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Abstract 
In the current study, aluminium 6063 alloy (AA6063) was successfully gain refined by twist extrusion (TE) technique. TE 
is a representative severe plastic deformation process to fabricate ultrafine-grained in bulk materials by repetitive passes. 
In order to investigate the influence of back pressure, a direct extrusion (DE) channel was embedded after the twist zone 
and the behavior of AA6063 was investigated and compared with and without this channel. Analyzing microstructural 
evolutions by scanning electron microscope and Vickers microhardness evaluations showed that, adding the DE channel 
increased the hardness distribution and a more homogenous structure was obtained. Finite element analysis was utilized to 
study the distribution of the equivalent plastic strain (PEEQ) numerically. According to the obtained results, with applying 
the TE process, strain increase was observed all over the sample surface, whereas modeling the DE channel after the twist 
zone caused a better homogeneity in the PEEQ distribution of the transverse cross-section. The PEEQ distribution during 
TE process can be correlated to the extent of grain refinement and the uniformity of ultrafine grains. This method seems to 
be very interesting and very promising for the future industrial application.
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1  Introduction

Severe plastic deformation (SPD) techniques have been the 
focus of attention during the last decades by virtue of their 
exceptional abilities in hardening, enhancement of mechani-
cal properties and microstructural development [1–4]. The 
principal mechanism of grain refinement via SPD includes 
an increase in dislocation density at the earlier stage of 
deformation and then the formation of cells and subgrains 
with low angle grain boundaries during subsequent deforma-
tions. More dislocations are generated during further defor-
mations leading to an increase in misorientation between the 
cells promoting the formation of grains surrounded by high 
angle grain boundaries [5]. Generally, high shear strains 
make grain refined materials so that, they insure achiev-
ing the structures with micron and in some conditions nano 
dimensions in microstructure of metals and alloys [6, 7]. The 
unique characteristic of SPD processes is retaining the size 

of the sample till the end of the process, which provides the 
ability to repeat the process to accumulate higher and more 
homogeneous strain [8–10].

Processing by twist extrusion (TE) is especially attractive 
because the procedure can be easily scaled-up to produce 
relatively large billets and the process present a potential 
for producing materials which can be used in structural 
and functional applications [11]. In this process, a billet is 
pressed through a die with two straight channels separated 
by a section with helical geometry. For this, straight chan-
nels should be long enough [12]. The main deformation 
during TE occurs precisely at the boundaries between the 
straight and the twist parts. In addition, a sample can have 
square, hexagonal, circular and even oval cross-section in 
TE process [13].

The main distinguishing characteristic of TE process is 
the vortex flow. If the vortex flow is not closed in the die, 
the sample after the TE will have a helical shape [14, 15]. In 
order for the sample to be straight after exiting the twist die, 
it is necessary that after the helical section of the die there 
should be a sufficiently long straight section. In addition, a 
sufficiently large back pressure (BP) must be applied [12]. If 
the sufficient BP is not applied, the billet cannot obey the die 
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geometry especially since the compressive force exerted from 
the punch cannot provide enough radius force in the whole 
billet. If the BP is sufficient, the sample will swell and imposes 
pressure to the die walls leading to a high friction increase 
which prevents from the formation of metallic dead zones at 
the die corners [16]. Latypov et al. conducted a research on 
the BP effects in TE process and found that in addition to the 
twist strain obtained during the deformation, the imposed BP 
from the die creates tensile radios strain and compressive axial 
strain in the sample [17]. This method has many advantages 
over conventional SPD methods such as using longer samples 
as compared with high pressure torsion (HPT) process [18, 
19], also the ability to extrude the hollow parts and the rectan-
gular cross-sections as compared with equal channel angular 
extrusion (ECAE) process [20], it can be claimed that TE has 
higher industrial capabilities.

It should be noted that, mechanical and structural properties 
of the TE-processed alloys are improved but a high anisot-
ropy occurs in the properties distribution in the cross-section 
which is not suitable at all [21, 22]. That is why, utilizing a 
deformation process beside TE is a good solution to this mat-
ter [23, 24]. Kim et al. carried out a research in which simple 
shear extrusion had been done to make the deformation and 
the strain distribution more homogenous and uniform [25].

Aluminium alloys are used in a variety of structural appli-
cations ranging from building and automotive to aerospace 
industries [26]. Almost two third of aluminium alloys used 
are 6xxx series, which contain silicon and magnesium in the 
proportion required to form magnesium silicide, and exhibit 
good specific strength, toughness, higher corrosion resistance, 
better weld ability, and above all, it is cheaper as compared to 
2xxx and 7xxx series [27–29].

In this paper, by applying enough BP on the whole cross-
section of the aluminium 6063 alloy (AA6063), conditions 
for having the final square geometry became possible. This 
alloy is commonly used in extrusion process [30, 31]. Since 
the attractive properties such as high strength and easy form-
ability, AA6063 is a suitable choice for structural applica-
tions [32–34]. When AA6063 is subjected to SPD processes, 
it represents grain refinement resulting in favorable and bet-
ter mechanical properties [35, 36]. Understanding the plastic 
strain distribution during the SPD process is essential to opti-
mize the process outcome for specific applications. Research-
ers have used finite element analysis (FEA) techniques to sim-
ulate the deformation behavior and strain distribution during 
SPD process [37–41].

2 � Experimental Work

AA6063 was received in the form of extruded billets with 
the cross-section of 14.6 mm × 14.6 mm and 50 mm length 
and the chemical composition as indicated in Table 1.

After their preparation, the samples were full annealed 
before conducting the tests to make sure that all evolutions 
would be obtained from TE process. For this purpose, the 
samples were annealed at 413 °C for 3 h and cooled down 
in air to ambient temperature. In the next step, the whole 
surface of the samples was covered with MoS2 lubricant to 
minimize the friction, then they were put into the inlet zone 
of the die and were guided to the twist zone by the steel 
punch with constant speed of 65 mm/min. Schematic of the 
TE die used in this study can be observed in Fig. 1. The bil-
let was pushed into the die through a track of 11 mm with the 
slope angle of β = 30° and counter clockwise rotation angle 
of α = 90° around the extrusion direction and then was sent 
out of the twist zone. In order to maintain the shape of the 
billet until the end of the TE process, a direct extrusion (DE) 
channel was embedded immediately after the twist zone at 
the bottom of the TE die. At this stage, the cross-section 
decreased from 14.6 mm × 14.6 mm to 12.6 mm × 12.6 mm. 
TE process was done using a press machine with the capac-
ity of 100 tons at room temperature.

Table 1   Chemical composition 
of aluminium 6063 alloy used in 
this research (wt%)

Si Mg Fe Mn Ti Cu Zn Cr Al

0.58 0.55 0.20 0.07 0.02 0.01 0.01 0.01 Bal.

Fig. 1   Schematic of the twist extrusion die and the direct extrusion 
channel (back pressure)
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To investigate the resultant microstructural evolutions 
of the TE process, a cross-section with a thickness of 
5 mm was chosen from the center of both samples with 
and without the BP, perpendicular to the extrusion direc-
tion and then abrasive and polishing by the Keller’s etch-
ant were performed. Metallographic and microstructural 
observations were well handled utilizing scanning elec-
tron microscope (SEM) with the model of ZEISS. Vick-
ers microhardness tests were conducted on the center and 
four corners of the polished samples, using Buehler digital 
microhardness tester with the model of MMT7 and load of 
50 gr and maintaining time of 25 s.

3 � Finite Element Analysis Details

The FEA package ABAQUS explicit was used to simulate 
the TE process. Due to the complexity of the die geom-
etry its modeling was considered as discrete rigid. Rigid 
bodies do not need to have material’s property leading to 
an easier and faster analysis. For a better determination 
of the contact between the sample and the die, a dynamic 
explicit solver with tangential friction coefficient of 0.01 
was used and for vertical friction parameter the type of 
hard contact was suitable. It should be mentioned that the 
simulation speed of the TE process was like the laborato-
rial condition. Meshing the die was conducted considering 
a quad element shape with a size of 1 mm. Before and after 
the twist zone and because of the geometrical complex-
ity of the twist zone, tri angle element shape with size of 
0.04 mm was taken into account for this part. For meshing 
the billet, C3D8R elements with mesh size of 0.75 mm 
were applied. Because four corners of the sample had the 
fillets with the radius of 1 mm hence, finer meshes with 
size of 0.25 mm were chosen for these zones (Fig. 2). The 
number of independent elements for the billet and the die 
were 40,400 and 20,592, respectively.

4 � Finite Element Analysis Results 
and Discussion

First of all, in order to determine the amount of BP, sev-
eral conditions of TE were simulated before performing the 
experimental part. To preserve the primary shape of the bil-
let until the end of the process, BP of 420 MPa should be 
exerted on the whole cross-section of the sample after exit-
ing the helical section.

After completing the TE process, the final shape of the 
samples was quite similar to the results of TE simulation. 
A comparison between simulation and experiment results 
showed only a slight difference in the appearance of the bil-
lets. Figure 3a, b show the images of the billets after the 
experiment, while Fig. 4a, b show how the strain is distrib-
uted at the samples surface from the beginning to the end 
of the process. Figure 4a, b also show the final shape of the 
billets in the TE process with and without applying BP.

As it is observed in Fig. 4a, according to the simulation 
of the TE die without BP, the sample is destroyed and turns 
into a cylinder with the same length obtained in the experi-
mental work. In this situation, the vortex flow is not closed 
in the die, that is why the sample has a helical shape in the 
presented work. But However, TE simulation is modeled 
along with the DE channel and exerting enough BP which 
insure the initial geometry of the sample until the end of the 
process (Fig. 4b).

According to Fig. 2 studying and comparing the changes 
in equivalent plastic strain (PEEQ) distribution are handled 
choosing plane A from both samples without the BP (state I) 
and with the BP (state II). By the movement of the samples 
through the TE die and when plane A approaches the twist 
zone, strain distribution is observed in those (Fig. 5a, b). As 
it is seen from Fig. 5c–e, due to the special mechanism of 
the TE deformation and high friction force, PEEQ increases 
specially at the corners. In the following, sample of state 
II enters the DE channel after crossing the twist zone, at 
this stage because of the cross-section reduction the sample 

Fig. 2   Perspective view of the 
meshed sample before the twist 
extrusion simulation and select-
ing elements in middle trans-
verse cross-section (plane A)
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undergoes higher work hardening (Fig. 5g). Eventually, upon 
completion of the TE process PEEQ distribution of the sam-
ples can be viewed in Fig. 5h.

In consonance with Fig. 5 during the TE simulation, 
PEEQ changes increase in both states of I and II. To deter-
mine the difference between both states of the TE, an imagi-
nary line is plotted from the maximum element of PEEQ 
to the central element of plane A and strain distribution is 
examined on a few elements of that line (Fig. 2).

In the following, the maximum value of PEEQ in all 
selected elements is compared (Fig. 6). In state I a difference 
of 94% is observed in the maximum PEEQ of the corner 
and center elements, whereas the sufficient BP in state II 
decreases this difference to 55% in those elements. In this 
study, strain distribution results are in agreement with the 
study that Beygelzimer et al. did [11] that the maximum 
strain was at the corner and the minimum was observed at 
the center being related to inhomogeneous strain distribution 
of the TE process.

5 � Experimental Results and Discussion

In this research before conducting TE process, the micro-
structure of the plane A was investigated. As it is seen in 
Fig. 7 the full annealed sample consists of separate coarse 
grains with average grain size of 314.2 µm.

A recent research [42] reported that in addition to the grain 
refinement, elongation of grains in the microstructure of a TE-
processed pure copper occurred, while the grain arrangement 
of AA6063 does not show such an elongated structure in state 
I and coarse and inhomogeneous grains are observed in plane 

Fig. 3   Annealed samples with; a TE-processed sample with the direct extrusion channel and back pressure and b TE-processed without the 
direct extrusion channel and back pressure

Fig. 4   Equivalent plastic strain distribution (PEEQ) and deformation 
of the billets; a twist extrusion without the direct extrusion channel 
and back presser and b twist extrusion with the direct extrusion chan-
nel and enough back presser
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Fig. 5   Comparison of deformation and equivalent plastic strain distribution (PEEQ) in plane A; a before the twist zone, b at the twist zone 
entrance, c–e in the twist zone, f at the moment of exiting from the twist zone, g in the DE channel and h at the end of the TE process
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A. In a similar study [43] that Orlov et al. did on commer-
cially pure aluminium, nonexistence of the BP in the first TE 
pass changed the geometry of the sample and no homogeneity 
was observed in the microstructure. But about the state II, by 
dimension reduction of the sample after the twist zone, com-
pletely different structure of grain size and shape is obtained.

It is clear from Fig. 8 that in addition to enhanced grain 
refinement, grains with regular and purposeful orientation 
are obtained by the direct extrusion. Mousavi [44] applied 
direct extrusion as a conventional way of deformation after 
the TE process which made finer grains and more uniform 
structure in aluminium structure. The grain refining process 

of the TE technique is a severe non-uniform deformation 
process. The elongated grains with an average grain size 
of 159.6 µm were obtained in the state I, whereas a more 
homogeneous microstructure with an average grain size of 
31.8 µm was observed in the state II.

Vickers microhardness has been distributed homogene-
ously in all over the cross-section and almost no anisotropy 
is seen. The average hardness is 34.1 HV. To minimize the 
error possibility, all the results were reported from the aver-
age of five microhardness tests but due to the inhomoge-
neous deformation in state I, microhardness changes were 
very dispersed that is why the average hardness was reported 
from logical results. It has been reported that vickers micro-
hardness distribution along the transverse cross-section of 
the TE-processed sample is inhomogeneous as well as the 
grain refinement [45]. In a same study [46], Nouri et al. 
searched on the TE behavior of the AA6063 and figured 
out that microhardness changes increase inhomogeneously 
by the motion of the sample through the twist zone so that 
microhardness is more in lateral regions as compared with 
the central regions. To determine the amount of hardness, 
microhardness tests are carried out in both lateral and central 
regions. According to Fig. 9 hardness distribution is more 
inhomogeneous in state I, so that the hardness in lateral and 
central regions are 42.4 HV and 37.1 HV, respectively. Due 
to the direct relation between the hardness and dislocations, 
it can be concluded that less hardness in central regions is 
because of the low density of dislocations in this region 
[47]. Besides, microhardness in state II increases to about 
69.7 HV and 66.3 HV in lateral and central regions, respec-
tively. Hardness difference in transverse cross-section is due 
to the higher applied strain in lateral regions in comparison 
with the central regions [48].

6 � Conclusions

Twist extrusion process has been experimentally and numer-
ically carried out on aluminium 6063 alloy with and without 
back pressure at room temperature. The results are summa-
rized as follows:

1.	 Successful completion of the twist extrusion process 
required an appropriate back pressure applied on the 
whole cross-section of the billet after exiting the helical 
section. The back pressure should be sufficiently exerted 
to allow the sample to rotate in the helical zone and 
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maintain the sample shape until the end of the process. 
Considering all the conditions in the simulation of the 
twist extrusion technique and using a press machine 
(capacity of 100 tons), back pressure of 420 MPa equiv-
alent to the billet in the opposite direction of extrusion 
was calculated and applied.

2.	 Finite element analysis of twist extrusion process pre-
dicted a large strain value for state II (twist extrusion 
with suitable back pressure) along with different direc-
tions from a specific section (plane A) as compared to 
the state I (twist extrusion without back pressure) due 
to the high shear strain condition in the twist extrusion 
as well as the friction and interaction effects.

3.	 The experimental results from the twist extrusion were 
in reasonably good agreement with the finite element 
analysis results. Grain refinement was more visible in 
the lateral regions of billet where the strain distribution 
was greater than in the central regions.

4.	 The twist extrusion technique could effectively refine the 
grains and improve the microstructure of the aluminium 
6063 alloy. After applying enough back pressure, the 
grain size was reduced from an initial average grain size 
of 314.2 µm to the final average grain size of 31.8 µm.

5.	 Vickers microhardness of the aluminium 6063 alloy was 
increased dramatically by applying back pressure after 
twist section as compared to the initial condition (twist 
extrusion without back pressure). Moreover, a quite uni-
form microhardness distribution was observed along the 
transverse cross-section of state II.

Fig. 8   SEM images of the microstructure after the twist extrusion process; a, b twist extrusion without back pressure (state I), c, d twist extru-
sion with back pressure (state II)
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