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The ECAP technique effectively refines the grain structure of A16063 alloy, improving its hardness
and tribological performance. TEM and SEM analyses revealed microstructural evolution from
coarse grains to equiaxed sub-micron grains. The 8 pass sample showed the lowest wear and
friction values, indicating optimum structural enhancement for industrial use. / ECAP teknigi,
Al6063 alasimimin tane yapisim etkili sekilde incelterek sertlik ve tribolojik performansini
artirmaktadwr. TEM ve SEM analizleri, iri tanelerden es eksenli sub-mikron tanelere yapisal evrimi
gostermistir. 8 pasoluk numune en diisiik asinma ve siirtimme degerlerini sunarak endiistriyel
kullanim igin en uygun yapisal gelisimi saglamistir.

Figure A: ECAP prosesinde mikroyapisal ve worn surface siireci / Sekil A: ECAP prosesinde
mikroyapisal ve worn surface siireci

Highlights (Onemli noktalar)

»  Severe plastic deformation via ECAP was applied to Al6063 alloy at room temperature
usinghoute BC. / Al6063 alasimina, Bc rotast kullamilarak oda sicakliginda ECAP
yontemiyle siddetli plastik sekil degistirme uygulanmigstir.

» “Microstructural evolution from coarse grains to equiaxed sub-micron/nano grains was
observed with increasing ECAP passes. / Artan ECAP gegis sayisiyla iri tanelerden eg
eksenli sub-mikron/nano tanelere dogru mikro yapisal déniigiim gozlemlenmistir.

» After 8 passes, the sample showed the highest hardness (119 HV) and lowest coefficient
of friction (0.398). / 8 ge¢is sonrasinda numune en yiiksek sertlik (119 HV) ve en diisiik
stirtiinme katsayisini (0.398) gostermigtir.

»  ECAP significantly improved the tribological performance and wear resistance of A16063
alloy. / ECAP islemi, A16063 alasiminin tribolojik performansin ve asinma direncini
onemli ol¢iide artirnugtir.

Aim (Amacg): This study aims to improve the microstructure and tribological properties of A16063
alloy via ECAP at room temperature for advanced industrial applications. / Bu ¢alisma, A16063
alasimimin mikro yapi ve tribolojik ézelliklerini, oda sicakliginda uygulanan ECAP ile gelistirmeyi
amaglamaktadir.

Originality (Ozgiinlitk): ECAP was applied with BC route at room temperature in 2, 4, and 8
passes. Advanced techniques such as TEM and 3D profilometry were used.. / ECAP islemi BC
rotasinda ve 2, 4, 8 gegisle uygulanmis;, TEM ve 3D profilometre gibi ileri teknikler kullaniimistir.

Results (Bulgular): With increasing passes, grain size decreased and hardness improved. After 8
passes, hardness reached 119 HV, and CoF dropped to 0.398. / Gegis sayist arttik¢a tane boyutu
kiigtildii ve sertlik artti. 8 gegiste 119 HV sertlik ve 0.398 CoF degeri elde edildi.

Conclusion (Sonug): ECAP significantly enhances the wear resistance and hardness of A16063,
offering potential for demanding applications. / ECAP iglemi, Al6063’iin asinma direncini ve
sertligini artirarak zorlu uygulamalar igin uygunluk saglamaktadir..
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Present study aimed to increase the applicability of the'materialiin the‘aviation, aerospaee, and
automotive industries by improving the microstructural and tribological properties,of A16063
alloy using the ECAP technique at room temperature with'different passes (25,4 and 8) and by
selecting the BC route. XRD, SEM, EDS/Mapping, 3D Profilometer, TEM and TEM/MapViewer

Keywords methods were performed on all samples in the microstructural characterization processes.
Microhardness and dry sliding wear tests were conductedyto evaluate’ the mechanical and

ECAP tribological properties. It was determined that'with the,number of passes being 8, the hardness of

416063 the equiaxed sub-micron/nano grains increased to)l19HVhand had the best tribological properties

TEM _ (CoF: 0.398 and Ra: 0.620).

Tribological Properties

ECAP Teknigi ile Tane InceltmesYoluyla Al6063" Alasiminin Mikro Yapi
Evrimi ve Tribolojik Ozelliklerinin Gelistirilmesi

Makale Bilgisi 0Oz

Arastirma makalesi
Bagsvuru: 19/03/2025
Diizeltme: 20/03/2025
Kabul: 20/04/2025

Bu calisma, oda'sicakliginda, farklingegislerle (2, 4 ve 8) ve Bc rotasi secilerek ECAP teknigi
kullanilarak A16063)alasiminin'mikro yapisal ve tribolojik 6zelliklerini iyilestirerek malzemenin
havacilik, uzay ve otomotiv endiistrilerinde uygulanabilirligini artirmay1 amaglamaktadir. Mikro
yapisal karakterizasyon siifé¢lerinde tiim numunelerde XRD, SEM, EDS/Mapping, 3D

Anahtar Kelimeler Profilometer, TEM ve TEM/MapViewer yontemleri gergeklestirildi. Mekanik ve tribolojik
ozellikleri degerlendirmek i¢in mikro sertlik ve kuru kayma asinma testleri yapildi. Gegis

EKAP sayisinin §yolmastylayes eksenli alt mikron/nano taneciklerin sertliginin 119HV'ye ¢iktig1 ve en

’;?13163 iyittibolojik zelliklere sahip oldugu (CoF: 0,398 ve Ra: 0,620) belirlendi.

Tribolojik Ozellikler

1. INTRODUCTION(GIRTS)

Powder metallurgy (BM) processes are widely used
to produce ultrafine-grained (UFG) materials using
nanoscale powders. This technology offers
significant advantages because it efficiently
produces nanoscale powders through pressing and
sintering techniques. However, PM frequently
encounters issues during the sintering phase,
resulting in the formation of a porous microstructure
that negatively affects the quality of the materials.
Severe plastic deformation (SPD) techniques can be
used as an alternative method to create
microstructures with sub-micron or nanograined
sizes [1-3]. This is achieved by extruding cast
materials through a die with high strength. Equal

Channel Angular Pressing (ECAP) is a very
efficient and useful technology for severe plastic
deformation (SPD) that enables the creation of
refined materials at a low cost. This technique
entails exerting pressure on a large quantity of
material by passing it through a die with a
predetermined angle ® and a consistent cross-
section [4,5]. The bulk sample goes through much
shear stress during the pressing process. This causes
it to deform while keeping its original cross-
sectional area.  Grains undergo homogeneous
refinement due to dislocation motion [6]. Various
methods are employed to rotate the sample around
its axis for each pass. The process can be iterated
until it reaches the minimum achievable grain size
[7-9].
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Multiple studies have shown that ECAP and other
SPD methods can efficiently refine the grain
structure [10—16]. Dislocations created during the
plastic deformation process moved toward grain
boundaries with high angles along their slip planes
as distortion continued. This action promotes the
sub-grains creation by transferring dislocations to
sites with lower energy [17]. Once the initial grains
have been sufficiently deformed, they come into
contact with each other and change into a structure
of fine grains whose edges are twisted at a high
angle [18-20]. The ECAP process is affected by the
angle at which the two channels intersect within the
die and the radius of curvature of these channels

[21,22]. Figure 1 depicts the angles associated with
the ECAP die. In most studies, the intersection angle
(p) is commonly fixed at 90°, whereas the curvature
angle (y) is generally set at 0°. The geometry and
orientation of the die have a tremendous impact on
the flow of material, greatly aiding the process. The
angle formed by the intersection of two channels of
equal size is denoted as 'g'". If the angle ¢ is less than
90°, a zone of undisturbed deformation can develop
near the corner of the channel. Thus, setting ¢ = 90°
is advisable to achieve optimal deformation
characteristics and ensure effective deformation
[7,23].

|
Punch

Figure 1. Angles in thée ECAPipattern (EKAP kalbindaki agilar)

The ECAP process is an_important method, for
improving the performance of aluminum (Al) alloys
by significantly improving ) thein, ‘mechanical
properties, reducing their grain Sizes equiaxially,
and increasing their hardness values [24—26]. Grain
refinement reduces the plastic deformation of the
material andwincreases, its resistance to surface
damage that may occur duting wear. Many early
studies haveiyshown thatyECAP can significantly
improve Al alloys' hardness and grain refinement.
However,the tribological properties have not yet
been fully‘optimized. Early studies have shown that
the hardnessy<and grain refinement can be
significantly improved in Al alloys subjected to
ECAP, while the tribological properties have not yet
been fully optimized [27-29]. More studies are
needed on how the properties such as wear rates,
coefficient of friction and worn surface of the UFG
grain structure can increase the overall strength of
Al alloys. Ortiz-Ceuellar and his colleagues studied
the tribological properties of the material. They used
the ECAP process to look at the effect of severe
plastic deformation on the microstructure of Al-Mg-
Si alloys. They reported in their study that the
hardness values increased with the increase in the

XX

number of passes in the ECAP process, increasing
the wear resistance [30]. In another study, Gao and
his colleagues conducted a review study due to the
contradictory results previously given by different
SPD techniques in the literature. In their study, they
stated that grain size, hardness, and flexibility are
important factors affecting the wear resistance of
materials. They also stated in their study that many
parameters, such as surface quality of materials,
lubrication conditions, wear load, speed and
temperature, are determinants of wear properties
and emphasized the need for increased studies on
the subject [31].

This study aims to enhance the microstructural
characterization and tribological properties of
Al6063 alloy by applying the ECAP process with 2,
4, and 8 passes, facilitating the formation of an
equiaxed and homogeneous microstructure. There
is a significant gap in the literature on the
tribological properties of A16063 alloys after ECAP.
Due to its low cost, Al6063 alloy presents a
compelling case for further enhancement,
particularly in its tribological performance. This
study highlights the necessity of improving these
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properties to expand their potential applications in  The chemical composition of the Al6063 alloy on
various industries, including aviation, defense, and  which the ECAP process was performed is given in
automotive.  Therefore, investigating and Table 1. All samples were subjected to
optimizing the microstructural, mechanical, and homogenization annealing at 400 °C for 2 hours to
tribological properties of ECAP-processed Al6063  eliminate residual stresses originating from
alloy is crucial for advancing its industrial usability.  production and to obtain a homogeneous internal

structure. Rods with a diameter of 19.8 mm were
2. MATERIALS AND METHODS (MATERYAL ysed as samples. All ECAP processes were

VE METOD) performed at room temperature.

2.1. Production of ECAP samples (ECAP

Numunelerinin Uretimi)

Table 1. Chemical composition of Al 6063 alloy (A16063 alasimiun kimyasalikompozisyonu)
Elements Mg Si Fe Cu Mn Cr Zn Al

% wt. 1,01 0,67 0,28 0,2 0,04 0,05 0,06 Balance

ECAP processes applied to Al6063 alloys were to~ determine jthe Wmierostructure and crystal
carried out at room temperature to prevent grain size  strdetures. Imaddition, the'atomic diffraction in the
increase and to better see the effects of severe _crystalystructure was, examined by applying the
plastic deformation. A split ECAP die with a¢ seleeted area electron diffraction (SAED) method.
channel angle (¢) of 90° and a corner eurvature “After the ECAP{processes, the sample determined
angle (y) of 20° was used for the severe plastiely, asithe lowest grain size was subjected to EBSD
deformation. The BC route, which is accepted'as the “amalysis using the MapViewer software of the TEM
most effective route in the ECAP process, ‘was device. The 3D Profilometer (Filmetrics Profilm
preferred as the route. In order to lexamine the, 3D) device and software were used to determined
effects of the number of passes on grain refinement, “Wthe = surface properties, wear rates, surface
2,4 and 8 pass ECAP processesywere applied to the,, roughness, and wear marks of all the samples put
Al6063 alloy. The pressing speed in“GECAP ' through the wear process.

processes was determined asn0.025ymm/s. MoS2

was used as the molddlubricant. Aftcrythe ECAP  2.3. Mechanical and Tribological Properties
processes, the effectsiof different pass mumbers (Mekanik ve Tribolojik Ozellikler)

applied against the Tuntreated ‘material were

. . Microhardness tests were performed on the
investigated.

materials to determine their mechanical properties.
2.2.Microstructure charaeterization (Mikroyap: In the operations performed with the microhardness
Kafakterizasyonu) device (Shimadzu HMV-2), 5x5 measurements
were taken under HV1 load, and an average of 25
All samples were putbthrough characterization measurements was taken. After the hardness and
processes after the 25,4 and 8 pass ECAP processes  strength properties, wear tests (Anton Paar TRB3)
were used on A16063 alloys. SEM and EDS (JEOL  were applied to untreated Al6063 alloy and ECAP-
JSM-6060) analyses were applied to the materialsto  treated samples to examine the tribological
examine the microstructural properties of the properties. The materials and parameters used in the
samples. The results were characterized using wear tests are given in Table 2. Wear tests were
X’Pert HighScore Plus software, and reference performed at two different loads, 5 and 10N,
codes were determined. Since the grain sizes were  according to ASTM G99-05. After the wear test, the
expected to be in submicron scales, the samples on  friction coefficient-distance curves were drawn by
which the ECAP process was applied were first cut  obtaining the wear data from the device software.
to approximately 5x10um dimensions and 90nm
thickness in the Focused Ion Beam (FIB) device The wear rates were calculated using the data
(FEI Nova 650) Then, they were placed on TEM determined from the 3D Profilometer device's
grids in the device. The TEM process (JEOL 2100  software and the formula in Equation 1.
JEM HRTEM) was performed on all ECAP samples

XX
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w = v 1
" LxN )

Where o is the wear rate, V is the wear volume, L
is the sliding distance, and N is the applied load.

Table 2. Wear test conditions of the samples subjected to ECAP process (EKAP islemine tabi tutulan
numunelerin asinma test kosullarr)

Parameters Test Conditions
Applied Load (N) 5and 10
Rotation Speed (rpm) 97

Trace Diameter (mm) 6

Ambient Atmosphere
Temperature (°C) 22

Relative Humidity (%RH) 45-55

Distance (m) 100

Ball 710,

3. RESULTS AND DISCUSSION (SONUCLAR VE
TARTISMA)

3.1. XRD Analysis (XRD Analizi)

Figure 2 shows the X-ray diffraction patterns of the
Al6063 alloy and the samples subjected to 2, 4, and
8 passes of ECAP. All samples were subjéctedto a
homogenization process to eliminate|the possible
presence of residual stresses and intermetallic
compounds in the structure gbefore the ECAP
process, which determined_the main phasesjin_the

structure, ‘Al and, AIFeSiycompounds. (Reference
Cards: 00-001=1176yand 00-045-1206). The Mg,Si
phase reported previously in the literature was not
found in the structure [32]. In the samples subjected
to,ECAR, minimal shifts were detected in the peaks
dueto the'effect of severe plastic deformation. It is
thoughtthat the shifts that occurred were due to the
increase in the dislocation density in the material
during deformation and micro stresses. In addition,
it'was determined that the peaks widened with the
reduction of grain size with the ECAP process [33].
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Figure 2. XRD patterns of Al6063 alloy, 2, 4 and 8 pass ECAP treated materials (A16063 alagiminin, 2, 4 ve 8
gecisli EKAP ile iglenmis malzemelerin XRD desenleri)
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3.2. Microstructure Evolution (Mikroyapt Evrimi)
3.2.1. SEM and EDS/Mapping (SEM ve EDS/Map)

Figure 3 (a) shows SEM images of untreated
Al6063 alloy and samples subjected to 2, 4 and 8
pass ECAP processes. When the SEM analysis is
examined, it is seen that there is a homogeneous
internal structure only in the homogenized Al6063
alloy. It is seen that shear stresses occur due to
severe plastic deformation; thus, the slope of the
grains begins with the sample subjected to 2 pass
ECAP [34]. This slope continues to increase with

Al6063

X508 SOnm GAZI rmM

%535 Sanm
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ECAP. In the
e SEM image,
he main phase, the
density to the lowest

the deformation zones formed. In addition, it cannot
be said that severe plastic deformation affects on the
elemental distribution [36]. The EDS/Mapping
analysis also determined that the elements in the
structure did not form another phase except for the
AlFeSi intermetallic compound determined in the
XRD analysis.

3.2.2. TEM Analysis and TEM/MapViewer (TEM
Analizi ve TEM/MapViewer)

L [ —
X888 Soum
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the increase in the number of applied passes, and the
orientation frequency in the extrusion direction
continues to increase in 4 and 8 pass ECAP
processes, respectively. The interaction of
dislocations with each other becomes more complex
with the increase in the number of passes.
Dislocations gradually turn into nodes, then the
dislocation walls dividing them into sub-grains
become apparent in the microstructure. Since the
increase in the number of passes will increase the
number of sub-grains, grain orientation and the
formation of equiaxed grains are expected [35].

Figure 4 shows TEM and SAED images of Al6063
alloy samples subjected to 2, 4 and 8 pass ECAP
processes. It was determined that only the
homogenization process Al6063 alloy had large
grain sizes. As seen from the TEM images, it was
determined that sub-grains started forming in the
sample subjected to the 2 pass ECAP process and
the grain sizes decreased. However, it was observed
that long grains were formed. This situation shows
that the inter-grain angles in the 2 pass ECAP
process have LABs [37]. With the number of passes
being 4, LABs started to give way to HABs. It was
determined that dislocation walls were formed in
the microstructure with a gradual increase in the
dislocation density. This situation is critically
important in increasing the mechanical strength
[38]. As the number of passes increases to §, it is
seen that the ultra-fine-grained Al6063 alloy shows
an equiaxed and homogeneous distribution.
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In the applied 2 and 4 pass ECAP processes, the
insufficient deformation caused the materials to
have an anisotropic structure. However, it was
concluded that the grains forming the
microstructure with the 8 pass ECAP process had a
sufficient isotropic structure [39]. In the analysis of
SAED patterns, it is thought that the grain
boundaries, together with the deformation effect,
decreased the continuity of the diffraction rings with
high misorientation and HABs increase [40]. At the
beginning stage of the deformation process (2 pass),
grains with long and irregular geometries were
determined. With the increase in the number of
passes, the accumulation and rearrangement of
dislocations resulted in a decrease in grain sizes and
contributed to the formation of new grains.
Increasing the number of passes to 8 passes causes
the dislocations in the material to accumulate along
the LABs and the boundaries to turn into HABs
gradually. The formation of the equiaxial structure
with the highest pass, the similarity of grain sizes,

Al6063

b

and the formation of submicron/nanograins. In a
study conducted by Zhao et al. [41], they
investigated the mechanical and microstructural
properties of the material by applying a friction stir
process to Al6063 alloy. They stated that the high
density dislocations formed in the material with
severe deformation transformed from LABs to
HABs and that the grain refinement process was
detected homogeneously in the microstructure. In
another study, Rao et al. [42], investigated the
mechanical and microstructural properties of the
material by applying multidirectional forging to
Al6061 alloy. The researche i
study that the sub-grains fo
structure with dense dis i
with increasing, cy
understood from
the 6XXX series
support the

reduction
f e

ined that
tudy, first
ins by grain

_____

Figure 4. TEM and SAED images of Al6063 alloy samples subjected to 2, 4 and 8 pass ECAP process (2,
4 ve 8 gecisli ECAP islemine tabi tutulan Al6063 alasim numunelerinin TEM ve SAED goriintiileri)
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Figure 5 shows the TEM analysis software
MapViewer image of the sample with 8 pass ECAP
process, together with this technique, similar to the
EBSD method. It is seen that the grain sizes
decrease to submicron/nano dimensions in the
sample with the highest number of passes. In Figure
5 (a), it is also understood that the grains are in
different orientations and different orientations. It is
determined that the grains are generally oriented in
the [111] plane, and then the orientation decreases
in the [101] and [011] directions, respectively. A
more distinct image of the grain boundaries is given
in Figure 5 (b), independent of the orientation. Here,
the grains are understood to consist of high-angle
grain boundaries (HABs). This situation has made a
significant contribution to the formation of an
equiaxed and homogeneous internal structure. In

el o]

Figure 5 (c) is used to determine the misorientation
angle between two randomly determined grains in
(a) and (b). When the figure is examined, it is
determined that the angle between both grains is
higher than 60°. During severe plastic deformation,
high density dislocations accumulate in the
material’s microstructure and contribute to the
formation of HABs [43,44]. HABs act as a strong
substantial to the movement of dislocations. Large
shear strains occur in the deformation formed by the
ECAP process. Thus, additional shear systems
actively form within the structure, allowing the
intensive formation of new deformation-induced
boundaries [45,46]. The fact ‘thaty the material
subjected to the ECAP process at roem temperature
has HABs is dugyto th@selectiomof the appropriate
pass (8) and route (Bc).

Figure 5. TEM/MapViewer analysis of 6063 alloy with 8 pass ECAP process (8 gegisli ECAP prosesi ile 6063
alastminin TEM/MapViewer analizi)

3.3. Microhardness Test (Mikrosertlik Testi)

The microhardness test results of the sample with 2,
4 and 8 passes of ECAP process applied to Al16063
alloy and the untreated sample are given in Table 3.
When the figure is examined, it is seen that the
hardness values increase with the increase in the
number of passes. As the deformation density
increases with the number of ECAP passes, grain
size decreases while strength increases. As it is

XX

known, the Hall-Petch equation expresses the effect
of the grain refinement process on the strength of
metallic materials [47]. In the Hall-Petch equation,
the decrease in grain size increases the hardness and
therefore, the strength of the material. This study
reported that the grain sizes decrease and the
equiaxial grain structure gradually forms, as in
Figure 4. Since the decrease in grain size will create
more grain boundaries and the movement of
dislocations tends to oppose the grain boundaries
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that act as barriers, it is thought that the increase in
hardness is appropriate according to the equation in
question. As a result, a hardness increase of

approximately 86% was detected when the
untreated Al6063 alloy was compared with the
sample subjected to 8 pass ECAP process.

Table 3. Microhardness test results of A16063 alloy samples subjected to 2, 4 and 8 pass ECAP process
(2, 4 ve 8 gegisli ECAP islemine tabi tutulan A16063 alagim numunelerinin mikro sertlik test sonuglari)

Samples Microhardness (HV1)
Al6063 Alloy 64
2 Pass ECAP 86
4 Pass ECAP 106
8 Pass ECAP 119

3.4. Wear Test (Asinma Testi)
3.4.1. Coefficient of Friction (Siirtinme Katsays1)

Figure 6 shows the friction coefficient curves of
Al6063 alloy and 2, 4 and 8 pass ECAP samples at
100 m distance under 5 and 10N loads. When the
figure is examined, it is seen that the friction
coefficient values decrease with the increase‘in the
number of passes in the dry sliding wearf test
performed with a SN load. Similarly, a decrease in
the friction coefficient values was determined with
the increase in the number of passes in the diy
sliding wear test performed with 10N.{An increase
and fluctuations in friction coefficient values were
observed in all samples. It is thought that the;reason
for this is that particles or{residuesisuch as debris
increase the tension atthe contactipoinst during the
wear test [30,48]. It was determined thatithe A16063
alloy with coarse ‘grainsygave the highest friction
coefficient values in both tests, and the’ssample with
8 pass ECAP had)the lowesty friction coefficient
values indoth tests. Thissituation can be explained
by thedfactithat/ the dislocation density increases
with the decrease imygrain size, transitioning to
equiaxed submicron/nanograins, and the hardness
decreases the frictiomycoefficient values [48]. When
the load wasyincr€ased from 5N to 10N in the dry
sliding wear test and all samples were evaluated
among themselves, it was determined that there was
an increase in the friction coefficient values of all
samples except the sample that had undergone 2
pass ECAP treatment. With the increase in the load,
the area between the contact surfaces increases,
causing the adhesion forces to increase. Thus, the
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increased contact area andyadhesion forees increase
the friction coefficient. Iny addition, since the
amount of plastic defermation, occurring on the
surface inéreases with theyincrease in the load, the
formation of mechanical locking has been stated in
previous studies [49]. Ttisythought that mechanical
locking increasesythe friction coefficient by
adhering, the surfaces to each other more and
creating an, adhesive effect. When the friction
cocfficients performed in all wear tests were
evaluated,it,was determined that the highest wear
rate at' SN load was in the A16063 alloy with 0.540,
and \the lowest value was in the sample that
underwent 8 passes of ECAP treatment with 0.398.
Similarly, in the friction coefficient values of the
wear tests performed with 10N, it was determined
that the highest value was in the Al 6063 alloy with
0.566, and the lowest value was in the sample that
underwent 8 passes of ECAP treatment with 0.417.

3.4.2. Specific Wear Rate and Wear Mass Loss
(Spesifik Asinma Testi ve Asinma Kiitle Kayb1)

In Figure 7, the specific wear rates of the samples
after the wear test under 5 and 10N loads for the
Al6063 alloy and 2, 4 and 8 pass ECAP process
were calculated from the 3D profilometer device
software. When the figure is examined, the wear
rates of the samples applied to both SN and 10N
wear tests decrease with the increase in the number
of passes. However, when each sample is compared,
the load increases the wear rate values. This
situation created a wider wear area by increasing the
force on the contact surface with the increase in the
load. Similar to the friction coefficient curves, the
wear rate also increased with the load.
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of passes. However, when each sample is compared,
the load increases the wear rate values. This
situation created a wider wear area by increasing the
force on the contact surface with the increase in the
load. Similar to the friction coefficient curves, the
wear rate also increased with the load.
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Figure 7. 5 and 10N specific wear rate curves and ValuesQf Al6 subjected to 2, 4 and 8

passes ECAP’roces

Figure 8 shows the mass loss of A16063 alloy, which
was subjected to wear tests at 5 and 10N loads, and
samples subjected to 2, 4 and 8 passes of P. In
the figure, a decrease in mass loss values
determined with the increase in the numb vear load. The resulting material loss is
passes. This situation can be explai b ificant since the increased applied load
decrease in grain size as the num of passes s the plastic deformation zone [12,50].

Iting increase in hardness.
ficient of friction and wear rate,
s evaluated within itself, it was
that mass losses increased with

Wear Mass Loss (mg)
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Figure 8. 5 and 10N wear mass loss curves and values of A16063 alloy samples subjected to 2, 4 and 8

pass ECAP process (2, 4 ve 8 gegisli ECAP islemine tabi tutulan A16063 alagim numunelerinin 5 ve 10N asinma kiitle kaybi

egrileri ve degerleri)
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3.4.3. Worn Surface ve 3D Optical Profilometer
(Asinmis Yiizey ve 3B Optik Profilometre)

The surface analyses of the Al6063 alloy samples
subjected to 2, 4 and 8 pass ECAP process after
wear under 5 and 10N loads are shown in Figure 9.
When the worn surface images of the samples
subjected to wear tests under 5N load are examined,
it is seen that the wear track marks decrease with the
increase in the number of passes. Similar results
were obtained in the SEM images of the tests under
10N load. It was determined that the diameter of the
trace formed in the wear tests conducted from 5N to
ION in all samples generally widened. Since a
higher load increases the force applied to the contact
surfaces, it results in higher pressure formation.
Thus, the wear amount and rate of the samples cause
deeper and wider worn surfaces to appear [51]. It is
understood that the basic wear mechanism in all
samples is adhesive wear. It is thought that this
situation causes tension in the inner layers of the
material due to the high pressure formed at the
contact points as a result of microwelding [52]. The
delamination amount is the highest in the Al6063
alloy sample without the ECAP process, with the
lowest hardness value. With the increase inthe
number of passes, the amount of delamination in the
samples subjected to the ECAP processstended to
decrease. However, an utterly abrasive wear
mechanism was not observed in all samples.
Especially in the sample subjected to 8 passes of the
ECAP process, a complex wear behavier was
detected, and adhesive{ vand “abrasive ~wear
mechanisms started to o€eur together. This situation
can be explained by the increasejin thethardness of
the material and the decteaséyin grain size [53]. A
study by Divyaget al. investigated theleffect of the
route on wear propetties by performing the ECAP
process on AA2014 alloy. The study detected
plastice,deformation and cracks in wear tests
performed at 10 and'30N. They stated that adhesive
was the dominant,wear mechanism observed with
delamination under)low load conditions. They
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mentioned in their study that a transition from
adhesive wear to abrasive wear occurred with the
increase in load conditions [54]. Similarly, in this
study, as the material hardens and plasticity
decreases, the formation of ploughing bands (4P
ECAP, 5N) and grooves (8P ECAP, 10N) by the
scraping effect of hard particles such as debris
formed on the surface is due to a transition from
adhesive wear to abrasive wear. This sample with
the highest strength is thought to be due to the
increased resistance of the material surface to
deformation.

Figure 10 shows the 3D profilometer analysis of
Al6063 alloy samples subjeeted to'wean tests under
5 and 10N loadsjand 294, and 8'passes of the ECAP
process. When the figure “is, examined, it is
determined that the,samplejwithithe highest wear
surface volume in,thetests conductediunder SN load
is Al6063galloy. ‘Wear wolume' decreased as the
numbengof passesuncreased. Imfaddition, the surface
roughnessy(Ra)y, values halso decrease with the
increasing numberyof passes. Similarly, after the
wear test was conducted under a 10N load, it was
detetmined, that the sample with the highest wear
surface volumeswas Al6063 alloy, and the lowest
wear, volume was in the sample subjected to 8
passesiof the ECAP process. Ra values also show a
decteasing trend with the increasing number of
passes as 1.016, 0.966, 0.716 and 0.718um,
tespectively. Each sample showed increases in Ra
values with the increase in the wear load. The
formation of a regular microstructure by the fine-
grained structure with the increase in the number of
passes contributes to the reduction of surface
roughness and irregularities [55]. Since the fine-
grained structure also increases hardness, the
resistance of the sample surface to deformation
increases. [56]. Both situations are valid for this
study. Due to the decrease in grain size and the
increase in hardness with the number of passes,
wear volumes and surface roughness values were
observed [57].
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profilometre-analizleri)

4. CONCLUSIONS (SONUCLAR)

The findings of this study, which investigated the
microstructural and tribological properties of
Al6063 alloy subjected to 2, 4, and 8 passes of
ECAP, can be summarized as follows:

Microstructural ~ Eyolution: “WXRD, analysis
identified Al and AlFeSi phases in the alloy, with
peak shifts du¢ to sever€»plastic deformation.
SEM and TEM' analyses revealed»progressive
grain refinement with increasingECAP passes,
leading to “the formation ‘of equiaxed sub-
mieron/nano grains a8 passes. High-angle grain
boundaries (HABs) became dominant in 4 and 8-
pass, samplesy, significantly contributing to
mechanical strengthening.

Mechanical Properties: The microhardness of
the samples increased with the number of ECAP
passes. The sample processed with 8 passes
exhibited an 86% increase in hardness compared
to the untreated A16063 alloy.

Tribological Performance: Wear test results
indicated that an increasing number of ECAP
passes resulted in lower friction coefficient
values. The highest wear resistance was
observed in the 8-pass sample, which had the
lowest CoF and wear mass loss. 3D optical

XX

profilometry confirmed a decrease in worn
surface area with increasing hardness.

Wear Mechanisms: Adhesive wear was the
dominant wear mechanism across all samples,
while a transition to an abrasive wear mechanism
was observed in the 8-pass ECAP sample due to
increased hardness and grain refinement.

Overall, this study confirms that ECAP is an
effective technique for significantly enhancing the
microstructural, mechanical, and tribological
properties of Al6063 alloy. The improvements
observed in wear resistance and hardness suggest
that ECAP-processed Al6063 alloy can be a
promising material for applications in aerospace,
automotive, and defense industries, where high
performance and durability are critical.

ACKNOWLEDGMENTS (TESEKKUR)

The Gazi University Scientific Research Projects
Coordination Unit has provided financial
assistance for this study under Project Number
FKB-2023-8648. / Gazi Universitesi Bilimsel
Arastirma Projeleri Koordinasyon Birimi bu
calismaya FKB-2023-8648 Proje Numarasi altinda
maddi destek saglamistir.



Yilmaz / GU J Sci, Part C, 13(X): XX-XX(2025)

DECLARATION OF ETHICAL STANDARDS
(ETIK STANDARTLARIN BEYANI)

The author of this article declares that the materials
and methods they use in their work do not require
ethical committee approval and/or legal-specific
permission.

Bu makalenin yazari ¢caligmalarinda kullandiklart materyal ve
yontemlerin etik kurul izni ve/veya yasal-6zel bir izin
gerektirmedigini beyan ederler.

AUTHORS’ CONTRIBUTIONS (YAZARLARIN
KATKILARI)

Taha Alper YILMAZ: He conducted the
experiments, analyzed the results and performed the
writing process.

Deneyleri yapmis, sonuglarini analiz etmis ve maklenin yazim
islemini ger¢eklestirmistir.

CONFLICT OF INTEREST (CIKAR CATISMASI)
There is no conflict of interest in this study.

Bu calismada herhangi bir ¢ikar gatismast yoktur.
REFERENCES (KAYNAKLAR)

[1] Valiev RZ, Langdon TG. Principles of equal-
channel angular pressing as a processing toel
for grain refinement. Prog Mater Sei [Intemet].
2006;51(7):881-981.

[2] Meyers MA, Mishra AgBensoniDJ. Mechanieal

properties of nanoerystalline, materials. Prog

Mater Sci [Interngt]. 2006;51(4):427=556.

[3] Zhilyaev AP, LangdonTG. Usinghigh-pressure

torsion for metal processing: Fundamentals and

applications. Prog, Mater{ Sci [Internet].
2008;53(6):893-979.

[4] Valiev RZ,Estrin¥,, Horita Z, et al. Producing

bulk, aultrafinesgrained materials by severe

plastic deformation. JOM [Internet].
2006;58(4):33-39.

Iwahashi Y, Wang J, Horita Z, et al. Principle
of equal-channel angular pressing for the
processing of ultra-fine grained materials. Scr
Mater [Internet]. 1996;35(2):143-146.

[6] Jeon JH, Jeon JG, Joo MR, et al. Deformation
behavior of an A356 alloy containing small sub-
grains with wide low-angle boundary. J Alloys
Compd [Internet]. 2022;908:164550.

XX

[7] Azushima A, Kopp R, Korhonen A, et al.
Severe plastic deformation (SPD) processes for
metals. CIRP Ann - Manuf Technol. 2008; doi:
10.1016/j.cirp.2008.09.005.

Yilmaz TA, Totik Y, Lule Senoz GM, et al.
Microstructure evolution and wear properties of
ECAP-treated Al-Zn-Mg alloy: Effect of route,
temperature and number of passes. Mater Today
Commun [Internet]. 2022;33:104628.

[9] Furukawa M, Horita Z, Nemoto M, et al
Review: Processing of metals,by equal-channel
angular pressing. J Mater, “Sci [Internet].
2001;36(12):2835-2843.

[10] Snopinski P, Hilser, O."Mechanism of Grain
Refinement in, 3D-Printed VAIS110Mg Alloy
Subjected to Severe Plasticy, Deformation.
Materials (Basel). 2024.

[11] Huang S-J, WaS-Y, Subramani M. Effect of
Zinc and Seyere “Plastic Deformation on
Mechanical, Properties of AZ61 Magnesium
Alloy. Materials (Basel). 2024.

[12] Tolcha MA, Gebrehiwot TM, Lemu HG.
Enhancing Mechanical Properties of Cast Ingot
Al6061 Alloy Using ECAP Process. J Mater
Eng Perform [Internet]. 2024; doi:
10.1007/s11665-024-09978-3.

[13] Chen Y, Liu Y, Zhang J, et al. Deformation-
mediated cyclic evolution of precipitates in Al-
Mg-Si-Cu alloy by multi-pass ECAP and
thermal treatments. J Mater Sci Technol
[Internet]. 2025;213:42-54.

[14] Ghosh A, Ghosh M, Gudimetla K, et al.
Development of ultrafine grained Al-Zn-Mg-—
Cu alloy by equal channel angular pressing:
microstructure, texture and mechanical
properties. Arch Civ Mech Eng [Internet].
2020;20(1):7.

[15] Soliman MS, El-Danaf EA, Almajid AA.
Effect of Equal-Channel Angular Pressing
Process on Properties of 1050 Al Alloy. Mater
Manuf Process [Internet]. 2012;27(7):746—750.

[16] Baig M, Rehman AU, Mohammed JA, et al.
Effect of Microstructure and Mechanical
Properties of AI5083 Alloy Processed by ECAP
at Room Temperature and High Temperature.
Crystals. 2021.

[17] Elibol C, Sagir K, Dogan M. Effect of equal-
channel angular pressing on microstructure,



Yilmaz / GU J Sci, Part C, 13(X): XX-XX(2025)

aging kinetics and impact behavior in a 7075
aluminum alloy. Mater Today Commun
[Internet]. 2024;39:108931.

[18] Korchef A, Souid I. Grain Refinement and
Strengthening of an Aluminum Alloy Subjected
to Severe Plastic Deformation through Equal-
Channel Angular Pressing. Crystals. 2023.

[19] Sitdikov O, Avtokratova E, Markushev M, et
al. Structural Characterization of Binary Al-Cu
Alloy Processed by Equal Channel Angular
Pressing at Half of the Melting Point. Metall
Mater Trans A [Internet]. 2023;54(2):505-525.

[20] Khelfa T, Rekik MA, Muioz-Bolaiios JA, et al.
Microstructure and strengthening mechanisms
in an Al-Mg-Si alloy processed by equal
channel angular pressing (ECAP). Int J Adv
Manuf Technol [Internet]. 2018;95(1):1165—
1177.

[21] Beyerlein 1J, Téth LS. Texture evolution in
equal-channel angular extrusion. Prog Mater
Sci [Internet]. 2009;54(4):427-510.

[22] Valiev RZ, Zehetbauer MJ, Estrin Y, et al¢'The
Innovation Potential of Bulk Nanostructured
Materials. Adv Eng Mater _JInternet].
2007;9(7):527-533.

[23] Furukawa M, Iwahashi Y, Horita Zj,et al. The
shearing characteristics assoeiated with, equal-
channel angular pressing. Mater Sci EngiA
[Internet]. 1998;257(2):328-332.

[24] Kadiyan S, Sharma Sy Aggarwal A, et al.
Investigating the Influence of
Thermomechanical Equal Channel Angular
Pressing (ECAP) Improved Die on AA-6061.J
Mater Eng | Perform [Internet]. 2024; doi:
10.1007/s11665:024-10127-z.

[25] Judas J, Zapletal J, Adam O, et al
Microstructural = stability and precipitate
evolutionief thermally treated 7075 aluminum
alloy fabricated by cold spray. Mater Charact
[Internet]. 2024;216:114259.

[26] Afifi MA, Hamdy M, Brechtl J, et al.
Enhancing mechanical properties of Al-Zn-Mg-
Cu alloys: The impact of high strain rate
compression and subsequent heat treatment on

microstructural ~ evolution. Mater Today
Commun [Internet]. 2024;40:110131.

[27] Zhang Z, Hosoda S, Kim I-S, et al. Grain
refining performance for Al and Al-Si alloy

XX

casts by addition of equal-channel angular
pressed Al-5mass% Ti alloy. Mater Sci Eng A
[Internet]. 2006;425(1):55-63.

[28] Wang CT, Gao N, Wood RIJK, et al. Wear
behavior of an aluminum alloy processed by
equal-channel angular pressing. J Mater Sci
[Internet]. 2011;46(1):123-130.

[29] Aydin M, Heyal Y. Effect of equal channel
angular pressing on microstructural and
mechanical properties of as cast AI-20 wt-Zn
alloy. Mater Sci Teéchnol [Internet].
2013;29(6):679-688.

[30] Ortiz-Cuellar‘E, Hernandez-Rodriguez MAL,
Garcia-Sanchez E»  Ewaluation of the
tribological prepertiestef amyAl-Mg-Si alloy
processed by, severe plastic deformation. Wear
[Internet]. 2011;271(9):1828--1832.

[31] Gao, Njp Wang 'CT, Wood RIK, et al.
Tribological Wproperties of ultrafine-grained
materials “processed by severe plastic
defotmation:, J~ Mater Sci [Internet].
2012;47¢12):4779-4797.

[32]RPanigrahi SK, Jayaganthan R. A study on the
mechanical properties of cryorolled AI-Mg—Si
alloy. Mater Sci Eng A [Internet].
2008;480(1):299-305.

[33] Sakai T, Belyakov A, Kaibyshev R, et al.
Dynamic and post-dynamic recrystallization
under hot, cold and severe plastic deformation
conditions. Prog Mater Sci [Internet].
2014;60:130-207.

[34] Sherby OD, Klundt RH, Miller AK. Flow
stress, subgrain size, and subgrain stability at
elevated temperature. Metall Trans A [Internet].
1977;8(6):843-850.

[35] Xu J, Li J, Zhu X, et al. Microstructural
Evolution at Micro/Meso-Scale in an Ultrafine-
Grained Pure Aluminum Processed by Equal-
Channel Angular Pressing with Subsequent
Annealing Treatment. Materials (Basel). 2015.
p. 7447-7460.

[36] Lule Senoz GM, Yilmaz TA. Optimization of
Equal Channel Angular Pressing Parameters for
Improving the Hardness and Microstructure
Properties of Al-Zn—-Mg Alloy by Using
Taguchi Method. Met Mater Int [Internet].
2021;27(3):436-448.



Yilmaz / GU J Sci, Part C, 13(X): XX-XX(2025)

[37] Reihanian M, Ebrahimi R, Moshksar MM, et
al.  Microstructure  quantification  and
correlation with flow stress of ultrafine grained
commercially pure Al fabricated by equal
channel angular pressing (ECAP). Mater
Charact [Internet]. 2008;59(9):1312—1323.

[38] Hosseinzadeh A, Radi A, Richter J, et al.
Severe plastic deformation as a processing tool
for strengthening of additive manufactured

alloys. J Manuf Process [Internet].
2021;68:788-795.

[39] Xu J, Li J, Shan D, et al. Microstructural
evolution and micro/meso-deformation
behavior in pure copper processed by equal-
channel angular pressing. Mater Sci Eng A
[Internet]. 2016;664:114-125.

[40] Shaeri MH, Shaeri M, Ebrahimi M, et al. Effect
of ECAP temperature on microstructure and
mechanical properties of Al-Zn—-Mg—Cu alloy.
Prog Nat Sci Mater Int [Internet].
2016;26(2):182—-191.

[41] Zhao H, Pan Q, Qin Q, et al. Effect of the
processing parameters of friction stir processing
on the microstructure and mechanical properties
of 6063 aluminum alloy. Mater Sei, Eng, A
[Internet]. 2019;751:70-79.

[42] Rao PN, Singh D, Jayaganthan R. Mechanical
properties and microstructural evolution, of Al
6061 alloy processednby ‘multidirectional
forging at liquid nifrogen, temperature. Mater
Des [Internet]. 2014;56:97-104.

[43] Raju KS, Krishna MG, Padmanabhan KA, et
al. Grain size,and grainyboufidary character
distributionyin ultra-fine grained (ECAP) nickel.
Mater Sei Eng A [Internet]?2008;491(1):1-7.

[44] "Najafi, S, “Eivani "AR, Samaee M, et al. A
comptrehensive investigation of the
strengtheninggeffects of dislocations, texture
and low ‘add high angle grain boundaries in
ultrafine grained AA6063 aluminum alloy.
Mater Charact [Internet]. 2018;136:60—68.

[45] Dyakonov GS, Yakovleva T V, Mironov SY,
et al. Microstructure of the Advanced Titanium
Alloy VT8M-1 Subjected to Rotary Swaging.
Materials (Basel). 2023.

[46] Semiatin SL, Seetharaman V, Weiss 1. Flow
behavior and globularization kinetics during hot
working of Ti—-6Al-4V with a colony alpha

XX

microstructure. Mater Sci Eng A [Internet].
1999;263(2):257-271.

[47] Horita Z, Fujinami T, Nemoto M, et al.
Improvement of mechanical properties for Al
alloys using equal-channel angular pressing. J
Mater Process Technol [Internet].
2001;117(3):288-292.

[48] Liu M, Chen J, Lin Y, et al. Microstructure,
mechanical properties and wear resistance of an
Al-Mg-Si alloy produced by equal channel
angular pressing. Prog Nat, Sci Mater Int
[Internet]. 2020;30(4):485—493.

[49] Lyashenko “1A, Phamy, TH,\ Popov VL.
Controlling ~ the “Friction, Cecfficient and
Adhesive Properties ofya Contact'by Varying
the Indentén,Geometry. Processes. 2024.

[50]pChang Y=P, Liu, C-TpChu L-M, et al. Wear
mechanisms of‘aluminum 5083/6061/7075 with
and withoutT6 treatment. Adv Mech Eng
[Taternet].2023505(11):16878132231201000.

[51] Manjunath/GK, Udaya Bhat K, Preetham
Kumar GV, et al. Microstructure and Wear
Performance of ECAP Processed Cast Al-Zn—
MgyAlloys. Trans Indian Inst Met [Internet].
2018;71(8):1919-1931.

[52] Filippov A V, Tarasov SY, Filippova EO. The
Effect of Ultrafine-Grained (UFG) Structure
Formed by Equal-Channel Angular Pressing in
AA7075 on Wear and Friction in Sliding
against Steel and Ceramic Counterbodies.
Metals (Basel). 2024.

[53] K R G, H SN. Impact of ECAP on wear
performance of AI-Mn magnesium alloy. Mater
Res Express [Internet]. 2020;7(1):16550.

[54] Divya SP, Nagaraj M, Kesavamoorthy M, et al.
Investigation on the Effect of ECAP Routes on
the Wear Behavior of AA2014. Trans Indian
Inst Met [Internet]. 2018;71(1):67-77.

[55] Kaya H. Solid particle erosion wear behavior
of severe plastically deformed AA7075 alloys.
2018;60(9):885—-891.

[56] Tasci U, Yilmaz TA, Bostan B. Investigation
of microstructure, wear and transverse rupture
strength of WE43/nano B4C composites
produced by powder metallurgy method. Tribol
Int [Internet]. 2023;180:108231.



Yilmaz / GU J Sci, Part C, 13(X): XX-XX(2025)

[57] Tasct U, Yilmaz TA, Karako¢ H, et al
Enhancing Wear Resistance and Mechanical
Behaviors of AA7020 Alloys Using Hybrid
Fe304-GNP Reinforcement. Lubricants. 2024.

XX



