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ORIGINAL ARTICLE

Mechanical properties and stress distribution in aluminium 6063 extrudates 
processed by equal channel angular extrusion technique
Temitayo Mufutau Azeeza,b, Lateef Owolabi Mudashirub, Tesleem Babatunde Asafab, 
Adekunle Akanni Adelekec, Adeyinka Sikiru Yusuffd and Peter Pelumi Ikubannic

aDepartment of Mechanical and Mechatronics, Afe Babalola University, AdoEkiti, Nigeria; bDepartment of Mechanical Engineering,Ladoke 
Akintola Universityof Technology, Ogbomoso, Nigeria; cDepartment of Mechanical Engineering, Landmark University, Omu-Aran,Nigeria; 
dDepartment of Chemical and Petroleum Engineering, Afe Babalola University, Ado Ekiti, Nigeria

ABSTRACT
This study investigated the effect of temperature and load on the mechanical properties and 
stress distribution in ECAE processed Al6063. Samples were extruded at temperatures of 350, 
425 and 500 under applied loads of 1000, 1100 and 1200 kN and ram speed of 5 mm/s. 
Hardness and tensile strength of all the extrudates were measured with Rockwell hardness 
tester and universal testing machine, respectively. Stress distribution in the extrudates was 
simulated with qform software under different extended applied loads and temperatures. 
Experimental results showed that billet temperature influenced tensile strength and hardness 
more significantly than applied load. The grains in the extrudates also became more refined as 
billet temperature increased. Simulation results indicated that more uniform stress distribution 
with lower magnitude was observed in the extrudates with increased billet temperature. The 
hardness and tensile strength of the extrudates as revealed through the uniform stress 
distribution were enhanced.
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1. Introduction

Aluminium is the second most common raw material 
for engineering applications because of its unique 
properties such as good thermal and electrical con
ductivity, light weight, and corrosion resistance, 
among others(Esezobor and Adeosun 2006). These 
properties are responsible for their wide applications 
in construction, aviation, home equipment, manufac
turing and marine industries. However, components 
made from aluminium usually have poor fatigue 
strength and low heat resistance, partially due to 
non-uniform stress distribution within the compo
nents (Nurul and Syahrullahi 2014). Many attempts 
have been made to improve the mechanical and metal
lurgical properties of aluminium-based products. One 
of these approaches is extrusion, which involves for
cing out metal through a die with the aid of a punch 
under an applied load usually supplied by a hydraulic 
press (Weertzman 1993). Extrusion requires plastic 
deformation and subsequent transformation of alumi
nium into various shapes based on the die design 
(Mohan, Santhosh, and Venkata 2013). During this 
process, extruded products are impacted by significant 
changes in mechanical and metallurgical properties 
(Rusz and Malanik 2007).

Of all the extrusion processes, Equal Channel 
Angular Extrusion (ECAE) seems to be the most 
preferable(Seung et al. 2002). ECAE enables fine 

grain structures to be obtainable in a single pass 
because of severe plastic deformation (Murty and 
Ramulu 2009). In the ECAEconfiguration, the die’s 
dual channels have the same cross-sectional area 
and intersect at an angle of 90° to 150°. When a 
specimen (also known as a billet) is pressed using 
the angled channel of the die under high pressure, 
deformation occurs(Raghavan et al. 2006). The 
product that comes from the die after the extru
sion process has an identical cross-sectional area 
as the initial sample (Parshikov et al. 2013), which 
allows multiple numbers of extrusions with a sin
gular die and can be very advantageous in several 
industrial applications that demand a finer grain 
texture and structure in the bulk material 
(Roschowski 2005).

Several articles reported that the ultra-fine grain 
materials produced by ECAE can simultaneously com
bine high ductility and strength at the same time. 
Grain refining by severe plastic deformation can result 
in a unique mix of strength and ductility in metals, 
according to Mohammed and Senthil(Mohammed 
and Senthil 2016). Outstanding mechanical properties 
of this kind are highly appealing in the creation of 
next-generation innovative structural materials. 
However, achieving these properties necessitates post 
processing in order to produce a unique microstruc
ture that improves the material’s ductility (Xu 2006).
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Uneven shear strain distribution, excessive extru
sion load demands, and expensive procedures are all 
characteristics of ECAE products (Ahmed 2008). 
These issues arise due to non-uniform stress distribu
tion in extrudates, resulting in decreased capacity uti
lisation and, as a result, higher total costs. These issues 
could be as a result of the disparity between billet 
temperature and extrusion load. The material under 
study may be destroyed if either the extrusion load or 
the billet temperature is unnecessarily high, resulting 
in increased process time and production expenses 
(Avitzur 2007).In addition, inadequate temperature 
or load lowers product quality, such as hardness 
(Seung et al. 2002). This work therefore investigated 
the stress distribution of Al 6063 extruded under dif
ferent loads and at different temperatures by deploy
ing both experimental and modelling approaches.

2. Materials and methods

Aluminium 6063 samples were obtained from First 
Aluminium Company in Lagos, Nigeria, and were 
cut into billets (11.95 x 11.95 x 40 mm3) (Figure 1 
(a)). The billets were milled to obtain smooth surface 
finish (Figure 1(b)). The chemical compositions of the 
parent material were analysed using Glow Discharge 
Mass Spectrometer (PEM 2380). The size of the billet 
was chosen to allow sufficient clearance against the 
ECAE die of 12 × 12 x 58mm3 (square cross section) 

with a channel angle of 120° (Figure 2(a)). The speci
mens were cleaned, fed into the electric furnace and 
heated to the selected temperatures of 350°C, 425°C 
and 500°C.These temperatures were selected to fall 
between the recrystallisation and melting tempera
tures of Al 6063 which are 300℃ and 660℃, respec
tively. At these temperatures, recrystallisation occurs 
without melting.The heated billets were then inserted 
into the already lubricated ECAE die. The punch 
(Figure 2(b)) was coupled with the ECAE die to 
force the billet out of the die. The complete assembly 
of the billet, punch and die (Figure 2(c)) was placed in 
the hydraulic press (BTM 500) under varying loads 
(1000, 1100 and 1200 kN). Table 1 shows the range of 
extrusion factors and the number of extrusion passes 
considered for the experimental study. The selection 
of these factors for each experiment was based on the 
20 experimental runs (Table 2) obtained from the 
Response Surface Methodology (RSM) which is a 
component of Design-Expert software.

2.1. Tensile strength and hardness test

Both the tensile strength and hardness of the alumi
nium 6063 extrudates were measured thrice and the 
mean of the values were computed for further analysis. 
For the tensile test, samples were machined following 
the ASTM B221Mstandard and tested on the 
Universal Testing Machine (Model-Accurate −10). 

Figure 1. Aluminum samples(a) before machining, (b) after machining.

Figure 2. ECAE components (a) die (b) Punch. The assembly for the die is shown in (c).
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The Rockwell hardness testing machine (Model- 
Accurate FH8 900–391 C) was used for the investiga
tion of samples’ hardness.ASmooth surface finish was 
achieved by grinding and polishing the samples before 
being mounted on a Rockwell hardness testing 
machine where the hardness values were obtained.

2.2. Response surface methodology input-output 
parameters modelling

The respond surface quadratic model was used in con
necting the input factors (numbers of extrusion passes, 
extrusion load and billet temperature) to the responses 
(hardness and tensile strength). As stated in Equation 
(1), the model takes into account all linear to linear 
connections, linear terms and square terms (Kolakoti et 
al. 2020). 

where Y, βi; βo;βii; βij; ε are response, input factors 
linear effect, total average, input factors quadratic 
effect, linear to linear relation and random error 
respectively.

Multiple regression mathematical model of second 
order best fittings was generated and these were used 
for the analysis of the responses. Individual response 
analysis of variance(ANOVA) was used for the evalua
tion of model significance terms. Investigation of 

model adequacies was carried out by evaluating pre
diction error sum of square (PRESS), correlation fac
tor (R2), predicted R2and adjusted R2.

2.3. Simulation of the ECAE process

ECAE process simulation was carried out on theq
formplatform – a professional finite element-based 
software dedicated to simulation, analysis, and opti
misation of metal forming processes. During the simu
lation, the stress distribution within the extrudates and 
the extrusion load at various temperatures and loads 
were analysed. The simulation process consists of 
three stages: preprocessing, processing, and post-pro
cessing. At the preprocessing stage, configurations 
similar to those used in the experiments were pro
duced, while few conditions were imposed, such as 
an assumption of homogeneous and isotropic with 
visco-plastic deformation.The hydraulic press pro
vided compressive force at anextrusion rate of 
0.05 m/s while friction between the work-piece and 
the die was considered negligible due to the added 
lubricant. A plane strain condition was applied and 
the cooling medium was air.

According to Nickolayet. al(Nickolay, Sergey, and 
Alexey 2014), the general material flow formulation 
for extrusion in the qformplatform consists of the 
dynamic equation (Equation (2)), the compatibility 
condition (Equation (3)), constitutive equation 
(Equation (4)), incompressible equation (Equation 
(5)), energy balance equation (Equation (6)) and flow 
stress (Equation (7)) as presented. 

Where: σij,εij;Vi;j are stress, strain rate and velocity 
components respectively

�σ;�ε; �ε
;

are effective stress, effective strain and effec
tive strain rate respectively

ρ; c; k are density, specific heat and thermal con
ductivity respectively

T is the temperature, and β is the heat generation 
efficiency usually assumed as 0.9–0.95

Table 1. Extrusion factors and levels.

Factors
Level

Code −1 0 +1

Passes number N 1 2 3
Temperature of billet (°C) T 350 425 500
Extrusion Load (kN) L 1000 1100 1200

Table 2. Experiment layout.

S/N Coded Value Original Value

L TN L (kN) T (°C) N

1 −1 −1 −1 1000 350 1
2 +1 −1 −1 1200 350 1
3 −1 +1 −1 1000 500 1
4 +1 +1 −1 1200 500 1
5 −1 −1 +1 1000 350 3
6 +1 −1 +1 1200 350 3
7 −1 +1 +1 1000 500 3
8 +1 +1 +1 1200 500 3
9 −1 0 0 1000 425 2
10 +1 0 0 1200 425 2
11 0 −1 0 1100 350 2
12 0 +1 0 1100 500 2
13 0 0 −1 1100 425 1
14 0 0 +1 1100 425 3
15 0 0 0 1100 425 2
16 0 0 0 1100 425 2
17 0 0 0 1100 425 2
18 0 0 0 1100 425 2
19 0 0 0 1100 425 2
20 0 0 0 1100 425 2
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The input parameters considered for the simulation 
are load and temperature that was obtained from 
ECAE experiment conducted earlier. The die angle 
considered in the simulation was 120°(Roschowski 
2005) while the billet (aluminium) was loaded with 
1000, 1100 and 1200 kN at 350, 425 and 500°C, respec
tively (Table 1).

3. Result and discussion

3.1. Tensile strength and hardness

Table 3 shows the elemental composition of the 
aluminium 6063 sample. The result conforms with 
the standard aluminium 6063 sample having 0.6% 
Mg as the major alloying element. The hardness and 
tensile strength of the samples extruded at various 
temperatures and applied loads are presented 
inTable 4. The tensile strength varies between 246 
and 303 MPa compared to 243 MPa for the parent 
material. At a billet temperature of 350°C, the tensile 
strengths are 250, 246 and 251 MP for applied loads 
of 1000, 1100 and 1200kN, respectively, given an 
insignificant maximum difference of 5MPa. Ditto 
for other temperatures. However, when the load 
was kept constant at 1000 kN, the tensile strengths 
were 250, 298 and 303 MPa for extrusion conducted 
at 350°C, 425°C and 500°C, respectively, indicating a 
maximum difference of 53MPa. Similarly, tensile 
strengths of 246, 286, and 302 MPa are obtained 
for a load of 110 kN and 251, 295, and 303 MPa 

for a 1200 kN load at the three levels of tempera
ture. This implies that the extrusion temperature 
influences the mechanical properties of extrudates 
more significantly than the applied load because of 
the wide margin observed in the value of tensile 
strength when temperature was varied compared to 
when load was varied.The significance of extrusion 
temperature over applied load on the hardness and 
tensile strength is obvious.

Similarly, the hardness values fall in the range of 
92–110 HRB compared to 82 HRB for the parent 
material. Hardness has the same trend as tensile 
strength. The hardness values at a constant tempera
ture of 350°C for 1000, 1100, and 1200 kN load are 92, 
94, and 93HRB, respectively, indicating less influence 
of extrusion load. At 1000 kN, the hardness values are 
92, 102, and 110 HRB at extrusion temperatures of 
350, 425, and 500°C, respectively, confirming the sig
nificant influence of temperature(Arty, Ze’ev, and 
Frage 2020). The greater influence of extrusion tem
perature over load may be as a result of recrystallisa
tion and grain growth at higher temperatures 
(Namrata, Sanchin, and Arshad 2017). At this tem
perature, grain structures are refined into ultrafine 
grains with many grain boundaries that naturally 
resist movement of dislocation during deformation, 
and hence the enhanced properties observed(Nemati 
et al. 2015).

3.2. Empirical model

The behavioural description of response to the input 
factors was carried out by using second-order poly
nomial of the type stated in Equation (1). Equation 
(1) can further be transformed into Equation (8) 
when considering the three variables used in this 
study. 

Where all X are constants and Y is the response
The generated model equations based on the coded 

factors are given as Equations (9) and (10) for tensile 
strength and hardness, respectively. 

Y1, Y2, A, B and C are Tensile strength response, 
hardness response, load, temperature and number of 
passes respectively.

Table 3. Result of chemical composition of aluminium 6063.
Alloying Element Si Fe Cu Mn Mg Cr Zn Ti Sr
Composition (wt 

%)
0.45 0.35 0.03 0.4 0.6 0.07 0.04 0.06 0.05

Table 4. Tensile and hardness as a response to load and 
temperature.

S/N Original Value Responses

Load (kN) Temp (oC) No of Passes TS (MPa) Hardness (HRB)

Sample before extrusion 243 82

1 1000 350 1 250 92
2 1200 350 1 251 93
3 1000 500 1 303 110
4 1200 500 1 303 110
5 1000 350 3 258 98
6 1200 350 3 259 99
7 1000 500 3 312 113
8 1200 500 3 310 114
9 1000 425 2 298 102
10 1200 425 2 295 100
11 1100 350 2 246 94
12 1100 500 2 302 108
13 1100 425 1 286 96
14 1100 425 3 302 104
15 1100 425 2 293 102
16 1100 425 2 296 100
17 1100 425 2 296 97
18 1100 425 2 297 102
19 1100 425 2 297 101
20 1100 425 2 292 101
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3.3. Model significance

In the reliability Table 5, factors significance are deter
mine by analysis of model adequacy using ANOVA 
(when p ≤ 0.05 and insignificant if otherwise) (Aydin, 
Uslu, and Celik 2020). As a result, the generated mod
els are significant. Considering p-value for all the 
input factors, temperature (B) is the most significance 
factor while load (A) is the least.

3.4. Model fitting analysis

The conditions for an excellent fit are that the coeffi
cient of determination (R2) must be greater than or 
equal to 95%, the variation between predicted R2 and 
adjusted R2 must be less than or equal to 10%, ade
quate precision must be greater than 4 and insignif
icant lack of fit (F-Value) (Azeez et al. 2021). As 
indicated in Table 6,R2of 0.9880 and 0.9836 for both 
tensile strength and hardness and the variation 
between adjusted R2 and predicted R2 of 5.16% and 
5.38 indicate a good fit. Other variables also support 
the fact that the model is adequate and reliable, and 
can be used to navigate design space

3.5. Simulation result and temperature effects on 
the stress developed

In all the models, the effect of thermal stress was 
neglected because the samples were heated in a fur
nace where free expansion was allowed. If the billets 
were heated in a constrained environment, as much as 
764 MPa (at 500°C) of thermal stress would have been 
induced(Wojciech and Tomasz 2013).This indicates 
that the observed stress distribution in the post-extru
sion billet is due to the applied load. Figure 3(a-c) 
shows the stress distribution in the billets after extru
sion at designated temperatures of 350, 425 and 500°C 
and a constant load of 1000 kN. The maximum stress 
decreased with increased extrusion temperature, 
implying that temperature lowers the stress level. 

Table 5. Determination of model significance using ANOVA.

Source Tensile Strength Hardness

F Value p- value F Value p-value

Model 91.73 < 0.0001 15.37 < 0.0001
A-load 0.13 0.7252 0.00 0.9630
B-temperature 674.75 < 0.0001 116.49 < 0.0001
C-no of pass 23.61 0.0007 14.60 0.0034
AB 0.19 0.6704 0.02 0.8800
AC 0.05 0.8309 0.02 0.8800
BC 0.00 1.0000 0.60 0.4566
A2 0.00 0.9967 2.03 0.1846
B2 112.98 < 0.0001 2.03 0.1846
C2 1.37 0.2684 0.56 0.4700

Table 6. Second order model fitting result in form of ANOVA.
Model Summary characteristics Tensile Strength Hardness

Standard Deviation 3.23 3.37
R2 0.9880 0.9836
Adjusted R2 0.9773 0.9617
Predicted R2 0.9257 0.9079
PRESS 645.61 648.55
Adeq Precision 31.72 12.28
F-Value P = 0.0949 P = 0.2361

Figure 3. Flow stress distribution in samples extruded at temperature of (a) 350°C (b) 425°C (c) 500℃ and (d) 550℃.
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According to Winholtz(Winholtz 2001), metal yield 
strength decreases because of increased thermal stress 
occasioned by high temperatures. At such a tempera
ture, the metal undergoes microscopic plastic defor
mation, thereby releasing a portion of the residual 
stresses.

The increased flow stress at 350°C compared to the 
stress prior to extrusion is due to the plastic deforma
tion of the billet (Keste and Sarkar 2016). Except at the 
top edges of the extrudates, where a maximum stress 
of 172 MPa was observed, the flow stress is largely 
uniform between 130 and 135 MPa (Figure 3(a)).At a 
higher extrusion temperature of 425°C, the maximum 
and minimum stress levels were reduced to 167.8 and 
128 MPa, respectively (Figure 3(b)).Ditto for extrusion 
at 500℃, in which the maximum and minimum stress 
levels were 142.4 and 103 MPa, respectively(Figure 3 
(c)). At 550°C, the stress level reduced drastically to 59 
and 104 MPa for the minimum and maximum levels, 
respectively(Figure 3(d)). The observed reduction in 
the stress level with temperature is depicted in Figure 4 
(a), which shows a significant change as the extrusion 
temperature approaches the melting point of alumi
nium (660°C) (Namrata, Sanchin, and Arshad 2017). 
The figure also points to the high-level impact of 
temperature as a major factor in the ECAE process, 
especially for aluminium alloy(Zhenhua, Xianhua, and 
Qiangian 2004). It appears the stress distribution 
becomes more uniform with extrusion temperature, 
as seen in Figure 3. Effectively, the upper parts of the 
billets can be cut-off to have a product with minimal 
stress gradients. Such a small stress gradient produces 
high-strength aluminium with higher tensile strength, 
as observed in the experimental data in Table 4, where 
tensile strength increases with extrusion temperature 
(Maoyu et al. 2018).

Figure 4(b) shows the actual extrusion load against 
displacement for billets extruded at different tempera
tures. The deformation behaviour has three distinct 
stages (Nemati et al. 2014). At first, the extrusion load 
increases rapidly, indicating downward displacement 

of the billet towards the corner of the die. This is 
immediately followed by the dwelling of the extrusion 
load, which corresponds to the steady state of the 
process when billets continuously pass through the 
corner of the die. This load actually gives the max
imum extrusion load for that particular temperature. 
Finally, the extrusion load drops to zero, indicating the 
completion of the deformation process. As observed, 
the extrusion load decreases with increased extrusion 
temperature (Nickolay, Sergey, and Alexey 2014) with 
a maximum load of 500 kN needed for extrusion at a 
temperature lower than 500℃. At 500℃ and beyond, 
the extrusion load falls drastically. For instance, while 
the extrusion load was reduced to 430 kN at 500℃, it 
fell below 260 kN at 550℃. This significant reduction 
in the extrusion loadcan be attributed to the fact that 
flow stress is reduced with increased temperature 
(Flitta and Sheppard 2005) and, by extension, the 
processing time is also reduced (Lontos et al. 2008).

3.6. Loading effects on stress distribution

From the simulation performed thus far, using an 
applied load higher than 500 kN has no effect on 
the extrusion load of the ECAE process while the 
stress distribution is marginally affected. This is 
confirmed in Figure 5(a,b) where the stress distri
bution for extrusion conducted at 350°C under 700 
kN and 1000 kN differ by just 10 MPa with higher 
stress obtained at 700 kN.Also, the stress distribu
tion seems to be more uniform at 700 kN, com
pared to 1000 kN probably because of the lower 
deformation rate and consequent lower strain gra
dient as observed elsewhere (Jandrlic et al. 2018). 
Figure 5(c-d) also confirms that the extrusion loads 
are the same despite the huge difference in the 
applied load provided the extrusion temperature 
remains constant. At 350°C, applied loads of 700, 
1000, 1100, and 1200 kN have the same extrusion 
load as500 kN. However, at 500°C, the same set of 
applied loads has an extrusion load of 4300 kN. 

Figure 4. (a) Stress against extrusion temperature (b) extrusion load – ram displacement curves for extrusion carried out under an 
applied load of 1000 kN at different temperatures. Curves corresponding to 350℃ and 425℃ overlapped.
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Theoretically, the maximum extrusion load for the 
aluminium billet processed at the recrystallisation 
temperature of 350℃ is 508 kN(Wang et al. 2013), 
which is also confirmed by the simulation results. 
While higher load may lower extrusion time, it 
does not affect the actual extrusion load, which 
largely determines the power consumed during 
the metal working process(Lontos et al. 2008).

3.7. Microscopic analysis of the extruded and 
parent samples

SEM images of the surface morphologies of the parent 
material and extrudates are shown in Figure 6. The sur
face structure of as-received aluminium 6063 shows 
severe surface damage sustained during manufacturing 
(Figure 6(a)). However, most of these damages were 
attenuated after the ECAE process at all extrusion tem
peratures. A closer look at Figure 6(b) shows larger coarse 
grains while the formation of a less coarse grain micro
structure is visible at 425°C and 500°C (Figure 6(c,d)). 
The reduction in grain sizes is noticed as the temperature 
increased. This is due to the sub cell formation owing to 

high dislocation density occasioned by high temperature, 
and thus refinement of grains takes place. As grain struc
tures become smaller, grain boundaries increase. This 
impedes dislocation movement within the grains 
(Nemati et al. 2015).This is considered to be partially 
responsible for the increased strength and hardness 
obtained (Rusz and Malanik 2007).

4. Conclusions

This study confirmed temperature having a better influ
ence as a process parameter in the ECAE process than 
load at all applied loads and temperatures. However, at a 
load of 700 kN, the stress increased to a maximum level of 
184.7 MPa from 172 MPa under a 1000 kN load. High 
temperature has a load reduction capacity at a tempera
ture of 480°C and above before melting temperature. It 
also enabled a more uniform stress distribution in alumi
nium processed by ECAE.SEM images indicate a grain 
size reduction of the components extruded at different 
temperatures compared to the parent material. 
Therefore, the research findings have provided baseline 
information for accurate predictions of aluminium 

Figure 5. Stress distribution in samples extruded at 350°C under an applied load of (a) 1000 kN (b) 700 kN. The extrusion load – 
displacement curve is shown in (c).(d) extrusion load – ram displacement curves for extrusion carried out under an applied load of 
1100/1200 kN at two temperature regimes.
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strength and for having reliable products working within 
the safety limit of optimum manufacturing cost.
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