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Mechanical characteristics of AL-1050 and Al-6061 alloys deformed 
using equal channel angular rolling process 

ABSTRACT 

One of the effective severe plastic deformations (SPD) techniques is Equal channel angular rolling 
(ECAR) process which can lead to proper ultra-fine grained (UFG) structures of material, the main 
objective of this work is to study the improvement in mechanical properties within 1050 and 6061 
aluminum alloy sheets. There are more attempts to investigate the microstructure and mechanical 
properties of strips material, the influence of process parameters such as number of equal channel 
angular rolling passes, routes (A&C) and annealing temperature after each passes on deformation 
behavior of 6061 and 1050 Aluminum alloys were investigated experimentally .Results was 
indicated that for AL-6061 without  annealing process at first pass it was the higher stress than the 
passes after annealing process and also the grains was fine in the first pass ,For AL-1050 it was 
indicated that with ambient temperature at six pass the mechanical properties was improved and 
its recorded the higher stress with more passes at  six pass for rout C and also the fine grains of 
microstructure was obtained in the six pass with compared  to the material with annealing process 
which becomes more ductility with more passes. 
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1. INTRODUCTION 

Aluminum alloys are the best several choices 

for a structural component of aircrafts because of 

their recognized fabrication costs, performance 

characteristics, established manufacturing 

methods, design experience, and facilities, which 

will ensure their use in significant quantities in the 

future [1,2]. Moreover, Aluminum in nanoscale is 

already ubiquitous in everyday life through 

commodity products and strong growth rates [3-5]. 

Severe plastic deformation (SPD) methods are 

new appropriate techniques to refine the structure 

of materials and improve mechanical properties, 

ECAR process is one of the SPD techniques. The 

process conducts through multiple passes, one of 

them could achieve the desired mechanical 

properties and UFG of the material. 
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In 2019 the researcher was studied and 

analyzed the Equal channel angular rolling process 

affected on fracture mechanics for several 

Aluminum alloys [6]. 
 
According to the previous 

works, number of pass, channel angle, and route of 

pass are the effective parameters in the ECAR 

process [7,8], it  was Studied the Correlation 

Between Mechanical Properties and Structural 

Parameters of Al5083 Sheets Processed with 

ECAR to evaluate and investigate the ECAR 

process effect in 2017 by other researcher [9], in 

2016 other researcher was  studied the effects of 

the ECAR process on formability, mechanical 

properties [10,11] the Hardness of 7075 and 5052 

Aluminum Alloys in the Equal Channel Angular 

Rolling Process in 2016 was Studied by other 

researcher [12], in 2012 other researcher was 

studied the Microstructural evolution and Mecha-

nical properties during multi-pass ECAR of Al 1100  

alloy after ECAR process [13,14]. 

It was illustrated in previous works that by 

severe plastic deformation (SPD) processes it was 

obtained the ultrafine-grained (UFG) materials 

which have high strength due to their low grain size 
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and high dislocations density [15-18]. The effect of 

other SPD processes on the structural parameters 

of metals has been widely investigated by different 

researchers [19-21] some researchers was studied 

the Microstructural evolution and enhancement of 

mechanical properties of Al1050 by tubular channel 

angular extrusion [22]. 

From the previous works the aim of this 

research is to study the improvement of mecha-

nical characteristics of aluminum alloys sheets by 

Equal-channel angular rolling using two material 

Aluminum alloys 1050 and AL 6061 at several 

parameters such as annealing temperature and 

change in routs, with constant die angel 115
°
 in 

rolling machine with multi-passes on ECAR 

process.  

2. EXPERIMENTAL PROCEDURE 

In the present work, the Al 6061 and AL 1050 
alloys conducted to ECAR, The ECAR equipment 
illustrated in Fig. 1(a, b, and c). As shown in figure 
the attachment consists of two rollers engaged with 
die. There was a gap of inlet between to roller and 
outlet channels die and its changes according to 
material thickness, respectively. The feeding roll of 
the ECAR device controlled to 5 % reduction in 
thickness. The diameter of the feeding and guide 
rolls are 57mm and the rotational speed is 32 

rev/min, the dimensions of AL 6061 strip are 200 
mm in length, 20 mm in width and 1.8 mm in 
thickness and the dimensions of AL 1050 strip are 
200 mm in length, 20 mm in width and 2 mm in 
thickness. The chemical composition of the base 
metal for two materials as given in Table 1 

 

Figure 1. a) Schematic illustration of the ecar 
device, b) Die with angle 115°,  c) The machine 

device used with die 

Slika 1. a) Shematski prikaz ecar uređaja, b) 
Matrica pod uglom od 115°,  c) Uređaj stroja koji se 

koristi s matricom 

 

Table 1. Chemical composition of Al-6061 and Al-1050 alloys 

Tablica 1. Hemijski sastav legura Al-6061 i Al-1050 

AL – 6061 alloy (wt.%) 

AL Mg Si Cu Mn Fe Cr Zn 

99.5 0.91 0.8 0.32 0.212 0.456 0.021 0.178 
 

AL – 1050 alloy (wt.%) 

AL Fe Si Cu Mg Mn Ti 

99.5 0.3 0.09 0.002 0.003 0.005 0.05 

 

The ECAR die has a 115
° 

corner angle with 2 

mm curvature nose to prevent shearing occur in 

sheet during process. The specimens were 

ECARed process through two available routes, 

where routes A and C described as in route A, the 

specimen is pressed repetitively without rotation 

but in route C, the specimen is rotated through 

180° between pressings. For AL 6061 specimens 

the annealing process conducted after rout A and 

C at temperature 380°
 
c for one hour and cooled in 

furnace according to American Society for Testing 

and Materials (ASTM) B918-01 [17,18] and the first 

sample was pass at room temperature in both 

routes A and C. 

For aluminum alloy 1050 specimens the 

annealing process conducted after rout A and C at 

temperature 400
 o 

C for one hour and cooled in 

furnace [23,24]. Microstructure is examined by 

using optical microscopy for specimens using 

standard metallographic procedures,
 
the surface 

was polished and etched at room temperature for 

Al1050 using 2ml HF, 3ml HCl, 5ml HNO3, 190ml 

DI Water [25], but for Al 6061 using 5ml HF (48%) 

10 ml H2SO4, 85ml Water [26] and the size of 
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grains was determined by using image tool 

software. 

A tensile test sample was prepared according 
to ASTM-E8M [27] with dimensions of 100mm 
length 10mm width 6mm fillet radius on universal 
testing machine (500KN) with constant speed 0.5 
mm/min. 

Microhardness of strips measured by Vickers 
hardness tester with 685g load with 10s by 
pyramidal diamond indenter according to ASTM-
E92 [28]. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure Inspection 

Fig. 2 (a and b) shows the optical micrographs 
for AL 6061 of the first pass before annealing and 

4-pass after annealing at rout C ECAR’ed 
specimens, respectively. The average grain size of 
the as received material was eighteen µm [29]. The 
average grain size of the first pass specimen was 
about three µm. After annealing process, the grain 
boundaries decreased from second pass to fourth 
pass at both rout A&C. The average grain size for 
the fourth pass was six µm in rout C. The increa-
sing in the grain size and decreasing in grain 
boundaries from the first pass to third pass causes 
decrease in strain hardening and this mean that the 
stress slightly decreased, and the strain increased 
so the material was more ductility. After fourth pass 
the stress increased again, and the strain decre-
ased because the increasing of numbers of passes 
increases in strain hardening of the material. 

 

Figure 2. Optical micrograph for Al 6061 rout C  a) first pass  b) fourth pass 

Slika 2. Optička mikrografija za Al 6061 rutu C a) prvi prolaz b) četvrti prolaz 

For AL 1050 at the ambient temperature the 
optical micrographs shown in Fig. 3 (a and b) for 
the first pass and the six pass in rout C and the as 
received material grain size was thirty-seven µm 

[30]. It indicated that the average grain size 
decreased from as received to be twenty-one µm at 
first pass and decreased again to be 9.3 µm at six 
passes.  

 

Figure 3. Optical micrograph for Al 1050 rout C a) first pass. B) six passes without annealing. 
C) fifth passes with annealing 

Slika 3. Optička  mikrografija za Al 1050 put C a) prvi prolaz. B) šest prolaza bez žarenja. 
C) peti prolazi sa žarenjem 
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This decreasing means that was an increasing 
in the strain hardening in the material and its cause 
the increasing in stress and decreasing slightly in 
strain of the material. After annealing process at 
rout C for fifth pass it shown in fig. 3c the average 
grain size measured to be 23.2µm and this 
increased from the first pass. The increasing in 
grain size was because of the annealing process 
after each pass and it cause decreasing in grain 
boundaries, and this cause the decreasing stress 
and increasing elongation of the material. 

3.2. Tensile behavior 

Stress and strain curves of ECARed samples 
with die channel angle 115

o
 for AL 6061 are shown 

in Fig.4 for rout A and for rout C, It was illustrated 
that the maximum strength of about 285 MPa was 
obtained at the first pass in rout C before 
annealing. 

At rout A its observed that the UTS is higher 
from as received material which recorded 273 
MPa, While the as received material was recorded 
260 MPa. 

The reason for decreasing the stress from 
second Pass to Fourth pass has the annealing 
process for one hour at 380

o
C and this mean that 

the higher temperature at each Pass effect on 
decreasing of strain hardening and this mean the 
decreasing of dislocation. 

After annealing in each Pass and change the 
routs direction it was observed that the stress in 
each pass for rout C is higher than rout A and 
because of the dynamic recovery and 
recrystallization and the strain curve is decreased 
at first pass and then increased again after 
annealed process to be 8.6% at third pass in rout 
C. This means that in route C it was more effective 
propagation of dislocations.  

 

 

Figure 4. Al-6061 at each pass for rout A and C 

 Slika 4. AL-6061 na svakom prolazu za rute A i Cح
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For AL1050 stress-strain curves of ECARed 
samples with die channel angle 115

o
degree as 

shown in Fig.5 for rout A and for Rout C which the 
as received and first pass sample was passed 
without annealing and then material was annealed 
at 400

o
c for one hr. and then furnace cooled.  

It was observed that the stress is increased at 
first pass in each rout A&C but in rout C is higher 
from rout A which recorded 118.5 and 116.5 MPa 
for rout C & A, respectively. 

At annealing process at each pass, the UTS 
was decreased and it's because of the dynamic 
recovery and recrystallization, the structure is had 
new grains grow, which results in a slight decrease 
in the dislocation density and the effect of the strain 
hardening. It was increasing in strain after 
annealing which recorded 19.6 % in elongation at 
rout A when comparing with the as resaved sample 
which recorded 4.1 % and the material was more 
ductility. It was observed at the figures below that 
the stress was increasing from third pass to fifth 
pass for two routs A & C. 

 

 

Figure 5. AL-1050 at each pass for rout A and C 

 Slika 5. AL-1050 na svakom prolazu za rute A i Cح

 

Stress maximum appears in the fifth pass on 

rout A which recorded 83MPa comparing with the 

as resaved sample it was decreased in stress and 

increase in strain because of annealing 

temperature and dynamic recrystallization is high. 

Many factors such as the temperature of the 

process and initial structure of the material were 

affected by recrystallization and dynamic recovery. 

Also, the final texture after recrystallization, 

orientation, direction, and the grain size will be 
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effective in the final mechanical properties 

achieved. 

For AL1050 at ambient temperature, Stress 

and strain curves as illustrated in Fig. 6 for rout A 

and rout C it was observed that the UTS increasing 

at each pass and the maximum stress obtained 

was 130 MPa at pass six at rout C. 

This curve illustrated that without annealing 

temperature and in more Passes for pure 

Aluminum 1050 we can enhance the stress and get 

the ultra-fine grains for this material at ambient 

temperature. The increasing in stresses and 

slightly decreasing in strain were because of 

dislocation density and the grain size due to more 

passes

 

 

Figure 6. Al-1050 at each pass for rout A and C at ambient temperature 

Slika 6. Al-1050 pri svakom prolazu za rute A i C na temperaturi okoline 

 

3.3. Microhardness Test 

For AL 6061 the hardness surface test for the 

sample as illustrated in Fig.7 and it observed that 

the maximum hardness obtained at rout C with 

value 50.78VHN in first pass and decreased at 

second pass to be 43.75VHN and continuous 

increasing to be 47.96VHN. 

This decreasing was because of the annealing 

process after first pass, and it increase again due 

to increasing passes as illustrated before in this 

paper. The increasing in temperature affected on 

dynamic recovery and decreasing the dislocation of 

grains and it verified that the hardness versus grain 

size obey Hall–Petch relationship [31,32]. 
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Figure 7. Micro hardness test for Al 6061 with annealing process after first pass 

Slika 7. Ispitivanje mikro tvrdoće za Al 6061 s postupkom žarenja nakon prvog prolaza 

 

Figure 8. Micro hardness test for Al 1050 a) at ambient temperature, b) at annealing process 

Slika 8. Ispitivanje mikro tvrdoće za Al 1050 a) na sobnoj temperaturi, b) u procesu žarenja 

 

For Al-1050 the results of surface hardness test 

at the ambient temperature shown in Fig.8 a, micro 

hardness increases with the increasing number of 

passes, at ambient temperature for the six passes, 

hardness was obtained value 49 VHN in rout C and 

its higher than rout A 46 VHN in the ambient 

temperature. 

At the annealing process at 400
o
c shown in 

Fig.8 b, hardness was recorded 36.5 VHN at the 
fourth pass of ECARed in rout C which is about 
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34% less than the ambient temperature in 
hardness. 

By comparing the micro hardness variations for 
ECARed samples at different temperatures at Fig. 
8 (a and b), it was illustrated that as the 
temperature rises   in similar passes the hardness 
decreases and this was due to reduction the effect 
of strain hardening rate with increasing 
temperature. Actually, dynamic recovery causes 
some of the effects of strain hardening and 
dislocation to be neutralized, and as a result, 
hardness is reduced [33]. 

Dynamic recovery has the main effect on 
reducing hardness, it is also like the tensile 
strength variations, and the possibility of dynamic 
recrystallization is higher at 400 

o
 c temperature. 

It’s observed that at room-temperature dynamic 
recovery can be enhanced the UFG, due to the 
high-energy and unstable grain boundaries 
[16,34,35]. 

4. CONCLUSIONS 

ECARed Process with die angle 115
o
 for two 

materials AL- 6061and AL 1050 at annealing 
process and AL-1050 at the ambient temperature 
and the main points resulted from this study are as 
follows: 

 For rout C, the average grain size for Al-6061 
alloy increases where it is was 3 µm at first 
pass and increasing to be 6 µm after fourth 
pass. 

 For rout C, the average grain size for Al 1050 
alloy at first pass was 21µm and decreasing to 
be 9.3 µm after six passes at ambient 
temperature and 23.2 µm at fifth pass after 
annealing process. 

 The maximum tensile stress for AL 6061 was 
285 MPa at first pass before annealing 
process for rout C. 

 The maximum tensile stress for Al-1050 at 
ambient temperature was 130 MPa at six 
passes for rout C but the elongation of this 
material was increased to be 19.6% at the 
second pass after annealing temperature. 

 For AL 6061 we can obtained the maximum 
Vickers hardness number at first pass for rout 
C was 50.78 HVN 

 For Al 1050 the maximum Vickers hardness 
number with increasing the number of passes 
at ambient temperature and its recorded 49 
HVN at six passes for rout C. 

4. REFERENCES 

[1] M.H.Al-Baidhani, H.A.Ameen, H.A.Alsabti, Deep 
Drawing of Sandwich Plate with Aluminum Foam 
Core. 

[2] M.Kassar, K.Ahmed, M.ElSheikh, S.El-Abden, Tube 
Spinning Using Functionally Graded Ballizing, 
Available SSRN 3977528. 

[3] A.Nabhan, A.Rashed, N.M.Ghazaly, J.Abdo, M.D. 
Haneef (2021) Tribological properties of Al2O3 
nanoparticles as lithium grease additives, 
Lubricants,  9(1),  9-12. 

[4] A.Nabhan, A.K.Ameer, A.Rashed (2019) 
Tribological and Mechanical Properties of HDPE 
Reinforced by Al2O3 Nanoparticles for Bearing 
Materials, p.232. 

[5] M.Gallab, M.Taha, A.Rashed, A.Nabhan (2022) 
Effect of Low Content of Al2O3 Nanoparticles on the 
Mechanical and Tribological Properties of 
Polymethyl Methacrylate as a Denture Base 
Material, Egypt. J. Chem., 65(8), 1-9. 

[6] M.Honarpisheh, S.S.Entezami, S.Akhavan (2019) 
Effect of equal channel angular rolling process on 
the fracture mechanisms of Al-7057 and Al-5052 
alloys, Metallogr. Microstruct. Anal., 8(3), 336–348. 

[7] M.Mahmoodi, A.Naderi (2016) Applicability of 
artificial neural network and nonlinear regression to 
predict mechanical properties of equal channel 
angular rolled Al5083 sheets, Lat. Am. J. Solids 
Struct., 13, 1515–1525. 

[8] M.Mahmoodi, M.Sedighi,  D.A.Tanner (2014) 
Experimental study of process parameters’ effect on 
surface residual stress magnitudes in equal channel 
angular rolled aluminium alloys, Proc. Inst. Mech. 
Eng. Part B J. Eng. Manuf., 228(12), 1592–1598. 

[9] K.Kim, W.Kang, S.-I.Lee, S.H. Park, J.Yoon (2017) 
Microstructural evolution and enhancement of 
mechanical properties of Al1050 by tubular channel 
angular extrusion, Mater. Sci. Eng. A, 696, 26–32. 

[10] J.E.Bozcheloei, M.Sedighi, R.Hashemi (2019) The 
effect of temperature on the mechanical properties 
and forming limit diagram of Al 5083 produced by 
equal channel angular rolling, Int. J. Adv. Manuf. 
Technol., 105(10), 4389–4400. 

[11] H.R.Rahimi, M.Sedighi, R.Hashemi (2018) Forming 
limit diagrams of fine-grained Al 5083 produced by 
equal channel angular rolling process, Proc. Inst. 
Mech. Eng. Part L J. Mater. Des. Appl., 232(11), 
922–930. 

[12] S.S.Entezami, M.Honarpisheh  (2016) A study on 
the hardness of 7075 and 5052 aluminum alloys in 
the equal channel angular rolling process, Bull. la 
Société R. des Sci. Liège, 85, 879–889. 

[13] A.Azimi, S.Tutunchilar, G.Faraji, M.K.B.Givi (2012) 
Mechanical properties and microstructural evolution 
during multi-pass ECAR of Al 1100–O alloy, Mater. 
Des., 42,  388–394. 

[14] H.Pirgazi, A.Akbarzadeh, R.Petrov, L.Kestens 
(2008) Microstructure evolution and mechanical 
properties of AA1100 aluminum sheet processed by 
accumulative roll bonding, Mater. Sci. Eng. A, 
497(1–2), 132–138. 

[15] Y.Estrin, K.Rhee, R.Lapovok, P.F.Thomson (2007) 
Mechanical behavior of alloy AA6111 processed by 
severe plastic deformation: Modeling and 
experiment. 

[16] D.Verma et al. (2016) Bulk ultrafine-grained 
interstitial-free steel processed by equal-channel 
angular pressing followed by flash annealing, J. 
Mater. Eng. Perform., 25(12), 5157–5166. 



H. Khaled Mohamed et al. Mechanical characteristics of AL-1050 and Al-6061 alloys deformed ... 

ZASTITA MATERIJALA 63 (2022) broj 4 492 

[17] R.Valiev (2009) Nanostructuring of metallic 
materials by SPD processing for advanced 
properties, Int. J. Mater. Res., 100(6), 757–761. 

[18] F.J.Humphreys, M.Hatherly (2012) Recrystallization 
and related annealing phenomena. Elsevier. 

[19] I.Sabirov, N.A.Enikeev, M.Y.Murashkin, R.Z.Valiev 
(2015) Bulk nanostructured materials with 
multifunctional properties, vol. 118. Springer. 

[20] X.Yang, J.Yi, S.Ni, Y.Du, M.Song  (2016) 
Microstructural evolution and structure-hardness 
relationship in an Al-4wt.% Mg alloy processed by 
high-pressure torsion, J. Mater. Eng. Perform., 
25(5), 1909–1915. 

[21] H.Parvin, M.Kazeminezhad (2014) Development a 
dislocation density based model considering the 
effect of stacking fault energy: Severe plastic 
deformation, Comput. Mater. Sci., 95, 250–255.   

[22] G.Faraji, M.M.Mashhadi, H.S.Kim (2012) 
Deformation behavior in tubular channel angular 
pressing (TCAP) using triangular and semicircular 
channels, Mater. Trans., p.213.  

[23] J.G.Kaufman (2000) Introduction to aluminum alloys 
and tempers. ASM international, p.142. 

[24] C.R.Brooks (1991) Heat treating of aluminum alloys, 
ASM Handb., 4, 841–879. 

[25] A. Annual (2008) ASTM Book of Standards: Section 
3, Metals Test Methods and Analytical Procedures 
vol. 03.03–Nondestructive Testing . 

[26] Y.Chino et al. (2003) Metals Handbook Ninth 
Edition Metals Handbook Ninth Edition 9, 351-388, 
1985,” Mater. Trans., 44(7), 1284–1289. 

[27] A.Standard (2009) E8/E8M-09, Stand. test method 
Tens. Test. Met. Mater. West Conshohocken, PA. 

[28] A.S.E92-82 (2003) Standard test method for Vickers 
hardness of metallic materials. ASTM Int West 
Conshohocken. 

[29] Y.Sun, N.Tsuji, H.Fujii (2016) Microstructure and 
mechanical properties of dissimilar friction stir 
welding between ultrafine grained 1050 and 6061-t6 
aluminum alloys, Metals (Basel)., 6(10), 249-257. 

[30] E.Afshin, M.Kadkhodayan (2015) An experimental 
investigation into the warm deep-drawing process 
on laminated sheets under various grain sizes, 
Mater. Des., 87, 25–35. 

[31] C.S.Pande, K.P.Cooper (2009) Nanomechanics of 
Hall–Petch relationship in nanocrystalline materials, 
Prog. Mater. Sci., 54(6), 689–706. 

[32] M.Zhao, J.C.Li, Q.Jiang (2003) Hall–Petch 
relationship in nanometer size range, J. Alloys 
Compd., 361(1–2), 160–164. 

[33] K.Huang, K.Marthinsen, Q.Zhao, R.E.Logé (2018) 
The double-edge effect of second-phase particles 
on the recrystallization behaviour and associated 
mechanical properties of metallic materials, Prog. 
Mater. Sci., 92, 284–359. 

[34] E.Tan, A.A.Kibar, C.H.Gür (2011) Mechanical and 
microstructural characterization of 6061 aluminum 
alloy strips severely deformed by dissimilar channel 
angular pressing, Mater. Charact., 62(4),  391–397. 

[35] H.G.Kang, J.P.Lee, M.Y.Huh, O. Engler  (2008) 
Stability against coarsening in ultra-fine grained 
aluminum alloy AA 3103 sheet fabricated by 
continuous confined strip shearing, Mater. Sci. Eng. 
A, 486(1–2), 470–480. 

IZVOD 

MEHANIČKE KARAKTERISTIKE LEGURA AL-1050 I AL-6061 DEFORMISANIH 
K  I  EN EM  A N KANALNOG PROCESA UGAONOG VALJANJA 

Jedna od učinkovitih tehnika teških plastičnih deformacija (SPD) je proces jednakokanalnog 
kutnog valjanja (ECAR) koji može dovesti do pravilne ultrafino zrnate (UFG) strukture materijala, 
glavni cilj ovog rada je proučavanje poboljšanja mehaničkih svojstava unutar 1050 i 6061 listova 
aluminijske legure. Postoji više pokušaja istraživanja mikrostrukture i mehaničkih svojstava 
materijala traka, utjecaja procesnih parametara kao što su broj jednakih kanalnih kutnih prolaza 
valjanja, rute (A&C) i temperatura žarenja nakon svakog prolaza na deformacijsko ponašanje 
6061 i 1050 aluminijskih legura. ispitan eksperimentalno. Rezultati su pokazali da je za AL-6061 
bez procesa žarenja u prvom prolazu to bilo veće naprezanje od prolaza nakon procesa žarenja, a 
također su zrna bila fina u prvom prolazu. Za AL-1050 je naznačeno da je uz temperaturu okoline 
u šest prolaza mehanička svojstva su poboljšana i zabeleženo je veće naprezanje s više prolaza u 
šest prolaza za način C, a također su fina zrna mikrostrukture dobivena u šest prolaza u usporedbi 
s materijalom s postupkom žarenja koji postaje duktilniji s više prolazi. 

Ključne reči: Legure aluminijuma, ECAR, dislokacije, mikrostruktura, mehanička svojstva 
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