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Abstract. Equal-Channel Angular Pressing (ECAP) has become an effective technique of severe plastic deformation designed to produce ultrafine grain
metals with improved mechanical properties, such as a good combination of strength and ductility. A report on the effect of ECAP routes on the
mechanical and microstructure of commercial 5052 aluminum alloy needs also to be included. This work has been undertaken, in order to obtain the
results. In this work, several deformation routes were used to process the Al — Mg (5052) alloy, namely 4, Ba, Bc and C. Deformation route 4 involved
repeatedly pushing the sample into the ECAP die without rotation, route Ba was performed by rotating the sample through 90° in alternate directions
between each pass, route Bc by rotating the sample 90° in the same sense between each pass and route C by rotating the sample 180° between passes.
The addition of the pass number decreases the grain size of ECAP-processed samples when compared to the as-annealed sample. It also confirmed
that the microstructure of the 8-pass samples shows a finer grain size than the as-annealed sample. Furthermore, the Bc route (samples rotated in the
same sense by 90° between each pass) has been proven to be the most effective deformation route, in order to obtain equiaxed ultrafine grain structure
when compared to other deformation routes. This phenomenon takes place due to the continuous deformation in all cubic planes. The restoration after
the 4-pass number will lead to the rapid evolution of sub-grains to high-angle grain boundaries, forming equiaxed grains. The characterization of
the hardness number also shows that the addition of the ECAP pass number increases the hardness number of 5052 aluminum alloy, where samples
processed with the Bc route indicate the highest hardness number at 168.4 HB. Moreover, a similar phenomenon also suggests that the tensile strength
of all ECAP deformation routes has comparable values. The effect of heat treatment for samples with the Bc route also shows that 200 °C annealed
samples have the highest hardness number and tensile strength when compared to other samples.
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AHHomayus. PaBrokananbHOe yrioBoe npeccoanue (PKVYII) crano sddekTuBHBIM METOI0M MHTEHCHUBHOMW IUIACTHYECKOH nedopmanun s

IIPOMU3BOJICTBA CBEPXMEIKO3EPHHUCTBIX METAIUIOB C YIy4lIEHHBIMA MEXaHUYECKUMHU CBOMCTBAMH, TAKUMH KaK XOpolIee COYeTaHue IPOUHOCTH
u actTuyHocTu. CBepenus o BnusHuK MapupytoB PKVII Ha Mexanuueckyio MpoYHOCTh U MUKPOCTPYKTYpPY allOMHHHEBOrO cruiaBa 5052
OTCYTCTBYIOT. B nanHoil padore juis 06paborku crutaBa Al-Mg (5052) ncronb30Banochk HECKOJIBKO MapIIpyTOB Ae(GOpMalHy, a MMCHHO
A, Ba, Bc, u C. Mapuipyt nedopmanmu 4 BKiIr04al B ceds MHOTOKpaTHOE MpoTaikuBanue oopasia B marpuiy PKYII 6e3 Bpatienust, Mmapuipyt
Ba npennonaran nopopor obpasua Ha 90° B pa3sHbIX HaIpaBIEHUAX MEXAY IPOX0JaMM, MapupyT Bc — noBopor obpasua Ha 90° B oxHOM
HaMpaBJICHUU MEXIY npoxogaamu, a MapiipyT C — moBopoT obpasua Ha 180° mexay mpoxoaamu. JoOaBieHre KOJHMYECTBA IPOXOI0B YMEHb-
maeT pasmep 3epHa o0pasios, oopadorannsix PKVYII, o cpaBHenuio ¢ o6pasnom nocie omxura. MceiaegoBanue MUKpOCTPYKTYPhI IIOKa3al1o,
4TO 00pa3libl MOCIe BOCBMH IPOXO0B MMEIOT Ooiee MENIKUIT pa3Mep 3epeH, ueM nocie oTkura. MapupyTt Bc 3apekoMeHaoBal ce0st Kak
Hanbonee 3Pp(EKTUBHBIN IS IOIYYCHNS PABHOOCHOH YIBTPAMEIIKO3EPHUCTON CTPYKTYpPHI II0 CPABHCHHUIO C APYTHMH MapiipyTaMu aedop-
Maluu. DTO SBJICHUE MPOMCXOIUT U3-3a HENPEPhIBHOW Aedopmaliy Bo BceX KyOMUECKUX IIOCKOCTSAX U BOCCTAHOBIICHHE MOCIIE YETBEPTOTO
npoxona OyneT GopMHpOBATh OBICTPYIO 3BOIIONHIO CyO3epeH K OOJNBIICYINIOBBIM IPaHULAM 3€PeH, 00pa3ys paBHOOCHSBIC 3epHa. [lobaBicHue
yucna npoxoxgoB PKVYII ysenuuuBaer TBepaocTh anromuHueBoro cmaBa 5052. OOpasipl, 00paboTaHHbIe O MapupyTy Bc, MOKa3bIBaIOT
caMylo BBICOKYIO TBepocTh — 168,4 HB. Bonee Toro, nogo6Hoe sBiaeHne oOHapyKUBaeTCsl, KOT/a MpeJell IPOYHOCTH NPHU PACTSKEHUH BCEX
nyteir neopmanuu PKYII umeer conocraBumsbie 3HaueHUs. BiusiHue TepMuyeckoil 00paboTki 00pa3ioB ¢ MapuIpyTOM B¢ TakKe MOKa3bl-
BaeT, uTo oroxokeHHbIH mpu 200 °C o0Opasel uMeeT caMblii BHICOKHI 110Ka3aTellb TBEPAOCTU U MIPEAEN IMPOYHOCTH Ha PacTsKEHHE 110 CpaB-

HEHUIO C IPYTUMHU 00pa3iamMu.

Kawoueswie cnosa: PKVII, crinas Al-Mg (5052), mapiipyt nedopMaiui, MUKpOCTPYKTYpa, YUCI0 TBEPAOCTH, IPe/Ies IPOYHOCTH, TEPMOOOpabOTKa

Bbaazodaprocmu: PaboTa BeINOIHEHA TPU TTOAJIEPKKe MUHKUCTEPCTBA HCCIIEA0BAHUI U TeXHONOT Uit MiHIoHe3nn Ha 060pynoBaHuu M ccienoBaTebeko-
TO [IEHTpa MeTa/ulypriuy HalmoHaabHOTo areHTCTBa MCCie0BaHNi U nHHOBaMi HI0He3UH.

Jns yumuposaHnus: Tlycnacapu B., Acraa W.H.I'Il., Xepouposo C., Mabpypu D. MexaHudeckue CBOHCTBa M MHKPOCTPYKTypa CIUIaBa
Al-Mg (5052), 06paboTaHHOTO METOROM paBHOKAaHAIBHOIO yrioBoro npeccosanus (PKYII) ¢ Bapuamusamu meronos PKYII u Tepmudeckoit o6pa-
601K, M36ecmus 6y306. Yepnas memannypeus. 2024;67(1):37-46. https://doi.org/10.17073/0368-0797-2024-1-37-46

[ INTRODUCTION

Within the last two decades, Equal-Channel Angu-
lar Pressing (ECAP) has been intensively studied
as an effective technique of severe plastic deforma-
tion (SPD) designed to produce ultrafine or even nano-
grain metals and alloys with considerably improved
mechanical properties combining both strength and
ductility [1]. Severe plastic deformation uses ECAP
to produce large bulk samples free from residual stress
where the samples are pressed to the die with an angled
cavity without any change in the cross-sectional dimen-
sions [2]. The samples are subjected to the shear phenom-
enon during the deformation process inside the ECAP
die [3]. Another positive aspect of the ECAP process is
the possibility of pressing repetition at the same cross-
sectional area of samples [4]. This work applies seve-
ral deformation routes to process the Al-Mg (5052)
alloy, namely A4, Ba, Bc and C. The different treatments
of the sample are pressed continuously either without
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any rotation, or by 90° in alternate directions between
consecutive passes, or rotated in the same sense by 90°
between each pass and rotated by 180° between passes,
respectively [5]. The schematic illustration of ECAP
routes can be seen in Fig. 1.

Due to their specific high-strength properties [6],
aluminum and its alloys are widely used in numerous
applications, such as automotive, aerospace, marine, and
many others. Moreover, 5xxx-series aluminum alloys are
commonly utilized in the industry due to their specific
high strength, good formability, good weldability, and
excellent corrosion resistance [7]. From the perspective
of aluminum alloy applications, it is crucial to estab-
lish a suitable processing method which will enhance
the mechanical properties and lead to the higher specific
strength of materials [8]. Significant increases in mecha-
nical properties of the alloys were achieved by the appli-
cation of the ECAP process. Avcu et al. concluded
that the ECAP process significantly increases the micro-
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Fig. 1. Schematic illustration of ECAP routes variation
in Al-Mg (5052) alloy ECAP process

Puc. 1. CxemaTnyeckasi WITFOCTpaIyst n3MeHeHnst MapipyTos PKVYII
B nipouiecce PKVYIT crimaa AI-Mg (5052)

hardness and wear resistance properties of 7075 alu-
minum alloy due to the fragmentation of precipitates
and grain refinement phenomenon [9]. Nejadseyfi et al.
also explained that ECAP, followed by the aging pro-
cess, also enhances the mechanical performance
of 6061 aluminum alloy, such as tensile strength, hard-
ness, and corrosion resistance [10]. However, the study
on the effect of variation of ECAP routes and heat treat-
ment on the mechanical and microstructure properties
of Al-Mg (5052) is still limited, although many resear-
chers have reported the behavior of other alloys pro-
cessed by ECAP.

The ECAP of Aluminium and other alloys with
a variation of channel angles from 90 to 160° has been
studied by numerous researchers [11]. The utiliza-
tion of a large angle in the ECAP die affects the num-
ber of strains experienced by the sample in the ECAP
pass [12]. The variation of deformation routes results
in different microstructures and leads to the altera-
tion of mechanical properties, such as hardness and ten-
sile strength [13]. Studies by Ghosh et al. established
that ECAP with a variation of deformation routes and
numerous passes greatly influences the grain refinement.
This thoroughly impacts the frequent change in shear
plane and direction during the process [14]. Furthermore,
Shaeri et al. also determined the enhancement quality
of microstructure and texture of aluminium 7075 alloy
using four passes variation and two routes of Bc and 4
at room temperature [15].

Yee et al. proved that the samples processed by
the Bc route indicate better wear properties. However,
they did not fully explain that the performance of this
route is mechanically optimum for most of the appli-
cation areas [16]. In another work, Valiev also stated
that the Bc route is the most favorable route due
to the amount of equiaxed ultrafine-grained morpho-
logy [17]. Further, Howeyze et al. also found that samp-

les processed with 4 route have a higher level of dislo-
cation density, while samples processed using route C
possessed higher amounts of high angle boundaries
(HAGBS) [13]. However, other researchers also showed
that routes 4 and C have a good level of performance in
limited applications [18]. Therefore, it is crucial to study
the effect of the ECAP routes on the microstructural and
mechanical behavior of Al-Mg (5052) alloy, in order
to obtain the best condition applicable in industrial appli-
cations, such as automotive, defense, and aerospace.

However, despite the enhancement of the mechani-
cal properties in ECAP-processed samples, a decrease
in elongation of the alloys was exhibited after ECAP in
conventional cold working. With the increment of elon-
gation of the ECAPed alloys, external energy is needed
to reduce the dislocation density. Tanski T. et al. inves-
tigated the strength and structure of AIMg, alloy, report-
ing the possibility of producing a UFG material with
a combination of good mechanical properties and duc-
tility. This was achieved by optimized ECAP deforma-
tion and heat treatment [19]. Meanwhile, Rominiyi A.L.
et al. reported an optimum combination of properties
of the 6061-aluminum alloy resulting from applying
post-ECAP artificial aging [20]. This work investigated
the effect of heat treatment temperature on the mechani-
cal properties of ECAPed alloys, in the aim of achieving
the best combination of strength and elongation. In addi-
tion, the pre-evaluation of ECAP deformation routes was
conducted, in order to select the most effective route in
obtaining the best combination of mechanical properties.
The Al-Mg (5052) alloy was used in this work, since
this type of aluminum was a non-heat treatable alloy
that could only be strengthened by deformation. This
obviated the complex mechanism of heat treatment after
ECAP due to aging.

[ RESEARCH MATERIALS AND METHODOLOGY

The material used for the ECAP experiments was
a billet of aluminum alloys found commercially in
the market with the chemical composition (wt. %), as
listed in Table 1 according to Optical Emission Spectro-
scopy analysis. This chemical composition complied
with Al-Mg or 5052 alloys. The samples for the ECAP
experiments were cylindrical, 70 mm in length and
12.7 mm in diameter, made by machining the initial bil-
let. The samples were annealed under argon gas flowing
at 550 °C for 12 h before extrusion for internal stress
releasing and texture removal of the as-received alloys.
The ECAP was carried out at room temperature for up
to 8 passes with deformation routes 4, Ba, Bc and C.

Deformation route 4 was conducted by passing
the sample into an ECAP die repetitively without rota-
tion. Route Ba was performed by rotating the sample
through 90° in alternate directions between each pass,
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route Bc by rotating the sample 90° in the same sense
between each pass and route C by rotating the sample 180°
between passes. The ECAP facilities and the samples
after ECAP deformation are shown in Fig. 1. The ECAP
dies used in this work had internal angular channels with
a diameter of 14 mm, channel angel (¢) 120° and corner
angel (¢) 7°. The ECAP samples with Bc for four passes
were subjected to heat treatment at 100, 200, and 300 °C
for 30 min, in order to evaluate the effect of heat treat-
ment.

All the samples were machined along the extru-
sion direction, in order to prepare the specimens for
microstructure observation, hardness measurement,
and tensile testing. The tensile specimens had a gauge
length of 12 mm as per JIS Z 220. The tensile test was
conducted at room temperature using a Universal Tes-
ting Machine with 12 mm gauge length samples accor-
ding to JIS Z220. The hardness test was performed using
a Hardness Brinnel device at 5 varied points, in order
to calculate the average and obtain a hardness number.
Crystallite structure of the samples was also examined
using Shimadzu X-Ray Diffraction machine, in order
to identify crystalline phase in samples. Then, the 1x1 cm
sample was grinded using silicon carbide paper with
a 400 — 1500 grid mesh, followed by polishing and
etching using Poulton’s reagent for 5 — 10 s. The etched
samples were washed with water and alcohol, dried, and

Fig. 2. ECAP equipment used in experiment (a)
and samples after ECAP (b)

Puc. 2. O6opynosanue st PKVTI, ucnonszyemoe B 3KcriepuMeHTe (a),
u o0pa3siibl ocie npoxoxaeHus npouecca PKYII (b)

40

prepared to be examined using the Olympus U-MSSPG
optical microscope for optical morphology characteriza-
tion. The microstructure characterization was also held
using JEOL JSM 6390 A machine, in order to examine
the precipitate in the samples.

[ RESEARCH RESULTS AND DISCUSSION

The ECAP process deforms the alloys plastically by
inducing shear strains and changing the microstructure
of the alloys accordingly. The microstructure developed
in the ECAP alloys depends on the geometry of the die,
the number of strains, the deformation routes, and
the initial condition of the alloys [21]. In the present
work, the number of passes and the deformation routes
were evaluated with regard to the microstructure and
the mechanical properties of the Al-Mg (5052) alloys.
Fig. 3 shows te optical microstructure of AI-Mg (5052)
alloys in the initial condition of annealed at 550 °C for
12 h and in ECAPed conditions for 2, 4 and 8 passes
with various deformation routes. The microstructure
of the initial alloys (0 pass) shows the typical annealed
aluminum alloys with large grains. The annealing twins
exist within several grains [22].

After the application of the ECAP process, the micro-
structure of the alloys changed. In general, the micro-
structure of the ECAP samples shows finer grain sizes
than the initial sample. Routes 4 and C exhibit micro-
structure with elongated grains which increase with
the addition of the number of passes. Route Ba results
in a microstructure with wavy grains which became
more prominent with a higher number of passes. For
route Bc, the microstructure revealed broken grains
without elongated or wavy grains, particularly for the 2
and 4 passes. Meanwhile, a wavy structure emerges for
8 passes due to heavy straining. The grain flow exhibited
by the ECAPed samples can be explained by the shear-
ing pattern developed associated with the deforma-
tion routes applied to the samples [5].

In route 4, where the samples were not rotated, con-
tinuous shearing occurred in two cubic planes, and res-
toration of straining did not occur. The grains were elon-
gated by shearing without restoration in all passes [23].
For route C, where the samples were rotated 180° repea-
tedly restoration should occur after 2" pass. Regarding
route Bc where the samples were rotated 90° repeatedly,
continuous deformation was exhibited in all cubic planes.
Restoration occurs after 4" pass, ensuring the rapid
evolution of sub grains to high angle grain boundary,
and forming equiaxed grains. Thus, route Bc is consi-
dered the most effective route to obtaining an equiaxed
and fine-grain structure [24]. As can be seen in Fig. 3,
the effect of several ECAP passes also affects the grain
size of AI-Mg (5052) alloy. The addition of an ECAP pass
will promote grain refinement in the AI-Mg (5052) alloy.
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ECAP routes
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Fig. 3. Microstructure of Al-Mg (5052) alloy with a variation of routes and number of passes of ECAP

Puc. 3. Muxpoctpyktypa cruiaBa Al-Mg (5052) ¢ uamenennem mapupyro PKYII u konuuecTBa npoxoos

Fig. 4 reveals the results of Scanning Electron Micro-
scope (SEM) Characterization of Al-Mg (5052) alloy with
a Bc ECAP route and variation in the number of ECAP
passes. The Bc orientation was chosen for SEM characte-
rization due to the best results when compared to other routes
where the samples have the equiaxial grain shape. The grain
size in the AI-Mg (5052) alloy also becomes smaller with
the addition of the ECAP pass number. The grain refine-
ment phenomenon also answers the enhancement of hard-

ness numbers by adding the ECAP pass number. The micro-
structure in the sample is inhomogeneous. It consists of two
different shapes of grain morphologies, such as elongated
and equiaxial deformed grain.

These shapes relate to the shear direction during
the ECAP process; the short shear movement tends
to create the equiaxed grains and align with the shear
direction. The boundaries between the elongated grains
are assimilated, forming a more or less strain-free

Fig. 4. SEM Characterization of Al-Mg (5052) alloy with a Bc ECAP route and variation of number of ECAP passes:
a—-0;b-2;¢—4;d-8

Puc. 4. COM-xapaxkrepuctrka cruiaa Al-Mg (5052) ¢ mapuipyrom Be PKVYII n n3meHeHreM KoJIM4YecTBa MPOXOI0B:
a—0;b-2;c—4;d-8
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Fig. 5. Hardness properties of AI-Mg (5052) alloy
with a variation of routes and number of passes of ECAP

Puc. 5. Teepnocts cruaBa AI-Mg (5052)
MIPU U3MEHEHHH MapIIpyTOB U KoJi4yecTBa mpoxoxos PKYII

area [22]. There are some agglomerated grains, where
the sub-grains are formed within the elongated grains.
After the first pass, the average distance between par-
ticles increases as the ECAP pass number rises [12].

Fig. 5 presents the Brinell hardness of the initial and
the ECAPed Al-Mg (5052) samples for various passes with
different deformation routes. The hardness of the alloys
increases significantly after being subjected to one pass
ECAP, when compared to that of the initial alloys for
all deformation routes. The hardness of the alloys fur-
ther increases with a reduced gradient with an increase
in the number of passes [25]. At the first two passes,
a significant increase in dislocation density occurs due
to severe strains developed after ECAP. By increasing
the number of passes, the dislocation density tends to be
saturated gradually and renders the dislocation mobi-
lity causing only a slight increase in the hardness. This
result is a common phenomenon and agrees with other
results found in the literature [26]. Concerning deforma-

500 50
<
E 400 = ° J ° ° 40
= =
g =)
%u 300 . -1 30 .g
k= )
“ 200 120 g
2 i)
Z’ - m
S 100 . = a 170
0 1 1 1 1 1 0
Initial Route Route Route Route
A Ba Bce C
ECAP routes

Fig. 6. ECAP route curve with tensile (@) and elongation ()

Puc. 6. Kpusas mapmpyta PKVYII ¢ yka3zanuem npoqnoctu
Ha pactspkenue (@) u orHocurenbHoro yinHenus ()

tion routes, Fig. 4 shows that the routes A, Ba, Bc and C
applied in the ECAP experiments result in a relatively
small difference in the hardness of the ECAP samples
for all numbers of passes [27]. Similar phenomena are
exhibited by the tensile strength of the alloys, where
the strength was found to have comparable value among
the deformation routes of ECAP as shown in Fig. 6.

Different routes produce values above 400 MPa,
exceeding previous research only achieved below the ten-
sile strength of this sample [21] (Fig. 6). The single crystal-
lographic direction of deformation performed by route 4
results in the accumulation of dislocation in the same
direction, and the annihilation of the dislocation which
reduces the dislocation density. Thus, it eventually
enhances the elongation [28]. The study of annealing tem-
perature was also performed, in order to establish its effect
on the microstructure of Al-Mg (5052) alloy. Fig. 7 shows
that the variation of the annealing temperature (from
100 — 300 °C) affects the microstructure of Al-Mg (5052)
alloy. The untreated sample indicates elongated grains,
while the sample with an annealing treatment of 200 °C
shows the recovery state where the grain becomes
small and equiaxed due to the rearrangement of dislo-
cation inside the annealed samples [29]. The increase
of annealing temperature from 200 to 300 °C causes

Fig. 7. Microstructure of AI-Mg (5052) alloy with variation of annealing temperature:
a — without treatment; b — annealing at 100 °C; ¢ — annealing at 200 °C; d — annealing at 300 °C

Puc. 7. Mukpoctpykrypa ciuiaBa Al-Mg (5052) npu n3MeHeHHH TeMIIepaTypbl OTKHUTa:
a — 6e3 o6pabotku; b — orxur npu 100 °C; ¢ — orsxur npu 200 °C; d — orsxur npu 300 °C
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Fig. 8. Effect of heat treatment temperature after ECAP
on hardness of AI-Mg (5052) alloy samples

Puc. 8. Biusinue temneparypsl TepmoobpaboTku nocie PKYIT
Ha TBep/I0CcTh 00pa3uos ciuaBa Al-Mg (5052)

the increment of the recrystallization process, in which
the grain size becomes smaller, the grains dislocation-free,
and the deformation substructure is also removed [30].

Figs. 8 and 9 reveal the effect of heat treatment
after ECAP on the hardness and the tensile strength-
elongation of the Al-Mg (5052) alloys, respectively.
There is only a slight change which occurs in the hard-
ness and the tensile strength of the ECAPed alloys after
heat treatment at a temperature of 200 °C. The hard-
ness and the tensile strength decrease significantly after
heat treatment at a temperature of 300 °C. This implies
that the heat treatment applied to the ECAPed alloys
induced energy to release strain, and the saturated dis-
location density gradually decreased until heat treatment
at 200 °C [31]. After dislocation achieves the unsatu-
rated condition, further strain release seems to accele-
rate the decrease of the dislocation density occurring
at a heat treatment temperature of 300 °C. This agrees
with the results of Y.H. Zhao [22], who calculated
the dislocation density of ECAPed 7075 aluminum alloys
during annealing. He found that there was no change in
dislocation density when annealing up to 140 °C, along
with a significant reduction in dislocation density from
(0.94 +0.08)- 10> m2 to about (0.05 +0.04)-10'> m™2
occurred when annealing at 300 °C.

The different situation is shown by the response
of the elongation of the alloys on the heat treatment after
the ECAP process (Fig. 9). The elongation is consistent
with increasing linearity for all temperatures of heat treat-
ment concerned in this study. Consistent with a decrease in
tensile strength with heat treatment temperature, the elon-
gation shows a significant increase above 200 °C [31].
The heat treatment should be performed at a temperature
which does not significantly decrease the tensile strength
with sufficient elongation [32]. The best combina-
tion of mechanical properties of ECAPed Al-Mg (5052)
alloys is achieved after heat treatment at a temperature
of 200 °C for 30 min, i.e., 318 MPa for tensile strength
and 19.16 % for elongation.
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Fig. 9. Effect of heat treatment temperature after ECAP on tensile
strength (/) and elongation (2) of Al-Mg (5052) alloy samples

Puc. 9. Biusinue temneparypsl TepMoodpaborku nocie PKYIT
Ha Mpees NPOYHOCTH MpHU pacTsukeHuu (1)
¥ OTHOCHTENIbHOE yiuHeHue (2) o0pasnos cruiasa Al-Mg (5052)

Fig. 10 shows the XRD pattern of the Al-Mg (5052)
alloy in the condition of initial: after ECAP deformation,
and after heat treatment of ECAPed samples. In gen-
eral, the XRD pattern of all samples reveals the peaks
of lattice planes (111), (200), (220), (311), and (222),
except for the absence of (222) in the initial sample. It
can be seen from the Figure that in the ECAPed sam-
ple, the intensity of the (111) plane increases signifi-
cantly when compared to that in the initial sample. This
is concomitant with the fact that aluminum alloys have
high stacking fault energy (yqg), wherein the fce crys-
tal structure, and the dislocation slip on the (111) plane
is the primary deformation mechanism [33]. Hence, this
close-packed plane (111) is the primary slip plane for dis-
location glide during the ECAP deformation of the alu-
minum alloys. Another phenomenon that can be observed
from Fig. 10 is the broadening of peaks for all crystal
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Fig. 10. XRD peaks of AI-Mg (5052) alloy in conditions
of initial (/), ECAPed (2), and heat treated after ECAP
at 100 (3), 200 (4) and 300 °C (5)

Puc. 10. PertrenoBckue nuku ciuiaBa Al-Mg (5052)
B ucxoaHoM coctostaui (1), mocie PKVYII (2)
u repmoobpadorku nmocie PKYII mpu 100 (3), 200 (4) 1 300 °C (5)
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Fig. 11. FWHM of Al-Mg (5052) alloy in conditions of initial,
ECAPed, heat treated after ECAP at 100, 200 and 300 °C

Puc. 11. TlonHas mupuHa Ha TIOJIOBUHE BBICOTHI ciutaBa Al-Mg (5052)
B HCXOIHOM coctosiHuu, nociie PKYII u Tepmoo6paboTku
nocite PKYIT mpu 100, 200 u 300 °C

planes of samples after ECAP deformation. This peak
broadening relates to increasing lattice defects, par-
ticularly dislocation density occurring during ECAP
deformation [24; 25]. The peak broadening decreases in
the heat-treated sample following the decreasing disloca-
tion density caused by heat treatment.

The grain refining of the ECAPed samples can be eva-
luated qualitatively from the peak broadening by measuring
the width of the XRD peaks of the ECAPed samples when
compared to those of the initial samples. Since peak width
relates inversely to crystallite size (considered as grain
size) according to the Scherrer Equation [34], the larger
peak width indicates the finer size of the crystallite. Fig. 11
shows the peak width (expressed by the FWHM/Full
Width at Half Maximum) of Al-Mg (5052) alloys in dif-
ferent conditions of initial, ECAPed, and heat treated
at 100, 200 and 300 °C. It can be seen from this Figure
that the FWHM of the samples after ECAP increases
about two-fold for all crystal planes when compared with
initial samples. This indicates that grain refinement occurs
in the ECAPed samples. The FWHM of the samples
decreases again after being subjected to heat treatment
and reaches almost the initial values after heat treatment
at a temperature of 300 °C, with a significant reduction in
dislocation density.

[ ConcLusiOoNs

The effect of ECAP routes and heat treatment temper-
ature after ECAP on the microstructure and mechanical
properties of AI-Mg (5052) alloys was investigated in
this work. In general, the microstructure of the ECAPed
samples showed finer grain sizes than that of the ini-
tial sample. The Bc deformation route was consid-
ered the most effective route, in order to obtain and
equiaxed ultrafine grain structure. It was exhibited
that the mechanical properties of the alloys had compa-
rable values to those which resulted from all the defor-
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mation routes of ECAP. The heat treatment to which
the ECAP samples were subjected resulted in decreas-
ing the mechanical properties, reaching almost the initial
values after heat treatment at 300 °C. The best combina-
tion of mechanical properties of ECAPed Al-Mg (5052)
alloys was achieved after heat treatment at temperature
200 °C,i.e., 318 MPa for tensile strength and 19.16 % for
elongation. Further, the peak broadening of the ECAPed
samples was observed on the XRD pattern indicating
grain refinement. The peak broadening decreased by
heat treatment and reached almost initial values after
heat treatment at a temperature of 300 °C.
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