice distortion) around atoms are
caused by particles that disrupt the moving path of electrons in an electric field. Therefore, the material
conductivity is determined based on the dominant factor in the competition among d-spacing, lattice distortion,
and particles transformations.
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4. Conclusions

In this study, the influential parameters of rolling thickness reduction as well as post-annealing temperature and
dwell time were investigated on the 5052 aluminum alloy. The most notable results of this study are as follows:

+ Therolling process developed a lot of tangled dislocations in the sample. Also, increasing the amount of
thickness reduction caused more mobile dislocations to be trapped and entangled in the rolled sample, which,
in turn, led to the formation of dislocation bundles and networks.

+ A more homogeneous structure with clear grain boundaries and low dislocation density in the inner region of
the grains was detectable during the annealing of the rolled AI5052. Also, the efficiency of grain refinement in
the rolling process was retained even after annealing. Annealing at 150 °C and 120 min decreased dislocation
tangles and density. By increasing the temperature to 200 °C, the microstructure consisted of dense dislocation
walls with relatively low dislocations of the inside cells. The achieved subgrain size increased from 700 to
900 nm by increasing the dwell time from 30 to 120 min at 200 °C.

+ Theinitial and rolling conditions of the material had the lowest and highest texture intensity with the value of
2.87and 6.67 on the (111) pole figure, respectively. Annealing treatment decreased it to 6.33 and 4.87 at 150
and 200 °C, respectively. Also, the deformation texture components strengthened considerably after rolling
due to the formation of shear bands and weakened thereafter through annealing. The slight changes in the
strength of recrystallization components indicated that the initial annealing of the as-received material did not
cause the static/dynamic discontinuous recrystallization during rolling. However, it may facilitate the
recovery of the Al5052 before rolling.

+ Therolling process and increase of thickness reduction led to the improvement of material strength and
reduction of ductility. Also, annealing heat treatment slightly decreased the strength due to the inhibition of
dislocation strengthening. The highest yield strength, ultimate tensile strength, and hardness belonged to the
rolling process of material at a thickness reduction of 69% with the values of 381 MPa, 402 MPa, and 101.4
HYV, leading to the lowest elongation of 2.96%. While the most ductile state was attained after post-annealing
at 200 °C and 120 min with an elongation of 10.31%. In addition, the applied temperature compared to the
dwell time has a more significant influence on both strength and ductility of the rolled A15052.

+ The electrical resistivity of the A15052 was significantly increased after rolling while the subsequent heat
treatment reduced it moderately. The electrical resistivity of the sample was increased from 5.81 to 6.47 2.
cm through the rolling process at a 57% thickness reduction. However, this resistivity decreased to 5.93 and
5.95 uS).cm after post-annealing at 150 and 200 °C and the dwell time of 120 min. This was due to the
dislocation density and precipitation of alloying elements, especially Mg atoms.

+ According to the obtained results, the use of rolling and subsequent annealing operation of AI5052 can
improve its strength and formability and reduce the barriers to the utilization of this alloy in the transportation
industry, leading to sustainable solutions to increase fuel consumption efficiency. This is an important issue
due to global warming, environmental pollution, and the scarcity of fossil fuel resources.
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