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The influence of ECAP on the Microstructural 
and Tribological Properties of AA6061 
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Abstract— A commercial aluminum alloy AA 6061 was processed through equal channel angular pressing (ECAP) at 500 
0
C. The 

influence of ECAP on tribological properties and microstructure of the alloy was investigated. Experimental results showed that the grain 

size has reduced due to increase in dislocation density and the fraction of formed grains (sub-grains) after ECAP. Wear resistance of the 

alloy after ECAP was significantly improved. The loss of mass was reduced noticeably after single pass of ECAP process and increased 

with increase in load applied.  

Index Terms— Equal Channel Angular Pressing, Al 6061, Microstructure, Wear characteristics.   

———————————————————— 

1 INTRODUCTION                                                                     

Equal channel angular pressing (ECAP) is a prominent 
“Severe plastic deformation” (SPD) technique developed by V 
M Segal [1] for improving the mechanical properties and super 
plastic behavior with respect to the grain size reduction [2]. The 
process of ECAP leads to obtain ultrafine grained (UFG) and 
even nano structured metals and alloys by imposing intense 
plastic strain. As a principle, these ultra-fine grained and nano 
crystalline materials have extraordinary mechanical properties 
such as yield strength, hardness, toughness and ductility. 
Further, super plasticity deformation of ultrafine grained 
materials is improved irrespective of strain rate being higher or 
lower. 

Light in weight, excellent strength along with good corrosion 
resistance and formability make aluminum alloys the preferred 
material for structural applications. However, issues might arise 
in those applications that need high wear resistance. Owing to 
the significant applications of 6000 series aluminum alloys in 
structural industries viz., automobile [3] and aerospace [4], the 
attention of the researchers is more. Therefore, this paper aims 
to review the SPD techniques and analyze the microstructure 
and wear properties of AA 6061 alloy processed through ECAP. 

2 LITERATURE REVIEW 

In all SPD techniques, the mechanical behavior of alloys as 
well as base metals is affected by the grain size, thus making it 
a critical parameter. This led to the increased [5–9] focus of 
quite a large number of research groups and individual 
researchers on SPD technology. Their research focus is to 
obtain ultra-fine micro structural alloys and thus high 
strength. Among these materials, again those display novel 
and high performance properties [10–14] by virtue of their 
nano and sub-micron sized grains, are attracting more 

attention of the research community. Post second world-war, 
fabrication of materials through severe plastic deformation 
where in fine grain structures are developed from coarse 
grained metals has gained significance. This enhanced the 
mechanical and some physical properties because of UFG 
structures, which resulted because of SPD in materials like Al, 
Cu, Ti etc [15–19]. Some of the SPD techniques that gained 
prominence are “equal-channel angular pressing” (ECAP) [20, 
21], “high-pressure torsion” (HPT) [22, 23], “accumulative roll-
bonding” (ARB) [24], “Twist Channel Angular Pressing” 
(TCAP) [25] and “multidirectional forging” (MDF) [26] etc. 
have been developed and analyzed. All these techniques 
introduce large plastic strain in bulk crystalline solids and are 
able to refine grain structure appreciably to nano-scale. 

Simple shear takes place in a thin layer at the intersection 
plane of two equal channels of the die during ECAP process. 
For this, ECAP process uses low force leading to low pressure 
requirement (small press can be used). Hence ECAP technique 
is used extensively than other SPD processes as the tools 
required are reasonable and easily processes with the existing 
facilities of the laboratory. Further, many researchers have 
demonstrated a number of theoretical and experimental 
analysis on ECAP process [27, 28] to study the effect of process 
parameters on material behaviour. Grain refinement in ECAP 
is depends on processing routes, die’s curvature and channel 
angles, pressing speed and super plastic nature. The effect of 
design parameters of die and the corresponding uniformity in 
the optimum strain distribution in the ECAPed materials is 
reported by Djavanroodi et al [10]. This study reported about 
800% reduction in the grain size, 400% increase in UTS, 200% 
increase in YS of Al where the material has undergone 8 
passes through route A, when channel and outer corner angles 
of the ECAP die are 900 and 150 respectively. 

SPD is one of the techniques for intense refining of 
microstructure in polycrystalline materials [29]. UFG materials 
with grain size of the order of 1μm to 100 nm and even lower 
than 100 nm can be obtained by choosing appropriate material 
and technique. The experimental study of Niels Hansen [30] 
demonstrated that severely refined grain structure is always 
accompanied by high angled grain boundaries which is the 
prime reason for enhanced mechanical properties as well as 
high ductility of the materials undergoing ECAP, as stated by 
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Hall-Petch correlation. This technique is the most widely 
known as well as analyzed among the SPD methods and leads 
the attainment of intensely refined [31] microstructure. 

The investigations of I. Saribov et al. [32][32] had been 
shown the substantial grain refinement and the mechanical 
behavior of AA 6061 were found during equal channel 
angular pressing with parallel channels (ECAP-PC). The 
investigations of C S Chung et al. [33] had been shown the 
appreciable improvement in high-cycle fatigue life of ECAPed 
AA 6061. The results of    P.K Chaudhury et al. [34] indicated 
the extensive reduction in forging temperature and stock size 
during hot forgeability of AA 6061 material with UFG 
processed through ECAP. The results of J. K Kim et al. [35] 
studied the effect of  post-ECAP aging treatment and found 
the remarkable improvement in strength even after a single 
pressing. The study indicated that the accumulation rate of 
dislocations is high during ECAP and high density of very fine 
particles were formed in matrix during post-ECAP aging 
treatment. The investigations of Z. Horita et al. [36] 
demonstrated the improvement in the mechanical properties  
of six commercial Al alloys, 1100, 2024, 3004, 5083, 6061 and 
7075 after the ECAP had been applied successfully. Further, 
the study of literature also revealed that the UTS was 
increased and percent reduction in area was decreased with 
increasing strain rate [37]. 

The foremost benefit of ECAP is that the materials can be 
deformed to elevated strain without change in cross-sectional 
area. In the recent years, significant progress has been made in 
the development of ECAP, suggesting that there are excellent 
prospects for the successful amalgamation of ECAP process 
into commercial manufacturing operations. 

3 MATERIALS AND METHODS 

3.1 Equal channel angular pressing setup 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Schematics of equal channel angular pressing 

Error! Reference source not found. demonstrates an 
experimental setup of ECAP process that includes hydraulic 
press (Universal Testing Machine), ECAP die and plunger, 
ceramic band heater and temperature control unit. The die has 
two intersecting channels of identical cross-section with 

channel angle of Φ=90° and the outer corner angle of Ψ=20°. 
Error! Reference source not found.In this experiment, 12 mm 
x 100 mm rods of commercial 6061 aluminum alloy were used. 
The alloy mean chemical composition (in wt.%) are given in 
Table 1. 

TABLE 1 
THE CHEMICAL COMPOSITION OF AL-6061 ALLOY 

Component Weight. % 

Al 95.8-98.6 

Mg 0.8-1.2 

Si 0.4-0.8 

Cr 0.04-0.35 

Mn Max 0.15 

Zn Max 0.25 

Cu 0.15-0.14 

Ti Max 0.15 

 

A well lubricated specimen with the same cross-section as that 
of die channel is placed in one of the channels. The specimen 
was then heated to 500 0C and pressed it into the second 
channel by applying pressure on punch using hydraulic press. 
Ideally, the deformation occurs by shear at the intersecting 
plane. 

 

Figure 2: AA 6061 Specimen after ECAP 

During the ECAP process, substantial modifications in mat
erial microstructure occur such as intense grain and particle re
fining in the second stage, structure formation characterized b
y equi-axed grains and higher angle grain boundaries. Single 
ECAP pass results in a directed shear texture with visible sub-
grain boundaries. In successive passes, the material 
composition becomes homogenized and low angle grain 
boundaries have been changed to higher angle grain 
boundaries. In addition, there is a concurrent decrease in grain 
size and accumulation of extra dislocations results in breakup 
of elongated sub-grain and formation of equiaxed structure. 

3.2 Wear test using Pin-on-Disk wear apparatus 

 

 
 

 
 



INTERNATIONAL JOURNAL OF SCIENTIFIC & TECHNOLOGY RESEARCH VOLUME 9, ISSUE 06, JUNE 2020       ISSN 2277-8616 

89 
IJSTR©2020 
www.ijstr.org 

 
Figure 3: Arrangement of Pin-on-Disk Apparatus 

 
The cylindrical specimens for wear testing were prepared to a 
size of  12 mm x 30 mm length as per the ASTM standard 
(G99-95a). Sliding faces of the specimens were polished with 
an emery paper of grit size 600 and 1000 respectively. The dry 
sliding wear was conducted on  pin-on-disc test apparatus 
(DUCOM TR-20M-106) as shown in Error! Reference source 
not found.. The surface of the disc (made of EN31 steel with 
hardness 60 HRC) and sliding end of the pin were cleaned 
properly with acetone prior to the test. The diameter of the 
sliding track on the disk surface was set as 100 mm. The wear 
tests were performed at varying Time and Load parameters in 
dry sliding conditions. The wear test was carried out for the 
samples of undeformed and deformed condition. 

4 RESULTS AND DISCUSSIONS 

4.1 Microstructure 

Sliced samples of size 10 x 10 x 10 mm were polished first 
with emery paper of 400 grit size and then with Al2O3 
suspension on velvet cloth. The samples were then polished to 
1 µm using diamond paste and lubricant oil on disc polishing 
machine. Finally, the polished samples were cleaned using 
pure ethanol. An Electronic Microscope was used to examine 
the microstructure of the 6061 aluminum alloy samples. 

 

a) Un deformed b) Deformed Middle 

c) Deformed Corner 1 d) deformed Corner 2 

Figure 4: Microstructure of the specimen at different sections 

Error! Reference source not found. shows optical images 
of the different sections of specimen as shown in Error! 
Reference source not found. subjected to a single pass of 
ECAP process. The microstructure of undeformed material 
consists of grains with an average size of the order 200 μm as 
shown in Error! Reference source not found.(a). These large 
grains of undeformed material were refined to an average size 
of less than 50 m can after single pass of ECAP and is evident 
from the optical images of the specimens as shown in Error! 
Reference source not found. [(b),(c),(d)]. The microstructure 

after ECAP shows that the grains were found to be equiaxed 
and homogeneous approximately. 
 

4.2 Wear properties 

The influence of applied load and ECAP process on the loss 
of mass during wear test at a sliding distance of 100 mm was 
noted in Error! Reference source not found.. The results 
shows that the loss of mass was decreased considerably after 
single pass of ECAP process and increased with increase in 
load applied during wear test. The decrease in the loss of mass 
due to wear test conducted after the ECAP process can be 
attributed to the grain refinement and improved strength 
according to the Hall–Petch relationship. 

The wear tests of AA 6061 specimen were carried out with 
varying time and load parameters. The deformed and un-
deformed samples undergone series of tests with load 
parameter as constant and varying time: 

i. Time Vs Frictional values 
ii. Load Vs Wear rate 

a) For Undeformed Specimen 

TABLE 2 
FRICTION VALUES FOR UN-DEFORMED SPECIMEN 

Time  
(Min) 

Load 

5 N 10 N 15 N 
5 0.020 0.048 0.054 

10 0.010 0.054 0.062 

15 0.019 0.061 0.072 

 20 0.010 0.054 0.056 

25 0.018 0.057 0.060 

30 0.009 0.061 0.068 

TABLE 3 
WEAR RATE OF UN-DEFORMED SPECIMEN 

Load 5 N 10 N 15 N 
Initial weight of the specimen 10.57 10.22 10.17 

Final weight of the specimen 10.22 10.17 10.12 

Wear rate (gm/min) 0.01162 0.00167 0.00066 

Figure 5: Friction vs Time – Un-deformed specimen 

From the graph of Time Vs Frictional force for the 
undeformed specimen as shown in the Error! Reference 
source not found., it is observed that there was an increase in 
frictional force with increase in load at a specific time. There is 
an irregular change in frictional force with change in time at 
specific loads. The values for the Error! Reference source not 
found. are taken from the Error! Reference source not found.. 

 The initial and final weights of the specimen for each 
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load are noted and the wear rate of the specimen is calculated 
and tabulated in Error! Reference source not found.. 

 
 
 

b) For Deformed specimen 

TABLE 4 
FRICTION VALUES FOR DEFORMED SPECIMEN 

Time  
(Min) 

Load 

5 N 10 N 15 N 
5 0.015 0.009 0.045 

10 0.016 0.024 0.055 

15 0.020 0.025 0.049 

20 0.029 0.027 0.065 

25 0.028 0.023 0.063 

30 0.005 0.024 0.064 

TABLE 5 
WEAR RATE OF DEFORMED SPECIMEN 

Load 5 N 10 N 15 N 
Initial weight of the specimen 15.15 15.14 15.12 

Final weight of the specimen 15.14 15.12 15.07 

Wear rate (gm/min) 0.00033 0.000666 0.00166 

Figure 6: Friction vs Time – Deformed specimen 

From the graph of Time Vs Frictional force for the 
deformed specimen as shown in Error! Reference source not 
found., it is observed that there was an increase in frictional 
force with increase in load at a specific time. Initially for the 
load 5 N and 10 N the change in frictional force is minimum as 
compared with the change in frictional force for 15 N Load. 
The values for the Error! Reference source not found. are 
taken from the Error! Reference source not found.. 

 The initial and final weights of the specimen for each 
load are noted and the wear rate of the specimen was 
calculated and tabulated in Error! Reference source not 
found.. 
c) Comparison between deformed and un-deformed 

specimens 

TABLE 6 
COMPARISON OF WEAR RATE 

Load 5 N 10 N 15 N 
Wear rate undeformed (gm /min) 0.01162 0.00167 0.00166 

Wear rate deformed(gm/min) 0.00033 0.000666 0.00166 

 
 
It is observed that the wear rate of the Deformed specimen 

after a single pass is significantly decreased compared with 
the Un Deformed specimen. The wear rate of the specimens 
are caluculated individualy and tabulated in Error! Reference 
source not found.. The values obtained are compared in the 
Error! Reference source not found. graphically. 

 
 

Figure 7: Comparison of Load Vs Wear rate for un-dformed and 

deformed specimens 

It is observed in the graph that, due to decrease in surface 
roughness of the specimen there is decrease in wear rate up to 
a minimum value.As it is a dry sliding test temperature of the 
disc and specimen increases which effects the wear rate. 

5 CONCLUSION 

AA6061 alloy rods of 12 mm diameter and 90 mm length 
were successfully processed using ECAP with a single pass. 
The Microstructure of the specimen using electronic 
microscope revealed that the grains are elongated after 
angularly pressed. The significant change in the micro 
structure observed after ECAP is that the voids and blow 
holes are reduced in the specimen. The specimen is tested and 
found the wear rate has been decreased considerably after 
ECAP process than the wear rate of unpressed pieces of 
AA6061. 
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