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Abstract: The aim of this investigation was to identify the effect of rolling at room temperature and un-
der cryogenic conditions on selected properties and the microstructure of the AA2519-T62 aluminum
alloy. The rolling processes were conducted with different variants of asymmetry (1.0—symmetry
rolling; 1.2, 1.4 and 1.6). The investigation of the obtained samples involves microhardness distribu-
tion, microstrains, and microstructure observations using light and transmission electron microscopes.
Both rolling at room temperature and under cryogenic conditions increased the micro-hardness of
AA2519-T62 by at least 10%. The highest reported increase (25%) was obtained for the sample rolled
at room temperature in the symmetry rolling process. The samples rolled under cryogenic conditions
are characterized by a lower increase in microhardness than samples rolled at room temperature
and by significantly lower values of microstrains. The application of rolling with the asymmetry
ratio remaining within the range of 1.2–16 only slightly affected the microhardness values of the
samples rolled at room temperature and under cryogenic conditions with respect to conventional
symmetrical rolling.

Keywords: AA2519; aluminum; cryogenic; asymmetry rolling; cold working; microstructure

1. Introduction

By combining low density and high strength, aluminum alloys are invaluable construc-
tion materials in automotive and aerospace applications. In recent years a lot of scientific
effort has been put into improving the mechanical properties of these materials by different
techniques, such as severe plastic deformation (SPD) [1–3] and deformation under cryo-
genic conditions, in its most popular form of cryogenic rolling (CR) [4,5]. Although both
of these techniques result in significant strain hardening in the case of CR, besides grain
refinement, we obtain a very high density of dislocations in a deformed material, entailing
greater hardening. During SPD, along with increasing strain the rate of defect storage in a
material decreases, and the phenomena of dynamic recovery and recrystallization occur,
preventing further structural refinement [6]. The main idea of introducing a deformation
under cryogenic conditions is to inhibit all processes of dynamic recovery in worked metal,
facilitating the formation of a fine-grained structure [7,8]. The grain refinement will increase
the participation of grain boundaries in a material’s structure, which are an obstacle to the
dislocation movement, and, as a result, it will improve an alloy’s strength [9].

An important issue in the development of new, high-strength aluminum alloys is in-
creasing the mechanical properties of precipitation-hardened alloys. In their basic condition,
these alloys contain a strengthening phase in their structure, which is responsible for their
high strength properties [10–12]. Excellent examples of these materials are AA2219-T87
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(UTS = 470 MPa) and AA7075-T651 (UTS = 570 MPa) alloys, widely used in the aerospace
and military industry [13,14]. Examples of these applications include aircraft [15], sub-
caliber ammunition [16], military bridges [17], and missile components [18]. Additional
metal forming makes it possible to increase their strength; however, appropriate process
conditions should be maintained, especially low temperature, to prevent the overaging of
the strengthening phase, which would result in a drastic decrease in an alloy’s strength [19].
Thus, deformation under cryogenic conditions seems to be a good choice which allows
a greatly strengthened alloy to be obtained, via both precipitates and grain boundaries.
Additionally, these alloys generally have relatively narrow operating temperature ranges,
avoiding the risk of recrystallization of the highly defected grainy structure [20]. Some
works on the deformation under cryogenic conditions of these materials can be found in
the literature [7,8,21–25].

One relatively new, interesting alloy, a modification of AA2219, is AA2519 [25]. It
is used as a construction material in light military vehicles and is characterized by high
specific strength and good ballistic properties [26,27]. In the Institute of Non-Ferrous Metals
in Gliwice (Poland), a new type of this alloy has been developed, modified by an addition
of scandium and zirconium, and is used as a base material in this investigation [28].
A possibility to increase the mechanical properties of high-strength aluminum alloys,
including AA2519, by plastic deformation under cryogenic conditions has been described
in the literature. Azimi et al. investigated the dynamic mechanical properties of AA2519
processed via multi-axial cryogenic forging and reported the increase in dynamic flow
stress in cryoforged alloy [8]. Additionally, it has been observed the aluminum matrix of
the cryoforged alloy is more densely populated with fragmented particles than the alloy
forged at room temperature [8]. Zuiko et al. examined the strengthening mechanisms
during the cryogenic rolling of solutionized AA2519 alloy and found that the strengthening
effect of the cryogenic rolling is mainly contributed by the dislocation and the hardening of
the low-angle boundaries [29]. Katakam et al. subjected AA2219 alloy to cryorolling and
achieved a 13% and 18% increase in tensile strength and yield strength, respectively [22].
Das et al. focused on the mechanical properties of cryorolled AA7075 and reported that the
rolled samples with 70% thickness reduction increased their yield and tensile strength from
540 MPa to 560 MPa, and 550 MPa to 573 MPa, respectively [23].

The asymmetry rolling process has been well known for many years, although it is still
being modified [30,31]. The introduction of asymmetry in the form of a difference in the
peripheral speeds or diameters of the rolls lowers the force of rolling and, as a result of the
improvement of the sheet flatness, reduces the dimensional deviations in their length and
width. However, in recent years, the asymmetry rolling process has also been analyzed in
terms of an improvement of the properties of the rolled products [32,33]. For example, the
use of the asymmetry rolling process for austenitic steels intensified the recrystallization
and refinement of the structure in the central layer for temperatures above 900 ◦C. In turn,
for rolling temperatures below 900 ◦C, the phenomenon of dynamic recrystallization that
occurs in the asymmetrical process was not observed in a symmetrical rolling process even
with the use of a 60% rolling reduction.

A significant effect of asymmetrical rolling on the mechanical properties was also
observed in sheets rolled from non-ferrous metals [33]. As a result of the activation of shear
bands, in the deformed material, a stronger grain refinement takes place in the areas of their
presence, which improves the mechanical properties, compared with the sheets obtained in
a symmetrical process [31].

The symmetrical rolling process is considered to be one in which all the process
parameters are the same on both surfaces of the rolled band (the same parameters of
friction, temperature, roll diameters, and their rotational speeds), presented in Figure 1a.
In contrast, asymmetry can be introduced to the rolling process by using different roll
materials (which generate a differentiation of friction conditions on the upper and lower
surface of a deformed band or different temperatures on the upper and lower surface of the
band), or by using different diameters or different rotational speeds of working rolls. Most
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often, rolling asymmetry process can be obtained by using rolls with different diameters
at the same rotation speed of upper and lower rolls (Figure 1b) or with the differential
rotation speed of upper and lower rolls and the same roll diameters (Figure 1c).
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The asymmetry value can be determined by Equation (1) [34]:

av =
DU
DL

=
ωU
ωL

(1)

where DU, DL indicate diameters of the upper and lower roll and ωU, ωL indicate the
rotational speeds of the upper and lower rolls.

Literature reports indicate that plastic deformation under cryogenic conditions may
significantly increase the strength parameters of precipitation-hardened aluminum alloys.
In this study, the aim was to identify the effect of rolling technology (symmetry and
asymmetry of the roll rotational speed) at room temperature and under cryogenic conditions
on selected properties and the microstructure of the new version of the AA2519 alloy
modified with scandium and zirconium.

2. Materials and Methods

The investigated material was a 4.75 mm thick AA2519-T62 alloy extrusion with the
chemical composition given below (Table 1).

Table 1. Chemical composition of AA2519 alloy.

Fe Si Cu Zn Ti Mn Mg Ni Zr Sc V Al

0.11 0.08 6.32 0.05 0.08 0.17 0.33 0.02 0.19 0.16 0.10 Base

To investigate the rolling process of AA2519 alloy, a D150 two-high rolling mill
(Czestochowa University of Technology, Czestochowa, Poland) was used with upper and
lower roll diameters of 150 mm and a roll barrel length of 170 mm. Each roll had a separate
drive from an asynchronous alternating current (AC) motor with a nominal power of
7.5 kW, through the reduction gear with a velocity ratio of 1:22.4 and a transmission shaft,
which allowed a roll circumferential speed asymmetry to be introduced. The engine was
controlled by the frequency converter ACS-601 manufactured by ABB Industry (Västerås,
Sweden). A diagram of the laboratory stand is illustrated in Figure 2.
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In the literature on the processes of asymmetric rolling of aluminum alloys, authors
used various asymmetry coefficients up to 2.5 [35–38], but there are also examples of very
large asymmetry coefficients of 4.0 [39]. In the work on the basis of the literature data as
well as the earlier studies of the authors concerning the asymmetric rolling processes [33,34],
the asymmetry coefficients ranging from 1.2 to 1.6 were used, which should reveal the
influence of the asymmetry on the properties of the rolled material. The rolling processes
in symmetry and asymmetry of the AA2519 alloy were conducted in four variants: variant
I—symmetry rolling process av = 1.0 (N1 and C1); variant II—asymmetry rolling process
av = 1.2 (N1.2 and C1.2); variant III—asymmetry rolling process av = 1.4 (N1.4 and C1.4)
and variant IV—asymmetry rolling process av = 1.6 (N1.6 and C1.6), where N is rolling at
room temperature and C is cryorolling. The samples produced in the rolling process are
set out in Table 2. The rolling speed of 0.2 m/s was adopted (for the symmetry rolling).
The AA2519 samples with dimensions of 4.75 mm × 50 mm × 150 mm were used for the
rolling process. Rolling reduction equaled 20% in the first pass and 18% in the second pass,
and the final thickness of the samples was equal to 3.14 mm.

Table 2. Pass schedule of the rolling process.

Variant of Rolling/Asymmetry Ratio av 20 ◦C −196 ◦C

I/1.0 (symmetry rolling) N1.0 C1.0
II/1.2 N1.2 C1.2
III/1.4 N1.4 C1.4
IV/1.6 N1.6 C1.6

The microstructure analysis involved a digital light microscope (LM) Olympus LEXT
OLS 4100. The used etchant was Keller’s reagent, consisting of 20 mL H2O, 5 mL 63% HNO3,
1 mL 40% HF, and one drop of 36% HCl. The analysis was also supported by the Vickers
microhardness distribution performed on the Struers DURA SCAN 70 microhardness tester,
applying a 0.98 N load. For each sample, three lines of measurements were taken, from the
top surface to a distance of 3.5 mm.

The microstrains were revealed, taking into account the X-ray patterns collected for
the studied samples. The X-ray measurements were carried out using a Bruker D8 Advance
diffractometer with CuKα radiation and an ultrafast semiconductor LynxEye detector. In
order to reveal microstrains, the Willimson-Hall analysis was used [40].

The AA2519 in the initial state and after cryorolling (C1.6) was subjected to microstruc-
ture analysis using scanning transmission electron microscopy (STEM, Hitachi S-5500N) at
30 kV. Microscopic examinations were carried out on sample surfaces oriented parallel to
the rolling direction. Specimens were prepared by ion-beam thinning using the Hitachi
NB-5000 dual beam system (FIB/SEM). Firstly, in a standard sample-cutting procedure,
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a thin protective platinum layer was deposited on the sample surface and a three-sided
trench around the platinum layer was prepared. Then, a lamella was removed from the
sample by a nanomanipulator attached to the platinum layer. Next, the lamella was fixed
to a copper holder by platinum deposition. The last step of the TEM lamella prepara-
tion was thinning to the final thickness of about 100 nm. In selected samples, a precise
microstructural analysis was carried out.

3. Results and Discussion
3.1. Microhardness Distribution

For the main purpose of this investigation—to examine possibilities to improve the
strength of AA2519-T62—the initial study concerned microhardness distribution, which
allows the increase in strength to be evaluated and the homogeneity of this increase to
be checked as well. The established microhardness distributions are presented below
(Figures 3 and 4).
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AA2519-T62 alloy in the initial state has a microhardness value of 148.7 ± 5.3 HV0.1.
By analyzing the obtained microhardness distributions, it can be concluded that both rolling
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at room temperature (Figure 3) and under cryogenic conditions (Figure 4) had a significant
impact on the hardening of the AA2519-T62 alloy. However, the uniformity and values of
the hardening significantly differ depending on the adopted rolling variant. The reason
why some of the values do not precisely overlap are slight differences in the thickness of
the samples after the rolling process. In the case of samples rolled at room temperature
(Figure 3), a relatively uniform increase in microhardness was obtained over the entire
section of the processed elements, with a slight increase in the middle part of the samples.
The highest degree of strain hardening was reported for sample N1.0, with microhardness
values reaching 183–187 HV.01, which corresponds to an increase in hardening by approx.
25%. The lowest hardening values were found in sample N1.4, rarely exceeded the value of
170 HV0.1 and were located at the value of 164 HV0.1, corresponding to a 10% increase
in microhardness. In the case of samples N1.2 and N1.6, a relatively similar increase
in the strengthening of approx. 15% was recorded. In the case of the samples rolled
at room temperature, the impact of the asymmetry ratio on the microhardness is more
visible than under cryogenic conditions. However, generally, the increase in the asymmetry
of the process leads to higher shear deformation of the deformed samples, the highest
microhardness values were obtained for the sample N1.0, rolled in the symmetry process
(Figure 3). This variance can be caused by relatively close values of asymmetry, which
differ only slightly in terms of affecting the grain sizes of aluminum alloys [41].

Analyzing the microhardness distributions in samples rolled under cryogenic condi-
tions, significant discrepancies with regard to rolling at room temperature can be noticed
(Figure 4). The changes in the C1.2. sample microhardness are noteworthy, for the value is
the highest at the top surface (185 HV0.1) and then decreases, reaching a value almost close
to the value of the base material (153 HV0.1). This indicates a significant heterogeneity
of the strengthening, which is a significant problem from the point of view of using the
product of this process as a construction material. The quite unexpected results are the
hardening values recorded for the remaining samples. At a depth of up to 2 mm, the
microhardness in sample C1.0 is generally around 172 HV0.1, which corresponds to an
increase of only 15%. In the case of samples C1.4 and C1.6, the obtained hardening is even
lower, amounting to approx. 10%.

The reason why rolling at room temperature gives higher hardening than cryorolling
cannot be directly pointed out. Nevertheless, a possible explanation is the non-uniform
deformation of the rolled samples. Plastic deformation in a whole volume of the material at
room temperature is easier to achieve, resulting in strain hardening affecting the entire cross-
section [42,43], as reflected in the microhardness distribution in the C1.2 sample (Figure 4).
The situation where each layer of AA2519-T62 during cryorolling achieves different strain
hardening may be considered a potential technological problem and requires further
development of this technology.

3.2. Light Microscopy Observations

For microstructure analysis, two types of samples were selected: N1.6 and C1.6,
characterized by relatively low but homogeneous hardening (Figure 5).

By analyzing the obtained microstructure images, it can be concluded that both
samples are characterized by a banded, textured grainy structure (Figure 5a,b). The grains
visible for the sample rolled at room temperature are randomly distributed in the matrix.
However, in the case of the cold-rolled sample, the grains are formed in some needle
agglomerates. In general, sample C1.6 has a more deformed structure than sample N1.6,
which is reflected in smaller grain size. The structure is visible at higher magnifications,
which allow the grain size of sample N1.6 to be estimated at 50.6 ± 27.7 µm and sample
C1.6 at 31.1 ± 16.8 µm (Figure 5c,d). Considering that the grain size of the base material
equals 90.8 ± 58.9 µm, it can be established that rolling with the asymmetry ratio of
1.6 caused a decrease in grain size by 44.3% and 65.7% under room-temperature and
cryogenic conditions, respectively. It should be noted that the images were taken in the
central part of each of the samples (about half of the thickness). These results, to some
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extent, contradict the theory of a lower plastic deformation of the inner layers of samples
rolled under cryogenic conditions. The primary factors influencing the strengthening of the
AA2519 alloy are grain size and the participation of the strengthening phase. The impact
on the strengthening is greater in the case of the strengthened phase than in the case of
the grain boundaries [11]. This may indicate that the evolution of the strengthening phase
may result in a higher increase in the strengthening in rolling at room temperature. Since
AA2519 is often used in an underaged condition (prior to the peak strength) to provide
higher ductility, the potential explanation of the obtained results is the additional aging
caused by heat generated during the rolling process [44]. Besides the temperature, another
factor is plastic deformation, which induces the aging process [45]. As with all diffusion-
based processes, the kinetics of aging strongly depend on temperature, and for this reason,
it is harder to achieve in the case of cryorolled samples, where very low temperatures
inhibit potential changes [46].
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3.3. Microstrains

The microstrains detected in the studied sample could be caused, i.e., by external
forces, and are observed as a significant broadening of reflexes in the X-ray diffraction
pattern (βhkl). The average crystalline size can be calculated using Scherrer’s equation:

D =
Kλ

βhkl cos θ
(2)

where: D indicates average crystalline size, K indicates shape factor, λ indicates wavelength
of CuKα radiation, and θ indicates diffraction angle.

The strain (ε) induced in the material by external forces was calculated using the
following relation:

ε =
βhkl

4 tan θ
(3)
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Taking into account that the particle size and strain contributions to line broadening
are independent of themselves, the broadening of the line could be written as the sum of
Relations (2) and (3):

βhkl =
Kλ

D cos θ
+ 4ε tan θ (4)

Relation (4) could be rewritten in the following form, known as the Williamson–Hall
equation:

βhkl cos θ =
Kλ

D
+ 4ε sin θ (5)

During our analysis, Relation (5) was used to draw the Williamson–Hall plot. The
strains were revealed by linear fitting. All fittings were higher than 0.93. Figure 6 presents
microstrains revealed for all studied samples.
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The microstrains induced in the base sample are clearly comparable with those ob-
served in pure Al. The highest values of microstrains were detected for sample N1.6
and were caused by unequal rolling forces (asymmetric rolling). Moreover, a significant
decrease in microstrain values was detected for cryorolled samples. As is well known,
the temperature is the mean kinetic energy of some particles. In the solid state, the atoms
oscillate around their equilibrium position in the lattice. These oscillations are strongly
dependent on temperature. A decrease in temperature causes a decrease in the lattice
constant in Al and its alloys. According to this phenomenon, the atoms at liquid nitro
temperature (77K) are packed more closely and the rolling does not cause induction of
such high strains as in samples at room temperature, i.e., N1.0 or N1.6. It can be stated that
an increase in the rolling asymmetry ratio contributes to the higher values of microstrains
and that this correlation takes place regardless of rolling conditions. At the same time,
the cryorolled alloy is characterized by significantly lower values of microstrains. The
microstrains of the sample are almost identical to the base material’s value (Figure 6). An
additional factor that can influence the registered values of microstrains are aging processes
that take place during deformation and that affect the crystal lattice parameter of Al-Cu
alloys [47]. The obtained results can partially prove the potential additional aging caused
by heat generated during the rolling process at room temperature [44,45].

3.4. TEM Observations

The microstructure of the base material and sample C1.6, observed in TEM, are
presented on the next page (Figure 7).
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The microstructure of the base material contains numerous precipitates of different
shapes (Figure 7a). The most common type of precipitate is spherical Al-Cu-Mg precipi-
tates below 0.5 µm in size [48–51]. The single rod-like structure observed in Figure 7a is
most probably an Al-Cu-Mn precipitate, identified in similar investigations [48,49]. The
boundaries of grains and precipitates are very clear and free of dislocations (Figure 7a).
Comparing obtained images, it can be stated that the sample subjected to the rolling under
cryogenic conditions is characterized by higher dislocations density (Figure 7b) than the
base material (Figure 7a). The cryorolling process resulted in the formation of a dislocation
cell structure with dense dislocation walls of about 0.1–0.2 µm in size (Figure 7b). The
size of the cells is uneven. It is clear that high densities of dislocations were trapped
between the spherical precipitates as the result of cold plastic deformation (Figure 7b).
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The high accumulation of dislocations close to precipitates gives a relatively small size of
dislocation cells [50]. Similar dislocation structures have been reported in the literature in
some nonequilibrium deformation processes, including cryorolling of 2XXX alloys [22,52].
Inside the dislocations cells, the low-density (light) dislocation clusters can be observed
(Figure 7b) [53,54].

4. Conclusions

This research aimed to study the influence of asymmetry rolling under different
conditions on AA2519-T62. The obtained results contribute to the state of the art on
cryoforming of metallic materials, providing information on microhardness distribution,
microstrains, and microstructural effects of deformation. These data can be applied to
industrial practices to develop the process of rolling AA2519-T62 (Sc, Zr) to simultaneously
form and increase the hardness of the alloy. The most significant conclusions that can be
drawn from this investigation are:

1. Both rolling at room temperature and under cryogenic conditions increase the mi-
crohardness of AA2519-T62 by at least 10%. The highest reported increase (25%)
was obtained for samples rolled at room temperature in a traditional symmetry
rolling process.

2. Rolling with the asymmetry ratio of 1.6 caused the decrease in grain size by 44.3% and
65.7% under room-temperature and cryogenic conditions, respectively. Despite the
more severe grain refinement, samples rolled under cryogenic conditions are character-
ized by a lower increase in microhardness than samples rolled at room temperature.

3. The application of rolling with the asymmetry ratio contained within the range of
1.2–16 only slightly affected the microhardness values of the samples rolled at room
temperature and under cryogenic conditions.

4. The strains induced in the base sample were comparable with the one detected for
pure Al. The asymmetric rolling caused an induction of the highest strains in the
studied samples. Moreover, the cryorolling process is characterized by the induc-
tion of significantly lower microstrains than those observed for samples rolled at
room temperature.

5. The cryorolling process resulted in the formation of the dislocation cell structure
with dense dislocation walls of about 0.1–0.2 µm in size. A high accumulation of
dislocations is reported in the surrounding of the spherical precipitates.
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26. Kosturek, R.; Śnieżek, L.; Torzewski, J.; Wachowski, M. Low Cycle Fatigue Properties of Sc-Modified AA2519-T62 Extrusion.

Materials 2020, 13, 220. [CrossRef] [PubMed]
27. Siva Prasad, G.; Sharmila, T.; SrinivasaRao, K.; Madhusudhan Reddy, G. Effect of welding process on microstructure, mechanical

properties and corrosion behavior of AA2519 Al-alloy. AIP Conf. Proc. 2021, 2395, 030003. [CrossRef]
28. Płonka, B.; Rajda, M.; Zamkotowicz, Z.; Zelechowski, J.; Remsak, K.; Korczak, P.; Szymanski, W.; Sniezek, L. Studies of the

AA2519 alloy hot rolling process and cladding with EN AW-1050A alloy. Arch. Met. Mater. 2016, 61, 381–388. [CrossRef]
29. Zuiko, I.; Mironov, S.; Kaibyshev, R. Microstructural evolution and strengthening mechanisms operating during cryogenic rolling

of solutionized Al-Cu-Mg alloy. Mat. Sci. Eng. A Struct. 2018, 745, 82–89. [CrossRef]
30. Kawalek, A.; Dyja, H.; Mroz, S.; Knapinski, M. Effect of plate asymmetric rolling parameters on the change of the total unit

pressure of roll. Metalurgija 2011, 50, 163–166.
31. Gronostajski, Z.; Pater, Z.; Madej, L.; Gontarz, A.; Lisiecki, L.; Łukaszek-Sołek, A.; Łuksza, J.; Mróz, S.; Muskalski, Z.; Muzykiewicz,

W.; et al. Recent development trends in metal forming. Arch. Civ. Mech. Eng. 2019, 19, 898–941. [CrossRef]
32. Liu, J.; Kawalla, R. Influence of asymmetric hot rolling on microstructure and rolling force with austenitic steel. Trans. Nonferrous

Met. Soc. China 2012, 22, s504–s511. [CrossRef]
33. Wierzba, A.; Mróz, S.; Szota, P.; Stefanik, A.; Mola, R. The influence of the asymmetric ARB process on the properties of Al-Mg-Al

multi-layer sheets. Arch. Metall. Mater. 2015, 60, 2821–2825. [CrossRef]

http://doi.org/10.1016/j.msea.2005.03.026
http://doi.org/10.3390/met8030191
http://doi.org/10.4236/msa.2019.102011
http://doi.org/10.3390/met9020115
http://doi.org/10.1007/BF02708630
http://doi.org/10.1016/j.msea.2012.12.058
http://doi.org/10.1088/1757-899X/89/1/012013
http://doi.org/10.1016/j.cirpj.2022.01.001
http://doi.org/10.1007/s11661-021-06337-y
http://doi.org/10.4028/www.scientific.net/DDF.385.39
http://doi.org/10.3390/ma14195562
http://doi.org/10.1016/S1003-6326(17)60261-9
http://doi.org/10.3390/met11010077
http://doi.org/10.4028/www.scientific.net/MSF.794-796.888
http://doi.org/10.1007/s11665-020-05124-x
http://doi.org/10.1016/j.matdes.2010.09.026
http://doi.org/10.1016/j.jallcom.2010.02.111
http://doi.org/10.3390/ma13010220
http://www.ncbi.nlm.nih.gov/pubmed/31947946
http://doi.org/10.1063/5.0068630
http://doi.org/10.1515/amm-2016-0070
http://doi.org/10.1016/j.msea.2018.12.103
http://doi.org/10.1016/j.acme.2019.04.005
http://doi.org/10.1016/S1003-6326(12)61753-1
http://doi.org/10.1515/amm-2015-0450


Materials 2022, 15, 7712 12 of 12

34. Mróz, S.; Wierzba, A.; Stefanik, A.; Szota, P. Effect of Asymmetric Accumulative Roll-Bonding process on the Microstructure
and Strength Evolution of the AA1050/AZ31/AA1050 Multilayered Composite Materials. Materials 2020, 13, 5401. [CrossRef]
[PubMed]

35. Amiri, M.; Fereshteh-Saniee, F. Influence of roll speed difference on microstructure, texture and mechanical properties of
7075 aluminum plates produced via combined continuous casting and rolling process. Trans. Nonferrous Met. Soc. China 2021,
31, 901–912. [CrossRef]

36. Amegadzie, M.; Bishop, P. Effect of asymmetric rolling on the microstructure and mechanical properties of wrought
6061 aluminum. Mater. Today Commun. 2020, 25, 101283. [CrossRef]

37. Wronski, M.; Wierzbanowski, K.; Bacroix, B.; Lipinski, P. Asymmetric rolling textures of aluminium studied with crystalline
model implemented into FEM. IOP Conf. Ser. Mater. Sci. Eng. 2020, 82, 012012. [CrossRef]

38. Pustovoytov, D.; Pesin, A.; Tandon, P. Asymmetric (Hot, Warm, Cold, Cryo) Rolling of Light Alloys: A Review. Metals 2021,
11, 956. [CrossRef]

39. Ko, Y.G.; Masood Chaudry, U.; Hamad, K. Microstructure and mechanical properties of AA6061 alloy deformed by differential
speed rolling. Mater. Lett. 2020, 259, 126870. [CrossRef]

40. Suryanarayana, C.; Grant Norton, M. X-ray Diffraction: A Practical Approach; Springer: New York, NY, USA, 1998.
41. Vincze, G.; Simões, F.J.P.; Butuc, M.C. Asymmetrical Rolling of Aluminum Alloys and Steels: A Review. Metals 2020, 10, 1126.

[CrossRef]
42. Stradomski, G.; Rydz, D.; Garstka, T.; Pałęga, M.; Dyl, T.; Szarek, A.; Szarek, J.Ł.; Dembiczak, T. Influence of Asymmetric Rolling

Process on the Microstructure Properties of Bimetallic Sheet Metals. Materials 2022, 15, 2013. [CrossRef]
43. Yi, G.; Liang, Y.; Wang, C.; Xu, J. Evolution of Residual Stress Based on Curvature Coupling in Multi-Roll Levelling. Appl. Sci.

2019, 9, 4975. [CrossRef]
44. Kaibyshev, R.; Sitdikov, O.; Mazurina, I.; Lesuer, D.R. Deformation behavior of a 2219 Al alloy. Mat. Sci. Eng. A Struct. 2002,

334, 104–113. [CrossRef]
45. Osten, J.; Lux, C.; Milkereit, B.; Reich, M.; Kessler, O. Stress Induced Precipitation during Quenching of Aluminium Alloys. Mater.

Sci. Forum 2016, 877, 159–165. [CrossRef]
46. Wang, F.; Hou, B.; Wang, Y.; Liu, H. Diffusion thermodynamic behavior of milling Ti-6A1-4V alloy in liquid nitrogen cryogenic

cooling. Int. J. Adv. Manuf. Technol. 2018, 95, 2783–2793. [CrossRef]
47. Delgado-López, M.; Esmeralda, A.; Haro Rodriguez, S.; González, J.; Talamantes-Silva, J.; Perez-Gonzalez, F.; Garza-Montes-

de-Oca, N.; Colás, R. Changes in Lattice parameter in Aluminium cast Alloys due to aging. Ing. Mecánica Tecnol. Desarro. 2019,
6, 133–139.

48. Zhang, C.; Huang, G.; Cao, Y.; Li, Q.; Zhu, Y.; Huang, X.; Liu, Q. Investigation on microstructure and localized corrosion behavior
in the stir zone of dissimilar friction-stir-welded AA2024/7075 joint. J. Mater. Sci. 2020, 55, 15005–15032. [CrossRef]

49. Zhao, Y.; Zhu, Y.; Ma, E. Optimizing the strength and ductility of fine structured 2024 Al alloy by nano-precipitation. Acta Mater.
2007, 55, 5822–5832. [CrossRef]

50. Dymek, S.; Dollar, M. TEM investigation of age-hardenable Al 2519 alloy subjected to stress corrosion cracking tests. Mater. Chem.
Phys. 2003, 81, 286–288. [CrossRef]

51. Sandström, R. Formation of Cells and Subgrains and Its Influence on Properties. Metals 2022, 12, 497. [CrossRef]
52. Liang, X.; Li, H.; Huang, L.; Hong, T.; Ma, B.; Liu, Y. Microstructural evolution of 2519-T87 aluminum alloy obliquely impacted by

projectile with velocity of 816 m/s. Trans. Nonferrous Met. Soc. China 2012, 22, 1270–1279. [CrossRef]
53. El-Madhoun, Y.; Mohamed, A.; Bassim, M.N. Cyclic stress–strain response and dislocation structures in polycrystalline aluminum.

Mat. Sci. Eng. A Struct. 2003, 359, 220–227. [CrossRef]
54. Oriwol, D.; Trempa, M.; Sylla, L.; Leipner, H.S. Investigation of dislocation cluster evolution during directional solidification of

multicrystalline silicon. J. Cryst. Growth 2017, 463, 1–9. [CrossRef]

http://doi.org/10.3390/ma13235401
http://www.ncbi.nlm.nih.gov/pubmed/33261094
http://doi.org/10.1016/S1003-6326(21)65548-6
http://doi.org/10.1016/j.mtcomm.2020.101283
http://doi.org/10.1088/1757-899X/82/1/012012
http://doi.org/10.3390/met11060956
http://doi.org/10.1016/j.matlet.2019.126870
http://doi.org/10.3390/met10091126
http://doi.org/10.3390/ma15062013
http://doi.org/10.3390/app9224975
http://doi.org/10.1016/S0921-5093(01)01777-4
http://doi.org/10.4028/www.scientific.net/MSF.877.159
http://doi.org/10.1007/s00170-017-1427-2
http://doi.org/10.1007/s10853-020-05072-w
http://doi.org/10.1016/j.actamat.2007.06.043
http://doi.org/10.1016/S0254-0584(02)00603-X
http://doi.org/10.3390/met12030497
http://doi.org/10.1016/S1003-6326(11)61315-0
http://doi.org/10.1016/S0921-5093(03)00347-2
http://doi.org/10.1016/j.jcrysgro.2017.01.027

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Microhardness Distribution 
	Light Microscopy Observations 
	Microstrains 
	TEM Observations 

	Conclusions 
	References

