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NUMERICAL ANALYSIS OF TWIST EXTRUSION PRESSING OF Al-Mg-Mn-Sc-Zr SCA LMALLOY

Twist extrusion is a processing method involving the extrusion of a sample with a prismatic cross-section using a tool com-
posed of four prismatic parts bisected by a screw component. A beneficial change in mechanical durability is one of the main fac-
tors enabling the use of highly durable Al-Mg-Mn-Sc-Zr alloys to construct functional components of non-stationary robots. As 
part of the present research, ANSYS® software was used to simulate a twist extrusion process. An analysis of a sample entering 
and passing through the entire twisting area was performed, up to the point of full twisting of the base of the sample. The stress 
conditions in the sample were analysed as it passed through the twisting area. The highest stress values (reaching up to 600 MPa) 
were detected at the tips of the sample face as the sample exited the twisting area. The lowest stress values, at around 170 MPa, 
were detected at the side edges of the sample.
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1. Introduction

Severe Plastic Deformation plastic processing methods have 
been known for a long time and are becoming more and more 
popular. SPD methods are primarily used for grain refinement 
[1-8], resulting in the transformation of the micrometric structure 
of materials into ultrafine-grained (grain size 500÷100 nm) or 
nanometric (grain size <100 nm) structure [9-12]. Most popular 
SPD processing methods include ECAP, HPT and TE

The use of this type of processing methods results in plastic 
deformations and generation of residual compression stresses in 
the upper layer of the processed component [13-19]. The dis-
tribution of stress values and their ranges within the processed 
material depend on the parameters of the SPD process. Obtaining 
the required alloy durability parameters requires a number of 
experiments in order to ascertain the best processing parameters. 
A numerical study of the methodology of construction and 
solution of process models utilising an intensive accumulation 
of SPD deformations is of key importance to ensuring control 
of technological processes. By using computer simulations, we 
can gain a deeper understanding of the physical processes that 
occur when a component is processed and their impact on the 
mechanical properties of the processed material. Analysis of 
these phenomena will enable choosing optimal parameters of the 
process and verifying its assumptions and remedying any errors 
already at the computer simulation stage, significantly shortening 
the time needed for implementation and reducing costs.

Two shear planes appear during the TE process – at the 
entry to and exit from the twisting area. The line of the shear 

plane is perpendicular to the axis of the sample. When passing 
through the twisting area, the material increases its surface by 
70-80% and returns to its original size after exiting the twisting 
area [20]. The direction of the movement of the material remains 
the same throughout the process. Furthermore, the amount of 
wasted material is relatively low compared to other SPD tech-
niques (e.g. ECAP) [21]

The section area and the dimensions of the component 
remain unchanged throughout the process, making it possible to 
repeat the process several times in order to accumulate stresses 
required to change the microstructure and mechanical properties 
of the sample [22].

In contrast to ECAP and HPT, one of the basic features of 
the TE process is the ability to generate two deformation planes 
within a single process iteration, as well as the ability to ensure 
continuity of the process. Neither of the above can be achieved 
in ECAP, where only a single deformation plane is generated, 
and HPT, where the process is non-continuous. Thanks to the 
above features, TE processing can potentially be used to improve 
the durability of aluminium alloys, provided, however, that the 
design and technological parameters of the alloy are selectively 
determined.

2. Material and methodology

An RSA-501 aluminium alloy, with the following composi-
tion: Al; Mg 5%; Mn 1.5%; Sc 0.8%; Zr 0.4% (a scalmalloy), was 
used in the research. The parameters of the material subjected to 
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pressing were determined experimentally, in accordance with the 
requirements of standard EN ISO 6892-1, using an Instron uni-
versal static tensile testing machine equipped with a Zwick-Roell 
measurement system (Fig. 1), and entered into the numerical 
software. The model of the material used in MES calculations 
is described in the ANSYS® system as linearly elastic up to the 
yield limit, and as non-linear beyond that limit.

Fig. 1                  . Stress-strain curve for the RSA-501 aluminium alloy

After performing durability tests in order to determine the 
material parameters of the RSA-501 aluminium alloy, an addi-
tional series of tests was performed in respect of three different 
tensioning speeds, in order to analyse the behaviour of the sample 
depending on tensioning speed. 

The samples were subjected to variable forces at a constant 
tensioning speed: 200 mm/min, 400 mm/min and 600 mm/min. 
Test results can be seen in Fig. 2.

Fig. 2. Relationship between ultimate tensile stress and velocity of the 
load under tensile test

As can be seen, the highest yield limit and highest stresses 
were generated in samples tensioned with the lowest speed, 
although the differences between various tensioning speeds 

were not significant. However, the above indicates that in order 
to generate the largest elongation of the material and highest 
tensioning values, the material should be tensioned at a relatively 
low speed.  

After performing durability tests and determining basic 
material parameters, the RSA-501 aluminium alloy sample was 
subjected to twist extrusion processing in order to introduce 
structural changes and modify its durability parameters. Two 
RSA-501 aluminium alloy samples are pressed through the 
angular channel of the matrix, with only the first of the samples 
fully passing through the twisting area. The samples are pressed 
using a purpose-made cylinder rod, the mandrel of which enters 
the angular channel.

The SPD TE pressing test was performed using the same 
device that had earlier been used to tensile test. The device can 
be seen in Fig. 3.

Fig. 3. Left – Instron 35 universal tensile test machine with Zwick-
Roell measuring system, right – part of the matrix with visible of the 
channel to the TE test

Fig. 4. Relationship between sample pressing force and the movement 
of the cylinder rod at the specified tensioning speed

The sample was pressed through the matrix at a constant 
speed and variable standard force. The highest force was gener-
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ated when the cylinder rod was displaced by 30 mm in relation to 
its starting position (Fig. 4). The graph clearly shows the gradual 
increase of force until it reaches the local maximum (approx. 
12 kN) and a further increase of force (after exceeding 15 kN).

Fig. 5 is a compiled graph that presents the relations be-
tween displacement of the front of the grip of the extruding test 
machine and the force which is corresponding this displacement. 
As seen on the graph, when the cylinder rod is displaced by 
26 to 29 mm relative to the initial position, a slight drop in the 
force occurs – this is where the face of the sample reaches the 
exit from the angular channel (i.e. will shortly leave the angular 
channel area). After the relative displacement exceeds 30 mm, 
the face of the sample exits the angular channel and concludes 
the twisting process.

When the cylinder displacement exceeds 35 mm, the second 
sample enters the angular channel and is subjected to twisting.

Fig. 5. Graph depictin  g the sample pressed through the matrix

Fig. 6 d epicts photographs of samples subjected to twist 
extrusion processing. The bottom sample is the one that was the 
first to enter the angular channel and was fully twisted at a 90° 
angle. The top sample was used only for the purposes of aiding 
in performing the test by fully pushing the first sample through 
the angular channel.

Fig. 6a shows a plastically deformed samples edge. The 
device for the TE test is made up of four parts, connected with 
screws. The die was made on a numerically controlled machine 

tool, and then the handle was thermo-chemical treated with sul-
fonation to raise the mechanical properties of the TE test tool. 
It is extremely difficult to explain why the situation shown in 
Fig. 6a and 6c occurred: the plastic flow and pressing part of the 
sample edge into the gap between the tool components, because 
after the test one of the parts of the TE holder was permanently 
deformed in small area/range but disqualifying handle as a tool 
for further research. Perhaps heat treatment is the reason, which 
deformed the tool and the deformation was not registered or the 
screws loosened during the TE test.

It can clearly be seen (Fig. 7) that the first sample (on the 
right) was fully twisted and passed through the angular channel, 
while the second sample (on the left) only partially entered the 
angular channel (part of the sample was not twisted). To remove 
the second sample, the matrix had to be taken apart.

Fig. 7. Samples used in twist extrusion processing

3. Definition of the numerical model

Samples made of RSA-501 aluminium alloy, with a pris-
matic cross-section and dimensions of 8×10×35 mm, were used 
to simulate the twist extrusion pressing test (the samples used in 
durability testing were made of the same material).

The matrix model used in the simulation was prepared 
based on the actual matrix (Fig. 8) used to perform the twist 
extrusion process.

Fig. 8. The matrix for the Twist Extrusion treatment and geometric 
model for numerical analysis

Fig. 6. Samples pressed through the matrix
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Numerical modelling for the twist extrusion process was 
performer using the ANSYS® finite element suite. The numeri-
cal analysis was performed in order to analyse the distribution 
of stresses in the sample passing through the matrix. For the 
purposes of the numerical analysis it was assumed that the an-
gular channel of the matrix is rigid and non-deformable, which 
allowed us to analyse the distribution of stresses without having 
to account for the phenomena occurring within the matrix. The 
channel was defined as stiff and undeformable. Testing concerned 
the behaviour of the sample entering and passing through the 
twisting area, up until the moment where the face of the sample 
was twisted at a 90° angle (i.e. only the face of the sample fully 
passed through the twisting area, and not the entire sample). 
The sample was discretized by second order brick element with 
twenty nodes, with three degree of freedom on each node. FEM 
model of material was made on base of the tensile test of the alu-
minium alloy which was used under test.The grid size has been 
selected to provide an acceptable solution time with a relatively 
small stress change in the model. By reducing the size of the 
grid twice, the time of solving one step increased several times, 
while the change in plastic strain did not exceed 5%.

The size of the task was set at slightly over 300,000 degrees 
of freedom. On base of the tensile test curve presented on Fig. 1, 
σtrue-εln curve was calculated and this curve was applied to the 
FEM model of the sample. Using this curve is very important 
because the strain during the twisted extrusion test is very higher 
than yield stress and as we can see on Fig. 6 there are places 
where we can see destruction of the aluminium alloy also. Area 
of the destruction have an influence for the experimental curve 
presented on the Fig. 18. The influence of the destructions of 
the part of the aluminium alloy for the experimental curve of the 
twisted extrusion will explained in the part devoted conclusions. 

The sample was loaded with a displacement equal to the 
length of the angular channel. The dynamic friction parameter 
was set at 0.08, while static friction was set at 0.05. Calculations 
accounted for geometric and material nonlinearities. 100 calcula-
tion steps were set and the automatic integral step densification 
function was activated. 

4. Results of MES testing

Figures 9-11 depict the distribution of regular and shear 
stresses on the surface of the sample during the twist extrusion 
process. Analysis was performed in respect of a sample entering 
and moving through the twisting area, up until the full twisting of 
the base of the sample (meaning tha t only the base of the sample 
is twisted at a 90° angle, and not the entire sample).

As the sample passes through the twisting area, stresses 
of approx. 314 MPa appear an almost the entire surface of the 
sample, which constitutes a value only 5.5% higher than the 
value measured during the experiment (however, it must be 
noted that only the mean value of stresses was recorded during 
experimental tests, while the numerical analysis made it possible 
to observe the distribution of stresses, and stresses of 341 MPa 

Fig. 9. Sample entering the twisting area

Fig. 10. Sample inside the twisting area

Fig. 11. Sample exiting the twisting area

are the dominant stresses on the surface of the sample, and not 
the mean value of stresses).
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As seen in Fig. 11, the highest stresses (approx. 597 MPa) 
appear on the tips of the face of the sample as it exits the twisting 
area (i.e. is twisted at a 90° angle). The above is caused by sec-
ondary hardening – the exit of the sample from the twisting area.

An interesting fact is that stresses with a value of approx. 
170 MPa start to appear even before the sample enters the twist-
ing area, as seen in Figs. 9-11.

It’s also worth noting that when the sample passes through 
the twisting area, the lowest stress values are present on the side 
edges (marked with arrow number 1 in Fig. 11), while the highest 
stress values are present on the side edges and base edges when 
the sample exits the twisting area (Fig. 11, arrow number 2). 

Higher stress values on the edges of the sample are caused by the 
friction (deformation) of the material against the matrix surface.

Figs. 13-15 show the distribution of shear stresses at the 
entry into the twisting channel, during the passage through the 
channel and at the exit from the channel (i.e. the conclusion of 
the twist extrusion process). Fig. 12 is a schematic depiction of 
the analysed plane.

Fig. 13. Distribution of stresses on the sample cross-section at the entry 
into the twisting area

Fig. 14. Distribution of stresses on the sample cross-section during the passage through the angular channel

Fig. 12. Schematic presentation of the analysed surface
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Fig. 15. Distribution of stresses on the face of the sample at the exit 
of the twisting area

As seen in figs. 13-15, the distribution of stresses in the 
sample cross-section and the values of stresses varied and de-
pended on the stage of the twisting process that the surface was 
subjected to at a given moment. 

The lowest stress values were observed in the central area 
of the cross-section (i.e. in the midsection of the twisted sample, 
along the twisting plane), before and just after twisting the sample 
at a 45° angle, and fluctuate within the range of 28.5-63.5 MPa 
(lower values were observed before the sample was twisted at 
a 45° angle).

Fig. 15 depicts the phenomenon that could be seen in 
figs 9-11, namely that the highest stress values can be observed 
on the tips of side edges, at the entry into the angular channel. 
Fig. 16 depicts the plane of the ‘bisection’ that was made to 
illustrate the distribution of stresses inside the sample. Fig. 
17 depict the distribution of stresses inside the sample (on the 
cross-sectional plane, parallel to the side wall of the sample and 
passing through its centre).

Fig. 16. Schematic presentation of the analysed surface

Fig. 17 clearly indicate that the highest stress values (ap-
prox. 420 MPa) appear on the surface ‘entering’ the angular 
channel.

By analysing the distribution of stresses on the sample 
surface, it becomes evident that the highest stress values appear 
on the outer edges that are subject to the most potent deforma-
tion processes, while the lowest stress values appeal along the 

axis passing through the centre of the sample, parallel to the 
direction in which the sample is pressed, as this area is subject 
to the weakest twisting forces (Fig. 17c-d area marked in black).

Analysis of stresses on the surface of the cross-section and 
longitudinal section of the sample, as well as on its external sur-
face (Figs. 9-11) indicates that the highest stress values appear 
on the tips of the face of the sample (tips of the cross-section) 
as the sample exits the twisting area, and may reach up to ap-
prox. 630 MPa. As stated above, this phenomenon is caused by 
secondary hardening. Lowest stress values appear in the central 
part of the section (the closer to the centre, the lower the stresses, 
as the central section of the sample is subject to the weakest 
twisting force).

Fig. 18 shows comparison of the results obtained from the 
TE tests with the results obtained from calculations using the 
FEM method. Experimental results are marked in blue, while 
the red line illustrates the results of numerical analysis. In the 
initial phase up to 10 kN, correspondence between experimental 
tests and the results of numerical calculations is observed. After 
exceeding the load of 10 kN, the force in the experiment con-
tinues to increase while in the FEM experiment it stabilizes and 
to displacement about 30 mm it has a constant value. It should 
be remembered that the FEM numerical solution is ideal, i.e. 
the channel has perfect dimensions, constant roughness and 
the most important that is uniform. For the real experiment, the 
channel was made in the form of four separate elements bolted 
with screws due to the high degree of complexity associated 
with its performance. As mentioned earlier, in order to improve 
the mechanical properties of the channel, all the elements were 
sulphonated, which significantly increases the mechanical 
properties and reduces the coefficient of friction. Deformations 
or inaccuracies in the channel design caused that one of the 
edges of the squeezed sample was pressed into the gap between 
the quarters of the channel (Fig. 6a). This situation takes place 
from 4 mm displacement where the force increases significantly. 
Although the differences in strength between FEM and TE test 
are very significant, it is easy to see similarities in the graph. In 
both cases an increase in force can be observed at the moment 
when the sample exits the channel (about 30-35 mm) and moves 
in its last part. In numerical analysis, additionally we observe at 
this stage of processing a significant drop in force which results 
only from the movement of the sample through the untwisted 
TE matrix channel.

5. Conclusions

The research performed during the experiment made it 
possible to:
1. Tensile strength of RSA-501 is not depending of velocity 

of load during experimental tests.
2. The use of numerical methods in the TE processes  that use 

significant deformation  accumulation is much more cost 
effective in comparison to experimental research and allows 
for analysing both the distribution of stresses and strains,
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Fig. 17. Distribution of stresses in the cross-sectional plane of the sample

Fig. 18. Graph compiled using data from the TE test and FEM test
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3. Observe the distribution of residual stresses with a value 
of approx. 340 MPa, generated during the TE process

4. Determine the actual parameters of force required to 
displace the sample during the process, confirming the 
significant effect of friction on the values of pressing 
forces. Numerical analysis confirms that the 20 kN of load 
is necessary to deform the sample during the begging and 
end of matrix channel.

5. The next stage of research requires the design and re-
designing of the duct and its construction so that in the next 
test no pressed of the aluminum alloy in the gap between 
the components of the TE process matrix is noticed.
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