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Abstract: Previous studies have yet to show a consistent effect of severe plastic deformation (SPD)
processing on the wear behavior of different metals and alloys. To fill this scientific gap, this study
investigated the effect of the cyclic extrusion compression (CEC) process, as one of the prominent
SPD techniques, on the wear behavior of AA5052. In addition, the microstructure evolution and
mechanical properties of the sample before and after the process were experimentally examined
and studied. It was found that the yield and ultimate tensile strength of the AA5052 improved
significantly after the first pass, while the elongation-to-failure decreased considerably. Further,
the subsequent passes mildly changed the trend of increasing strength and reducing elongation-
to-failure. SEM morphology indicated that the ductile mode of the initial annealed alloy changed
to a combination of ductile and brittle failure modes, in which the level of the brittle failure mode
increased with the addition of passes. TEM observations showed that the grain refinement during the
CEC process included the formation of dislocation cell structures, subgrain boundaries, and low-angle
grain boundaries, with the subgrain boundaries initially evolving into low-angle grain boundaries
and, eventually, due to the imposition of additional plastic strain, into high-angle grain boundaries.
Furthermore, the CEC process and its increased number of passes led to a significant improvement
in wear resistance due to the enhanced tensile strength achieved through grain refinement. In this
regard, the wear mechanism of the initial alloy was a combination of adhesion and delamination,
with the plastic deformation bands changing to plowing bands with decreased adhesive wear during
the process. Eventually, oxidization was found to be a mechanism contributing to wear under
all conditions.

Keywords: severe plastic deformation; AA5052; TEM observation; tensile properties; wear behavior

1. Introduction

It is widely recognized and reported that microstructural arrays significantly con-
tribute to distinctive material properties [1-5]. Specifically, grain refinement, in accordance
with the Hall-Petch relationship, is an efficient approach for enhancing the monotonic
and dynamic properties of materials [6-9]. From this point of view, materials can be clas-
sified into three categories: micro-, ultrafine-, and nano-grains. In the last three decades,
ultrafine-grained (UFG) and nanostructured (NS) materials have attracted much attention
from researchers due to their high performance [10-13]. In this regard, the techniques to
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obtain these materials are also of great importance, and they are divided into top-down and
bottom-up approaches. Previous studies have shown that severe plastic deformation (SPD)
is one of the best techniques to obtain UFG structures [14-16]. Some well-known methods
include equal channel angular pressing [17], high-pressure torsion [18], constrained groove
pressing [19], constrained studded pressing [20], accumulative roll-bonding [21], planar
twist extrusion [22], equal channel forward extrusion [23], multi-directional forging [24,25],
friction stir processing [26], cyclic extrusion compression [27], surface mechanical attrition
treatment [28], planar twist channel angular extrusion [29], and cyclic close die forging [30].

Among the various SPD methods, cyclic extrusion compression (CEC), introduced by
Richert et al. in 1979, is one important technique for grain refinement of metals and alloys
that can achieve distinguished monotonic and dynamic mechanical properties [31-35].
Figure 1 schematically shows this process. First, the sample is placed in the inlet channel.
Then, compression is performed simultaneously with extrusion during plastic deformation
between two inlet and outlet channels using a small-diameter connecting channel in the
presence of a back pressure punch [36]. Considering that the sample will eventually return
to its initial dimensions, this process can be repeated as many times as necessary to reach
the desired plastic strains. Furthermore, in this process, there is no need to take the samples
out during successive passes, which is a very important advantage because the processing
time is shortened [37].

(a) (b) .

Upper punch

D=20 thm

d=16 ;m

Figure 1. Schematic representation of the cyclic extrusion compression (CEC) process: (a) the three-
dimensional view of the significant die parameters and (b) the front view of the CEC process, with an
initial diameter and extruded diameters, along with applied pressures.

Magnesium is one of the most influential and widely used alloying elements for
aluminum alloys, and it is also the main element in 5000 series alloys (AA5000). Among
these allows, 5052 aluminum alloy (AA5052) is an important candidate that is especially
utilized in the body panels of cars [38-42]. These non-heat-treatable alloys with moderate
strength and resistance to corrosion and wear are readily weldable. Further, AI-Mg alloys
can be hardened using cold working processes, such as the mentioned SPD techniques. In
this context, automotive, aerospace, architectural, and marine applications are among the
most relevant industries.

Several studies have been conducted on the microstructural evolution and mechanical
properties of different materials during SPD processing [11,43—-47]. However, some of the
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secondary properties of processed materials, such as wear, hydrogen absorption, damping,
and corrosion behavior, have rarely been studied, even though different behaviors in the
processed materials are sometimes detectable from this point of view and various new
aspects need to be considered, such as the optimization of SPD methods through modeling
and simulation methods [48-53]. Therefore, it is essential to investigate the wear resistance
behavior of SPD-processed materials to achieve their optimal use. As is known, the wear
of a component leads in practice to an increase in the clearance and loss of precision in
moving components; consequently, increasing the wear resistance results in longer service
life. Nevertheless, despite the evident significance of wear in industrial applications, there
are only a limited number of reports on the wear characteristics of SPD-processed materials,
which highlights the necessity of this study.

Furthermore, the effects of SPD processes on the wear behavior of different materials
have been reported to be very contradictory. In this regard, favorable effects of SPD
processes on tested metals and alloys were reported for several SPD-processed materials:
Abd El Aal et al. reported such effects for ECAP-processed Al-Cu alloys [54], Gao et al.
for ECAPed-processed Cu-10%Al-4%Fe alloy [55,56], Korshunov et al. for SPD-processed
Babbit B83 [57], Wang et al. for SMAT-processed low carbon steel [58], La et al. for
ECAP-processed titanium [59], etc. On the other hand, several researchers have reported
deteriorations of wear resistance in SPD-processed materials, such as in ECAP-processed
Al-125i alloy by Kucukomeroglu [60] and ARB- and ECAP-processed Al alloys and steel
by Kim et al. [61]. In addition, insignificant variations in wear resistance were observed in
the studies conducted by Kim et al. on ECAP-processed Al6061 and AZ61 Mg alloys [62],
Sato et al. on ECAP-processed Al-Al3Ti alloys [63], and Garbacz et al. on ECAP-processed
pure titanium [64]. To address these contradictory findings and consider the industrial
importance of the 5000 aluminum alloy series, this study investigated the effect of the CEC
process on the wear behavior of AA5052. The reason for choosing the CEC process is due to
its potential for industrialization and sample scale-up. Further, AA5052 was selected from
other AA5000 alloys due to its wide applications in various automobile, transportation,
aircraft, and marine sectors. In addition, the main novelty of this work is that it will help to
understand the mechanical properties and wear behavior of AA5052 after the CEC process.

Consequently, AA5052 was processed with the CEC method at room temperature up
to failure. Then, the wear behavior, microstructure evolution, and mechanical properties
of the alloy before and after the process with different numbers of passes were examined
experimentally and investigated systematically.

2. Materials and Methods

Commercial 5052 aluminum alloy (AA5052) in an initial rolled state was chosen for
this study because of its diverse applications in various industries. The relevant chemical
compositions obtained by full-spectrum direct-reading inductively coupled plasma atomic
emission spectroscopy included 2.43 wt.% Mg, 0.34 wt.% Cr, 0.29 wt.% Si, 0.27 wt.% Fe,
0.10 wt.% Cu, 0.08 wt.% Mn, 0.07 wt.% Zn, and Al as balance. First, the AA5052 was cut into
cylindrical-shaped samples with a length and diameter of 110 mm and 20 mm, respectively,
in a lathing machine. Afterward, they were annealed at 380 °C for 2 h and cooled slowly
at the furnace down to the ambient temperature. This severe plastic deformation was
carried out using the CEC method, with up to four passes at room temperature through
a hydraulic pressing machine with a constant velocity of 6 mm/min in the presence of
molybdenum disulfide (MoS;) as a lubricant in order to minimize the frictional effects. In
this study, the CEC die had inlet and outlet channels of 20 mm diameter and a connecting
channel with a diameter of 16 mm. Considering that each pass involved the whole process
of extruding the sample from a diameter of 20 to 16 mm, followed by compressing it to
the initial diameter, according to the theoretical relationship in Equation (1), the imposed
plastic strain in each pass was equal to 0.89 [48,65,66]. In this regard, D, d, and N represent
the initial diameter, extruded diameter, and pass numbers, respectively. Then, the tensile
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behavior, fracture analysis, microstructural evolution, and wear resistance of the annealed
and CEC-processed samples were examined, compared, and investigated.

eeff =4N ln% (1)

Tensile testing was conducted using an MTS universal testing machine with a closed-
loop servo-hydraulic control at room temperature and an initial strain rate of 1.2 x 1073571,
The 50 mm gauge length specimen dimension was in accordance with ASTM B557M. Each
sample state was obtained three times and, based on this, the yield strength and elongation-
to-failure values revealed a scatter of +6%. Note that the tensile testing specimens were cut
along the longitudinal direction of the CEC-processed AA5052 samples. The fractography
analysis was conducted with an SEM device on annealed and CEC-processed samples after
tensile testing. Each test was repeated twice in order to ensure replicability.

Transmission electron microscopy (TEM) was used in order to characterize the mi-
crostructure evolution of samples after processing with the CEC method for up to four
passes. For TEM images, thin foils of 1 mm thickness were fabricated and ground to a
thickness of 80-90 um. They were then thinned through a double-jet electro polisher in a
solution of 20% HCINOy and 80% methyl at the temperature and voltage of —15 °C and
24 V. It should be mentioned that the thin foils were tilted to align the specimens to the
low-index zone axis, which was almost parallel to the direction of incident beam, to attain
a better image contrast.

Dry sliding wear tests were performed according to ASTM-G133 on the annealed and
the CEC-processed samples with different numbers of passes using a linearly reciprocating
ball-on-flat method. The plate-formed specimens prepared for this aim, which had the
dimensions of 50 mm X 10 mm x 2 mm, were mechanically ground by SiC paper up
to 5000. The applied ball material, diameter, and hardness were tungsten carbide (WC),
5 mm, and 78 HRC, respectively. All wear tests were accomplished with constant frequency,
constant stroke length, and line speed of 12 Hz, 40 mm, and 0.28 m/s, respectively, at a
testing temperature of 25 & 2 °C and relative humidity of 58 & 4%. The 1000 s duration of
each test resulted in a total sliding distance of 280 m. All wear specimens were washed
before and after the test in an ultrasonic acetone bath for about 8 min and then dried in
air. Furthermore, the difference in the weight of the wear specimens before and after the
test was calculated using a digital balance device with a sensitivity of 0.0001 g in order
to measure wear mass loss. Two normal loads of 2 and 20 N were used for this study. In
addition, each test state was repeated at least twice in order to avoid any errors. Equation (2)
was utilized to calculate wear quantities, in which V, L, K, F, HV, and k are the worn volume
(mm?), total sliding distance (m), Archard’s constant (wear coefficient), applied normal
load (N), Vickers hardness value, and specific wear rate (mm?3/N-m), respectively [19,67].
Eventually, after testing, FE-SEM and energy-dispersive X-ray spectroscopy (EDX) were
employed to analyze the morphology of the worn surfaces.

% = K(;V) = kF )

3. Results and Discussion
3.1. Tensile Properties

The engineering tensile stress—strain curves for the initial annealed state and CEC-
processed samples with different numbers of passes, as well as the corresponding values
for the yield strength (YS), ultimate tensile strength (UTS), and elongation-to-failure (EI),
are shown in Figure 2 and listed in Table 1. As can be observed, after applying the first pass
of the CEC process to AA5052, the strength improved significantly, while the elongation-to-
failure dropped considerably. The improvement in the mechanical properties is usually
more significant in the first pass of SPD techniques due to the higher dislocation density
compared to samples with increased numbers of passes. Generally, the dislocation density
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of the severe plastic deformed sample increases in the initial pass and then gradually
decreases due to restoration mechanisms [68]. In this regard, approximately 46% and
25% increases in the YS and UTS of AA5052 were detectable after applying for the first
pass, while the elongation-to-failure decreased by about 38.6%. Regarding the subsequent
passes of the process, it should be noted that the mentioned trend continued with lower
intensity. For example, applying four passes led to increases in YS and UTS by about 73%
and 19% and a decrease in elongation-to-failure by about 47% compared to the first-pass
CEC-processed sample. Similar results have been previously reported for other metals and
alloys processed with various SPD methods [22,69-72]. For instance, Yogesha et al. [72]
processed Al-Mg alloy by cryo-rolling and cryo-groove rolling and reported increments in
the YS and UTS of about 76% and 71% and a reduction in elongation-to-failure by about 33%.
The results of another study on pure aluminum showed increments in the YS and UTS up
to 235% and 92% after two passes with the planar twist channel angular extrusion (PTCAE)
process compared to the annealed sample, while the elongation-to-failure underwent a
23.1% reduction [22].

Pass 2 Pass 4

Annealed state Pass 1

500

400 F

300

200

Engineering stress (MPa)

100

0 7 14 21 28 35

Engineering strain (%)

Figure 2. Engineering tensile stress—strain curves for the AA5052 before and after processing with the
CEC method with up to four passes at room temperature, as well as the corresponding yield strength
(YS), ultimate tensile strength (UTS), and elongation-to-failure (EI).

Table 1. Mechanical properties of the AA5052, including yield strength (YS), ultimate tensile strength
(UTS), and elongation-to-failure (El), before and after processing with CEC method with up to four
passes at room temperature.

Mechanical

. Annealed State Pass 1 Pass 2 Pass 4
Properties
YS (MPa) 121.2 +8 1772+ 6 2209 £ 6 306.8 +7
UTS (MPa) 3145+ 3 3921+5 439.7 £ 6 4659 + 4
El (%) 3372+ 1.5 20.71 £ 2 20.14 £2.3 11.02 £ 1.9

This improvement in mechanical strength values, including yield and ultimate tensile
strength, was mainly due to considerable grain refinement (more grain boundaries, more
barriers to dislocation movement, and deformation). The grain refinement occurred due
to continuous accumulation of dislocations after severe plastic deformation with the CEC
technique, which subsequently, through activation of restoration and recovery mechanisms,
led to rearrangement of dislocations and grain refinement. It is well-documented that grain
refinement, by creating barriers against dislocation movement, can improve mechanical
strength [73]. This was formulated with the Hall-Petch relationship.

In many solid-solution Al alloys, such as Al-Cu, Al-Mg, and Al-Zn alloys processed
with various SPD processes, a significant increase in strength and a decrease in elongation-
to-failure are detectable. However, in the SPD-processed Al alloys where the second compo-
nent is weakly soluble in the aluminum, such as Al-Ce and Al-La alloys [74,75], a significant
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improvement in strength is accompanied by simultaneous retention of elongation-to-failure.
It has also been found that elongation-to-failure is a suitable criterion for measuring the
ductility of materials. In this context, ductility reduction from the application of the CEC
process and addition of passes can be related to the phenomenon of strain hardening. There-
fore, in order to analyze the strain-hardening behavior of AA5052 during the CEC process,
the true stress-strain curves were first drawn, and then their strain-hardening exponent
was derived by fitting the Holloman relationship to the uniform plastic deformation region
of the curves (see Equation (3)). Based on this, the strain-hardening exponents of AA5052
before and after the first, second, and fourth passes were equal to 0.238, 0.127, 0.088, and
0.075, respectively. Therefore, roughly 47%, 63%, and 68% reductions in the value of the
strain-hardening exponent were observable after applying one, two, and four passes of the
CEC process as compared to the initial annealed state. This means that the strain-hardening
exponent was reduced gradually with the application of the CEC process, but this reduction
was intensive in the first pass. As is known, the mobility of dislocations during the CEC
process is very high, which is the most significant factor in plastic deformation. On the
other hand, the strain hardening exponent provides the ability to withstand the plastic
deformation that prevents the dislocation motion. However, the strain hardening increases
the material’s strength and helps it resist the buckling effect.

o= Ke" 3)

Figure 3 represents the SEM fractography for the initial annealed state and the CEC-
processed samples with different numbers of passes. As observed in the initial annealed
AA5052 in Figure 3a, the grains were elongated towards the tensile axis, indicating high
tensile plastic deformation failure. Some slip bands perpendicular to the fracture plane
within the elongated grains also appear to indicate a necking deformation. The tensile
testing results and the high elongation-to-failure also confirm this finding. In addition, a
large number of deep dimples, with an average size of approximately 22 um, indicate the
sufficient ductility of the mentioned state. The presence of dimples in a fracture structure
and their size, depth, and distribution is a sign of plasticity in a material. The existence
of large and deep dimples indicates the perfect plasticity of an alloy, while small and
shallow dimples indicate the poor plasticity of a material [76]. CEC processing (as one of
the SPD techniques), by affecting the plasticity of the material, influences the size, depth,
and distribution of dimples. SPD processing usually reduces the size of dimples and leads
to a more homogenous distribution of dimples [77].

Regarding the CEC-processed sample after the first pass, as shown in Figure 3b, it
can be stated that a ductile failure still occurred. However, the cross-sectional area of its
fracture surface was slightly larger than the fracture surface of the initial material, which
implies the reduction of sample ductility during the CEC process. Further, the longitudinal
shear bands led to a decrease in the necking angle because of the strain-hardening effect.
At the same time, dimples with an average size of 15 pm are visible. It should be noted
that the number of dimples distributed homogeneously toward the internal cracks was low.
The necking deformation was also visible in the second pass of the CEC-processed AA5052,
as shown in Figure 3¢, but the fracture cross-section and the necking angle demonstrated
few changes. This indicates that there was a continuous decrease in the material’s ductility
in the subsequent passes, which was related to the phenomenon of strain hardening.
Further, the number of observed dimples was reduced, and their average size reached
11 um. Moreover, these heterogeneously distributed deep dimples denote severe plastic
deformation during the CEC process. Eventually, in the fourth pass of the CEC-processed
sample, as can be seen in Figure 3d, the shear dimples were very small due to the weak
necking deformation. The fracture surface of the fourth-pass sample only demonstrated
fine dimples with an average size of about 9 pm. From the above results, it can be concluded
that the initial AA5052 had a suitable ductility, which means that the failure occurred in the
ductile mode. However, the CEC-processed sample had a combination of ductile and brittle
failure modes, and the level of the brittle failure mode increased with the addition of passes.
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Investigations have shown that homogeneous ultrafine-grained (UFG) metallic materials
have high strength but decreased deformation hardening capacity, which indicates lower
ductility [78]. Employment of the CEC process with increases in the number of CEC passes
decreased the elongation-to-failure of the samples, leading to a reduction of ductility and
enhancing the tendency toward brittle failure. Usually, severe plastic deformation methods
substantially decrease plasticity, which finally leads to fragility and activates the brittle
mode of fracture and failure [79]. The increase the brittle failure mode in this study is also
consistent with the results for the tensile properties of the AA5052 samples.

Figure 3. Tensile fractography morphologies of the AA5052 before and after the CEC process with
different numbers of passes observed through scanning electron microscopy: (a) the initial annealed
state, (b) the first pass, (c) the second pass, and (d) the fourth pass.

3.2. Microstructure Evolution

Figure 4 represents the OM image for the initial annealed AA5052 and the TEM images
with the selected area electron diffraction (SAED) patterns for the CEC-processed samples
after different numbers of passes (first, second, and fourth). As can be observed in Figure 4a,
the initial state of AA5052 consisted of micro-sized grains with well-defined boundaries
and an average grain size of about 23 pm. After processing aluminum samples with the
CEC method, very fine and even ultrafine structures were formed in all cases, so that the
grain interiors had a relatively high density of dislocations, especially in the first pass of
the processed sample. In this regard, the comparison of the ring-shaped SAED pattern after
the final pass sample and the dot-shaped SAED pattern after the first pass verifies that the
grains were significantly refined by applying the CEC process, and this trend continued
with the addition of passes.
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Figure 4. Optical microscopy and bright-field transmission electron microscopy of AA5052 (a) for
the initial annealed state and (b—d) after processing with the CEC method with different numbers of
passes: (b) the first pass, (c) the second pass, and (d) the fourth pass.

The microstructure of AA5052 after the first pass of the CEC method confirms that
prominent structure refinement took place, such that most of the grains were highly elon-
gated in the direction of extrusion/compression. Further, the microstructure contained
numerous dislocation cells with low misorientation angles (subgrains), which were formed
due to the deformation bands and oriented essentially along the deformation shear di-
rection. A close inspection of Figure 4b,c reveals that multiple dislocations were tangled
and formed grain boundaries or existed near the grain boundaries. Thus, it seems that
the grain boundaries were broadened. It is also clear that the grains in the TEM image
of the second pass sample were elongated further due to insufficient plastic strains. Fi-
nally, the microstructure of the final pass sample was composed of relatively equiaxial
grains, most of which had well-developed grain boundaries. In this regard, the correspond-
ing SAED pattern confirms this very fine microstructure mainly formed by high-angle
grain boundaries.

It is well-established that the mobility of dislocations in grain refinement and mi-
crostructure evolution can generally be observed through the activation of dislocation-
based processes, such as their dislocation glide, accumulation, interaction, tangling, and
spatial rearrangement, using various models, such as the relaxed constraint, Sach zero
constraint, and Taylor’s full constraint. However, the most well-known and pronounced
model specifically for an equiaxed structure that is consistent with the results of this study
is Taylor’s model, in which the simultaneous cooperation of at least five slip systems is
responsible for achieving strain compatibility [80-82]. In the application of severe plastic
deformation through the CEC process, continuous dislocation accumulation by increas-
ing the number of passes leads to the formation of non-equilibrium grain boundaries,
which play a significant role in the structural characterization since, during severe plastic
deformation processes, the microstructure has a very high fraction of high-angle grain
boundaries due to the large plastic strains, as shown in Figure 4b—d. In this regard, Figure 5
schematically illustrates the fabrication of non-equilibrium dislocation boundaries during
CEC processing. This CEC-induced non-equilibrium grain boundary led to the production
of excess energy and long-range elastic stresses. Further, this figure shows that the cellular
structure transformed into a granular one, in which the density of dislocations in the
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cell walls gradually reached a critical value. Then, dislocations with different signs were
annihilated at the cell boundaries and, as a result, excess dislocations with a single sign
formed at the cell boundaries. Previous studies have shown that the excess dislocations can
contribute to the microstructure evolution process by playing various roles. It is clear that
misorientation increases through dislocations with Burgers vectors perpendicular to the
boundary and, as their density increases, they transform the microstructure into a granular
one. Simultaneously, the long-range stress, along with the glide dislocations, can lead to
grain segregation along the grain boundaries; i.e., rotational deformation modes. Overall,
Figure 5 schematically represents the various steps in the microstructural evolution that
transformed the initial coarse-grained structure (Figure 5a) into the final ultrafine-grained
structure (Figure 5f). During this microstructural evolution, deformation led to the genera-
tion of numerous dislocations, which were subsequently rearranged, and the different signs
of the dislocations annihilated themselves and led to the formation of dislocation walls
and dislocation tangles (Figure 5c). Through further deformation, dislocations glided and
climbed to form cell structures or subgrains through the activation of dynamic recovery
mechanisms (Figure 5d). Dislocation motions, along with grain boundary sliding, can
enhance boundary migration and subgrain rotation, which activate the nucleation process
for new grains through grain boundary bulging. The grain boundary bulges are free of dis-
locations and are mainly generated by migration of boundaries (from the lower dislocation
density side toward the higher dislocation density side). Usually, these grain boundary
bulges are surrounded by accumulated dislocations, which form subgrain boundaries.
Eventually, these bulges are cut apart from the original grains to produce nuclei, fabricating
a “necklace structure” in the early stages of discontinuous dynamic recrystallization (DDRX;
see Figure 5e). Nuclei preferentially choose high-energy, sites so they locate on or near
grain boundaries and fine precipitates, which pin the movement of dislocations. In the
later stages of deformation, the nuclei continue to grow through the outward migration of
boundaries, consuming the newly generated dislocations through deformation until all the
original grains have completely vanished, are replaced by finer recrystallized grains, and
induce nanostructured or ultrafine-grained structure (see Figure 5f) [83,84].

Initial structure After deformation Dislocation walls and
dislocation tangles generation

(d)

Final ultrafine grained structure ~ Dynamic recrystallization  Cell structures or subgrains
due to grain boundary bulging formation

Figure 5. A schematical model for dislocation substructure and its evolution to final ultrafine-grained
structure after CEC processing: (a) initial structure, (b) after deformation, (c) structure including
dislocation walls and dislocation tangles, (d) cell structure and subgrain formation, (e) dynamic
recrystallization and grain boundary bulging, and (f) an ultrafine-grained structure.

Previous studies have shown that the continuous and growing accumulation of dis-
locations in dislocation boundaries leads to the generation of two types of dislocation
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boundary with specific characteristics and morphologies. The first type, called incidental
dislocation boundaries (IDBs), is formed by trapping glide dislocations that can potentially
divide the grains into cells. This type of boundary consists of a tangled dislocation structure.
The second type, entitled geometrically necessary boundaries (GNBs), is generated by acti-
vating different slip systems in the grain periphery or through the subdivision of total shear
strains among a set of slip planes. These GNBs can easily subdivide the grains into cell
blocks and, generally, have almost planar boundaries with a regular dislocation structure.
It has been found that, with a further increment of the plastic strains, the boundary spacing
decreases in both IDBs and GNBs, while their misorientation angle increases. However,
the alteration rate of the boundary spacing and misorientation angle is higher in GNBs
than in IDBs. At high plastic strains, most dislocation boundaries, specifically GNBs, are
transformed into high-angle grain boundaries due to their increased misorientation angles,
resulting in the generation of an ultrafine-grained structure. The gradual transformation
of dislocation boundaries at low plastic strains into high-angle boundaries at large plastic
strains is known as in situ or continuous dynamic recrystallization. Hence, when this
mechanism occurs and at large plastic strains, the microstructure includes a large distri-
bution of misorientation angles with the spatial dispersion of low- and high-angle grain
boundaries [83,85,86]. The microstructure of the CEC-processed AA5052 after four passes
demonstrated such a situation.

0 =09+ 0GB + O4is 4)
0GB = */Vidcs ©)

0gis = MaGby/po + pais (6)

For metals and alloys processed with different SPD processes, it is clear that the con-
nection between the strength and structure is usually determined by the two factors of
dislocation and boundary strengthening, where the contribution of the first factor is propor-
tional to the square root of the dislocation density, while the second-factor contribution is
inversely related to the square root of the boundary spacing, according to Equation (4). In
this relationship, oy is the friction stress, and ogp and o denote the contributions from the
grain boundary strengthening and dislocation strengthening, respectively. As mentioned
above, the structure is subdivided by extended lamellar boundaries nearly parallel to the
extrusion plane (GNBs) and interconnecting boundaries (IDBs). Based on this, the contribu-
tions of both types of boundaries should be carefully taken into account when calculating
the material strength. Therefore, the strength is based on the strengthening mechanisms,
which are attributable to the different types of boundaries. In this regard, the strength
contribution of the boundaries with misorientation angles greater than 15° is calculated
with the Hall-Petch relationship, which is given in Equation (5), and the strength of the
boundaries is determined based on the grain boundaries in a fully recrystallized texture-free
material. In addition, the strength contribution of boundaries with misorientation angles
smaller than 15° to the total strength, which is proportional to the square root of the dislo-
cation density stored in the boundaries, can be obtained from Equation (6). In this regard, k
is the slope of the Hall-Petch relationship, dgp is the average spacing of boundaries that
contribute to grain boundary strengthening, M is the Taylor factor, « is a constant (0.24),
G is the shear modulus (26 GPa), b is the Burgers vector (0.286 nm), pg is the dislocation
density between the boundaries, and pg;; is the stored dislocation density in the low-angle
dislocation boundaries, which contributes as dislocation strengthening [11,87-91]. Note
here that low-angle boundaries are considered cell boundaries and their strengthening is
inversely proportional to the spacing of cell boundaries.

3.3. Wear Behavior

The wear mass loss and coefficient of friction for the AA5052 before and after the CEC
process with different numbers of passes are represented in Figure 6 for two applied normal
loads of 2 and 20 N. According to Figure 6a, the mass loss of the sample decreased after



Metals 2022, 12, 1627

11 of 17

applying the CEC process and adding passes. For example, at the applied normal load
of 20 N, about 43.6%, 55.9%, and 71.7% reductions in the mass loss value were detectable
after applying one, two, and four passes of the CEC process, respectively. This means
that the wear resistance of the AA5052 improved considerably after the first pass, and the
subsequent passes enhanced its value moderately. Based on this, it can be concluded that the
final-pass CEC-processed sample, regardless of the amount of normal load, underwent the
lowest mass loss, which was related to the effect of the material microstructural refinement.
It should be noted that the mass loss can be estimated through the Archard relationship
(Equation (3)). In this regard, since CEC-processed samples have higher hardness values
compared to their initial annealed counterparts, as indicated in our previously published
paper, it is reasonable to expect from this equation that processed samples have a lower
mass loss. This theoretical finding is in good agreement with the obtained experimental
results. Furthermore, based on Figure 6b, it is clear that the coefficient of friction increases
for the CEC-processed samples regardless of the applied normal load. Moreover, the
addition of passes increases this value. Both increments can be related to the high adhesion
between the aluminum films on the used ball and the sample disc. Note that the coefficient
of friction is lower when a normal load of 2 N is applied compared to the 20 N normal load.
Therefore, CEC has a positive effect on the tribological behavior of AA5052, which may
be attributable to the increase in the density of the grain boundaries due to the significant
reduction in grain size.

(a) —e—Lload=2N Load =20 N (b
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Figure 6. Tribological behavior of the AA5052 before and after the CEC process with different
numbers of passes for two applied normal loads of 2 and 20 N: (a) wear mass loss and (b) coefficient
of friction.

The worn surface morphologies of the AA5052 before and after the CEC process with
different numbers of passes at the applied normal load of 2 N are shown in Figure 7. As
can be seen in Figure 7a, the worn surface of the initial annealed alloy contained areas of
adhesion and delamination, as well as plastic deformation bands along the sliding direction.
In this regard, it seems that the material detached from the sample during the delamination
process and, subsequently, adhered to the steel ball. As seen in Figure 7a, the initial sample
encountered an adhesion and delamination mode of wear, which was obvious from the
surface morphology. Due to the relative motion between the sample and the wearing device,
the surface was sheared, resulting in the detachment of a small fragment from one surface
and its attachment to another, the white particle at the bottom of Figure 7a corresponding to
this case. The occurrence of the delamination mode could be confirmed by the generation
of a delaminated layer that mainly arose from plastic deformation bands along the sliding
direction, manifesting itself in the generation of shallow crack-like features and surface
tears, as can be seen in the upper section of Figure 7a. With further sliding, the material
re-adheres to the surface of the sample. By applying the CEC process and increasing the
number of passes, the plastic deformation bands on the worn surface are transformed into
plowing bands (the bands that form during elevated contact pressure, resulting in severe
wear and the generation of deep plowing and scratching in the worn surface [92]) and the
adhesion wear mechanism is attenuated. In fact, the degree of adhesive wear decreased
significantly with the increase in the plastic deformation of the aluminum sample, as seen
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in Figure 7b-d. The effect of adhesion wear can also be decreased by changing the surface
characteristics, such as friction coefficients, hardness values, and surface energy. It is known
that an increment in the surface hardness can considerably reduce adhesion wear [93], and
thus the application of the CEC process with different numbers of passes can reduce the
adhesion wear through an increment in the hardness. It should be noted that the wear
mechanism of the worn surface of the AA5052 under the applied normal load of 20 N was
the same as for the normal load of 2 N. In addition, Figure 8 shows the EDS spectrum
analysis for the worn surface of the initial (Figure 8a) and CEC-processed AA5052 after
four passes (Figure 8b) under an applied load of 2 N. Accordingly, the presence of Fe and
O, respectively, confirm the transfer of iron from the steel ball to the aluminum sample
and the formation of an oxide layer. Previous research [54,94,95] confirms the findings of
this study.

Det: SE
Date(m/dly): 06106122

Det SEMHV:15.0kV. 150 im
Date(m/dly): 06/06/22 Date(m/dly): 06/06/22

Figure 7. SEM images of the worn surface morphology corresponding to the AA5052 before and after
the CEC process with different numbers of passes: (a) initial annealed state, (b) the first pass, (c) the
second pass, and (d) the fourth pass.

Figure 8. EDS analysis of the worn surface of the AA5052 tested under the applied normal load of
2 N: (a) initial annealed state and (b) after four passes with the CEC process.
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4. Conclusions

The demand for AA5052 in different industries has increased significantly due to its
reduced requirements for mass and fuel consumption and lower environmental impact.
However, the problems related to AA5052 in applications that require high strength and
good wear resistance have not been solved. Accordingly, this study dealt with the CEC
processing of this well-known aluminum alloy at room temperature with up to four passes.
Based on this, the main results can be stated as follows:

e The yield and ultimate tensile strength of the AA5052 improved significantly after
the first pass, while the elongation-to-failure decreased considerably. The subsequent
passes mildly changed the trend of increasing strength and reducing elongation. In
this regard, the yield strength, ultimate tensile strength, and elongation-to-failure of
the alloy changed from 121.2 MPa, 314.5 MPa, and 33.72% for the initial annealed state
to 306.8 MPa, 465.9 MPa, and 11.02% for the final pass state, respectively. Moreover,
the strain-hardening exponents of the alloy before and after the first, second, and
fourth passes were 0.238, 0.127, 0.088, and 0.075, respectively;

e  Grain refinement during the CEC process included the formation of dislocation cell
structures, subgrain boundaries, and low-angle grain boundaries. In this regard,
subgrains were developed from dislocation cells. Further, the subgrain boundaries
initially became low-angle grain boundaries and, eventually, through the imposition
of additional plastic strain, transformed into high-angle grain boundaries;

e  The CEC process and increases in the number of passes led to a significant improve-
ment in the wear resistance of the AA5052 due to the enhanced tensile strength from
grain refinement. In this regard, the mass loss of the AA5052 in the states before and
after the four-pass CEC process decreased from 15.61 mg to 4.42 mg and from 9.57 mg
to 2.75 mg for the applied normal loads of 2 N and 20 N, respectively. The wear mech-
anism in the initial annealed alloy was a combination of adhesion and delamination
with plastic deformation bands along the sliding direction. The CEC process and the
increased number of passes transformed the plastic deformation bands on the worn
surface into plowing ones. Further, the adhesion wear mechanism was significantly
attenuated. Moreover, oxidization was found to be a mechanism contributing to wear,
as oxygen was detectable under all conditions.
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