Archives Volume 118 International Scientific Journal
- - Issue 1 published monthly by the

Of Materlals sclence November 2022 World Academy of Materials

and Englneerlng Pages 5-28 and Manufacturing Engineering

DOI: 10.5604/01.3001.0016.2442

An analysis of crystallographic texture
and residual stresses of aluminium alloy
RSA-501 after selected processes

of twist extrusion (TE)

P. Byczkowska a*, J. Sawicki 2, B. Adamczyk-Cieslak P, B. Januszewicz 2
a |nstitute of Materials Science and Engineering, Faculty of Mechanical Engineering,

Lodz University of Technology, Stefanowskiego Street 1/15, 90-924 k6dz, Poland

b Faculty of Materials Science and Engineering, Warsaw University of Technology,

Wotoska Street 141, 02-507 Warsaw, Poland

* Corresponding e-mail address: paulina.byczkowska@p.lodz.pl

ORCID identifier: @https://orcid.org/0000-0002-5429-7933 (P.B.)

ABSTRACT

Purpose: This study presents the residual stress analysis for the twist extrusion (TE) process
after the experiment and numerical simulation and the analysis of the crystallographic texture
changes and changes in hardness before and after the TE process for an RSA-501 aluminium
alloy (Al; Mg5%; Mn1.5%; Sc0.8%; Zr0.4%).

Design/methodology/approach: Crystallographic textures were obtained with the
PANAlytical Empyrean X-ray diffractometer. The stresses were measured by applying the X-ray
method with the use of using the PROTO iXRD diffractometer.

Findings: The use of severe plastic deformation processes in the mass of the material leads to
a significant change difference in the stress distribution in the workpiece and a change in texture
compared to the reference material. The stress distribution in the sample cross-section and
stress values varied and depended on the stage of the twisting process to which the surface
was subjected. The highest stress (about 600 MPa) appears at the peaks of the front surface
when exiting the twist area die TE. Higher stress values at the edges of the specimen are caused
by friction (deformation) of the material against the die surface. The TE process strengthened —
the highest crystallographic texture background level was 49%.

Practical implications: The conducted tests and the obtained results allow the determination
of the process parameters and critical areas of the sample by carrying out a numerical simulation.

Originality/value: Microhardness increases due to the TE process and the largest values
were observed at the edges. This phenomenon is confirmed by the numerical simulation results
presented in this paper.
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1. Introduction

Severe Plastic Deformation (SPD) processing is a
technique used in the production of materials — the purpose
of which is to change stress distribution in the materials and
form so-called 'deformation textures.' The texture is an
important feature of polycrystalline materials, which may
positively affect their properties. Textured materials
demonstrate anisotropic behaviour. Anisotropy can be a
desirable feature in some products, especially when their
directional properties are important. In those cases, the
material's texture can be used for specific applications. For
example, the article [1] discusses the reinforcing
mechanisms. The main enhancement mechanisms were
grain refinement and texture modification. Other mechanisms
within the sample interact depending on the phase of the
process. This grain refinement was the dominant way to
improve tensile strength during the first two deformation
passes. On the other hand, the texture modification
determined high ductility after three deformations. The
authors noticed that thanks to using one of the SPD methods,
CEE-AEC, it was possible to improve the grain structure and
the microstructure's uniformity effectively.

This, naturally, requires the ability to shape it during
technological processes such as SPD consciously. The most
popular SPD (Fig. 1) techniques are HPT (High-Pressure
Torsion) [2, 3-7], ECAP (Equal Channel Angular Pressing)
[3,4, 8-11], TE (Twist Extrusion) [12-16] and SP (Shot
Peening).
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Fig. 1. SPD processing techniques

SPD methods are a set of techniques used to alter the
microstructure of conventional materials into the ultra-fine
structure of UFG (Ultra Fine Grain) and nanometric
structure with grain sizes smaller than 100 nm.
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The dislocation structure is reorganised (linear structure
defects) due to subjecting the material to a very intensive
forming process. This is possible only after exceeding the
critical value of deformation — i.e., when the structure
defects regroup, resulting in the formation of new cells,
dislocation boundaries, and shear bands (narrow areas where
intense shear strain is localised). The deformation must be
much greater than in normal forming processes. This
mechanism reduces the distance between grain boundaries
and the diversity of their arrangement: increasing the angle
of mutual inclination and twist of adjacent grains (the angles
of twist and inclination of grain boundaries), which hinders
dislocation movement and positively affects the mechanical
properties of the material and its strength [17,18].

This research paper analyses twist extrusion (TE) — the
extrusion process through a twisting channel. During the
process, the sample is extruded through a channel consisting
of two prismatic parts separated by a twist die (‘twist area').
As the sample passes the twist area, the material is deformed
and returns to its original shape after passing through the
previous segment. The deformations produced during the TE
process significantly change the material's microstructure,
improving mechanical properties. The TE method is referred
to as the three-dimensional version of the HPT method. The
relevant variable parameters are:

e radius/distance between the sidewall of the channel and
its R axis;

o total twist angle y of the channel,;

e length L of the twisted section.

Another important parameter is the angle between the die
axis and the tangent of the channel twist. This angle, marked
as B, depends on the other geometric features [19]:

tanf = % (1.

The following processes are present during twist
extrusion: vortex-like flow with a large strain gradient,
stretching and mixing metal particles. There are two shear
planes during deformation. One of them is perpendicular,
and the other is parallel to the specimen axis [15]. Many
experiments have been carried out to understand the
mechanism of deformation induced by strain during the TE
process for various materials — including, but not limited to,
aluminium and its alloys.

The influence of the number of MCSTE (Multi-channel
Spiral Twist Extrusion) passes on the mechanical behaviour,
and microstructural evolution of the AA1100 alloy was
investigated in the research paper [20]. The results
demonstrated that four MCSTE passes at a twist angle of 30°
resulted in increased strength and hardness while
maintaining elasticity. Metallographic observations indicated
a 72% reduction in grain size compared to the original state.

The research paper [13] presented the extrusion process
through a twisting channel using the Finite Element Method
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(FEM). The influence of parameters such as backward
pressure, loading, and friction on the stress and strain states,
as well as the final shape of the workpieces, was
investigated. The results showed that FEM simulation could
provide an estimated value of backward pressure that can
circumvent the possibility of creating shape defects in the
workpiece. It has also been proven that using a low
backward pres-sure can significantly improve die filling,
which significantly impacts the distribution of plastic
deformations. Simulations using a model with no friction or
a low friction coefficient also result in the most uniform
distribution of plastic deformations. The dominant shear
stresses shaped the stress distribution achieved during the
simulation near the transition planes.

In the research paper [21], a numerical simulation of the
TE process was performed for the Ti-6Al-4V alloy. The
influence of temperature and strain rate under high pressure
on the material behaviour during the twist extrusion process
was discussed. Additionally, the size of the accumulative
distribution of strains and stresses, which determine the size
of the final ultrafine grain (UFG — Ultrafine Grained) in the
entire cross-section, was presented. The results showed that
the maximal and minimal effective deformations are
achieved in the corner and the centre of the sample,
respectively. It was found that stress at the end of the twists
of two passes is not equal to doubled strain from the first
pass. The simulation results predict that the maximum
values of plastic strains after 2-pass strains are 2.25 of the
initial value. Research has also shown that not only does the
von Mises stress and strain in the material vary from the
center to the edge of the sample, but also that von Mises
stress and strains vary along the extrusion direction.

The research paper [22] presents a simulation of three
twist extrusions for commercially pure aluminium samples
at ambient temperature. The results show that performing
the next pass immediately after twist extrusion increases the
shear strain magnitude in the centre of the specimen. High
shear strain results in more grain refinement in the central
regions of the sample in contrast to the corner ones.

In the research paper [23], to overcome the deformation
inhomogeneity problem in SSE (Simple Shear Extrusion)
and TE, a tandem process of SSE and TE (TST) was
suggested. The authors used the finite element method to
assess plastic deformation behaviour during the TST
process. The results demonstrated that the TST process
could produce relatively homogeneously deformed
materials. The plastic deformation of the combined process
is influenced by processing order and, therefore, the
superposition of deformations and process synergy.

In the research paper [24], the crystallographic texture
and microstructure of alloy AA6063 — after twist extrusion
and subsequent cold rolling along and across the axis of twist
extrusion — were investigated. The test results showed that
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each subsequent rolling in the direction across the axis of
twist extrusion promotes the formation of texture-type brass.
It was also noted that the texture grows from the centre to
the periphery of the workpiece cross-section.

The research paper [25] utilised the alloy AA6063 and
the TE forming process with backpressure after twist. The
microhardness of alloy AA6063 was increased by about
40% by using post-twist back pressure compared to the
initial conditions (twist extrusion without backpressure).
Moreover, a relatively even microhardness distribution
along the cross-section was observed.

Another example of a modification to the treatment of
TE is to make a mould combining TE + ECAP = TCAP [14,
25-36]. As a result of the modification, the channel is bent
after twisting, which makes the process much more efficient.
The modification allows twisting and bending in one
channel using three independent shear deformation paths,
making the process more efficient in grain refinement and
improving mechanical properties than ECAP [35]. In the
second paper [36], the authors characterized in detail the
effect of TCAP (twist channel angular press) treatment on
the Al/Cu clad composite. For this purpose, they used
experimental research as well as numerical methods. The
deformation contributed to the deformation strengthening,
causing an increase in the punch load by almost 50% and an
increase in microhardness up to 130 HV for Cu wires, as
well as an increase in temperature during machining.
However, the second pass treatment temperature was still
only ~37°C, which means that the treatment conditions were
safe to introduce possible structural changes. In this work,
simulations and experimental tests of the twist extrusion
(TE) process were carried out on the RSA-501 alloy. Stress
distribution, changes in the crystallographic texture, and
hardness before and after the TE process are analyzed and
discussed. Numerical analyzes allowed us to thoroughly
check how the sample behaves during the TE process in any
of its cross-sections. This made it possible to indicate places
where the value exceeds the strength of the material, and
thus the material cohesion is lost.

2. Materials and methods

2.1. Materials

The material subjected to forming processes must have
appropriate properties that allow the use of this type of
processing — otherwise, the structure will tear. Therefore, an
experimental aluminium alloy with the trade name RSA 501
with the addition of magnesium, zirconium, manganese, and
scandium was used in the research. Additions in the RSA
501 alloy, such as scandium and zirconium, allow for
precipitation hardening and increase the recrystallisation
temperature to 400°C — which affects the possibility of using
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plastic deformations. On the other hand, magnesium
significantly improves mechanical properties. As an
alloying additive, manganese increases the strength of the
moulded alloys, but plasticity usually decreases when it is in
the form of undissolvable intermetallic compounds. Another
equally important feature of manganese is the reduction of
aluminium alloy resistance to stress corrosion and
intercrystalline corrosion.

The properties of the investigated alloy are presented in
Table 1. Its chemical composition was determined using the
ARL™ PERFORM'X Sequential X-Ray Fluorescence
Spectrometer, as shown in Table 2.

To achieve the maximum plasticity necessary to perform
'intensive' plastic formation processes, the alloy was
annealed for 4 hours at a temperature of 500°C.

2.2. Method

Numerical analysis of the TE process

Samples made of RSA-501 aluminum alloy, dimensions:
8x10%35 mm, were used to simulate twists in an extrusion
test through a twist channel. The die model used in the
simulation was prepared based on the actual die (drawing of
the die) used to perform the extrusion process through the
twist channel.

For numerical analysis, it was assumed that the die twist
channel is made from a rigid and nondeformable material,
making it possible to analyse stress distribution without
considering the phenomena occurring in the die. For
numerical simulations of the TE process, the sample
material was defined as an isotropic multilinear elastoplastic
material based on the stress-strain curve (Fig. 2).
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The numerical analysis examined the behaviour of the
sample (Fig. 3) entering and papassinghrough the twist area
up to the moment when the surface of the analysed sample
was twisted at an angle of 90°. The sample was discretised
using 2,800 elements and 13,437 nodes. The mesh size was
selected to ensure a sufficient solution time with relatively
little change in stress within the model. Numerical analysis
was performed using ANSYS software.

600
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200

100
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Fig. 2. True stress-strain curve

The pressure was applied to the sample to achieve an
extrusion speed of 0.25 mm/s. The contact between the
sample and the die was defined as frictional. Dynamic
friction was set at 0.08, and static friction at 0.05. The
channel angle © = 90° was also adopted as one of the
boundary conditions.

Table 1.
RSA-501 material properties [1]
Alloy name RSA-501
Condition at delivery 'AE — alternate extrusions' Cold extrusion using centrifugal extrusion
Composition Al Mg5 Mn1 Sc0.8 Zr0.4 (Scalmalloy)
Density, g/cm? 2.65
Physical ~_ Thermal expansion, 10%/K 23
properties _ Young's modulus, GPa 70
Thermal conductivity, W/m.K 140
Tensile strength, MPa 575
Mechanical Yield p(?int, (}\/IPa 525
propertics Elongation, % 12
Hardness, HB 160
Fatigue strength, MPa 400
Table 2.
Alloy chemical composition — author's research
Al Mg Zr Mn Sc Fe Si Zn Ga Other
92.72 4.73 0.93 0.85 0.6 0.10 0.09 0.02 0.01 0.07
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SAMPLE

DIE

%

Fig. 3. Geometric and numerical model of the sample and
TE die

Experimental verification of the TE process

A specially prepared die with a © = 90° channel angle
was used to perform the extrusion test using the Twist
Extrusion method (Fig. 4). Two samples made of RSA-501
aluminium alloy were extruded through the twist channel of
the die, though only the first of them passed completely
through the twist area. The samples were extruded using a
special pis-ton rod, the pin of which enters the twist channel.

Fig. 4. A central part of the die with the sample-extrusion test

Samples with a prismatic cross-section of 8x10 mm and

a length of 35 mm with the exact dimensions as in the
numerical analysis were used.

To push the sample completely through the twist area and

prevent deformation of the piston rod shaft, which is used to

move the sample through the die, it was necessary to use two

Volume 118 Issue 1 November 2022

samples for one extrusion test, so the second test specimen
remained in the twist area (as shown in Fig. 4b). This means
that the first sample must pass completely through the twist
area. In contrast, the piston rod shaft should remain in the
first part of the twist channel (the second sample, located
between the piston rod and the first sample, remains in the
twist area).

Picture of the samples used for the Twist Extrusion
process are shown in Figure 5. The sample at the bottom is
the sample that entered the twist channel first and was
twisted entirely up to 90°. The 'upper specimen' was only
used to push the first specimen through the twist channel
ultimately.

SAMPLE 2

SAMPLE 1

Fig. 5. Samples used for the TE process

Figure 6 shows the relationship between the force
applied to the sample and piston movement. As seen in the
graph, the force breaks when the piston is displaced 26-29
mm from the starting position when the front of the sample
reaches the exit of the twist channel (i.e., it will soon leave
the twist channel area). At the same time, after passing 30
mm, the front of the sample leaves the twist channel and
completes the twist extrusion process. When the piston
movement exceeds 35 mm, the second sample enters the
twist channel and twists.

Residual stress measurements using a modified sin? ¢ X-ray
method

The residual stress measurements were performed using
the X-ray method with the PROTO iXRD diffractometer.
The following parameters were used for the test: Cr lamp,
Kal, 20 kV lamp voltage, 4 mA lamp current, Bragg angle
156.3° (reflections from the 222 surface family), the beta
angle oscillation was 3°, LPA corrections and 2 mm
aperture. The position of the diffraction peaks was
approximated using Cauchy's formula. The elastic constants
were adopted according to the software database: (1/2) S2 =

18.56-10-6 1/MPa and S1 =4.79-10-6 1/MPa.
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sample length

channel dimension

Standard force [kN]

40 50 60
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Fig. 6. Graph for the sample extruded through the die

Sample texture analysis

The pole figures were investigated with a PANalytical
Empyrean X-ray diffractometer. The primary beam was a
lamp with a Co anode (A = 1.79A) with an X-ray lens
emitting a parallel beam with a divergence of 0.3°. The beam
was limited to 2x1 mm using a cross collimator.

Figure 7. shows the sample's cut pattern and
measurement planes after the TE process — marked in blue.

Fig. 8. Sample mounted on a goniometer stage during
texture examination

RESEARCH PAPER

The sample was mounted on a five-axis stage (Fig. 8).
The scattered beam fell on a 0.18° parallel collimator, a 0.04
rad soller aperture and a proportional detector.

The Orientation Distribution Function (ODF) was
calculated from the polar figures for the {111}, {200} and
{220} surface families using the X'Pert Texture software.
LaboTex software was also used for data analysis to
determine texture components and their volume share.

Hardness measurement
Hardness measurements were made using the Vickers
method on a KB Priiftechnik GmbH microhardness tester,
following the PN-EN ISO 6507 standard. The samples were
sand-papered with grades up to 1,000. Measurements were
made in four consecutive stages of sample extrusion (Fig. 9):
1. Front of an untwisted sample;
2. Start twisting;
3. Final stage of twisting;
4. After the transition to the straight output channel. The
final stage of extrusion.

Fig. 9. Stages of sample extrusion

Each cross-section was examined in nine places, which
resulted in obtaining the hardness distribution over the entire

Archives of Materials Science and Engineering
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sample cross-section (Fig. 10). The measurement for each
point was repeated five times in an adjacent area to average
the results.

Fig. 10. Sample cross-section with marked measurement
points

The hardness measurements were made at a distance of
about 1| mm from the sample edge, with an interval of about
4 mm along the 10 mm side (marked as X) and with an
interval of 3 mm along the 8 mm side (marked as Y).

3. Results

3.1. Results of the TE process numerical
analysis

Figures 11,12 shows the stress distribution on the sample
surface during the extrusion process through a twist channel.
The analysis was performed on the sample entering and
passing through the twist area until the sample base was
completely twisted. As shown in Figures 11,12, when the
sample passes through the twist area, the stress is around 341
MPa and appears almost everywhere on the sample surface.

Fig. 11. Sample passing the twist area

Volume 118 Issue 1 November 2022

Fig. 12. Sample in the twist area

As seen in Figure 13, the highest stress (about 600 MPa)
appears at the peaks of the front surface (Fig. 13 — Point 2)
when exiting the twist area. Secondary hardening likely
occurs at this point caused by the sample exiting the twist
area. It is significant that stress of approx. 170 MPa begins
to appear when the sample enters the twist area, as shown in
Figure 13 — Point 1.

Fig. 13. Sample exiting the twist area

Figure 14 shows a schematic of the planes against which
the sample stress during the TE process (i.e., at the entry to
the twist channel) during the passage through the channel
and at the exit from the channel were analysed. As visible in
Figure 15, the stress distribution in the sample cross-section
and stress values varied and depended on the stage of the
twisting process to which the surface was subjected. Higher
stress values at the edges of the specimen are caused by
friction (deformation) of the material against the die surface.
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Fig. 14. Schematic of the analysed surface

The lowest stress values were observed in the centre part
of the cross-section (Fig. 15), i.e., in the centre of the twisted

a) b)
; LU —
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specimen, along the twist plane (section 3-6, Fig. 14), before
and just after twisting the specimen at an angle of 45° and
ranged from 28 to 64 MPa.

Figure 16 shows the stress distribution in the sample (on
the cross-sectional plane, parallel to the sidewall of the
sample, and passing through its centre according to the
schematic shown in Fig. 17) in relation to the step of the
twist process in which the sample was subjected.

Due to the cross-sections presented in the drawings (Fig.
16), it is clearly visible that the highest stress values (approx.
420 MPa) appear on the surface 'entering' (right side of the
sample) into the twist channel. When analysing the stress
distribution on the sample surface, it is also noticeable
that the highest stress values appear on the outer edges,
which are subject to the strongest deformation processes.

¢)

ANSYS

oy

Fig. 15. Stress distribution on successive sample cross-sections during the TE process as shown in Figure 14 (1a-7g)
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Fig. 16. Distribution of reduced stress on the surface on successive sample cross-sections (a-f) for successive time intervals

The lowest stress values occur along the axis through the The stress analysis on the surface of the cross-section and
centre of the specimen, parallel to the direction in which the longitudinal section of the sample, as well as on its outer
specimen is extruded, as this area is subject to the weakest surface, shows that the highest stress values appear at the
deformations. peaks of the sample front surface (cross-section peaks) when

the sample exits the twist area (value approx. 630 MPa).

Volume 118 Issue 1 November 2022
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As stated above, this phenomenon is due to material
hardening. The lowest stress values occur in the central part
of the sample (the closer to the centre, the lower the stress
because the central part of the sample is subjected to the
weakest twisting).

/7

Y

Fig. 17. Schematic of the analysed surface
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Fig. 18. Results of the numerical simulation of the TE process

Figure 18 summarises numerical analysis results for the
TE process using a constant extrusion speed. The extrusion
speed was chosen based on experimental tests in which the
delamination of the material occurred above 0.25 mm/s,
which proves that tensile strength was exceeded.

3.2. Results of experimental tests (residual
stress)

Figure 19 shows the residual stress measurement points
with the measurement directions marked. Figure 20 shows
the directional stress distribution map obtained from the TE
process numerical analysis. Figure 21 compares the results
obtained from the experimental studies of the TE process
with the results obtained using numerical analyses using the
FEM method.

The experimental results show that stress values depend
on the measurement point; at the same time, the highest
stress values occur at the back of the sample (P6 — Fig. 19)
that exits the channel. In the centre of the sample, there are
significant differences in stress levels depending on the

RESEARCH PAPER
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surface (edges of the sample) — which is typical for this type
of process. The lowest stress values occur in the front of the
sample, which enters the twist channel first and undergoes
deformation, where the largest amount of lubricant is in the
die.

v X

Fig. 19. Schematic and designation of the analysed surfaces

1 ANSYS|

WOLEL SOLUTION 2019 R3|
STEP=1 ACADEWIC

-153.054 ~74. 5500 4.52011 03.7243 152. 521
-35.07

-114.256 44,1252 123.322 202,518

Fig. 20. Directional sample stress after the TE process

A comparison of the results with the FEM analysis shows
that the stress values are more homogeneous in the
numerical solution on the sample surface. It results from the
unchanging boundary conditions used (friction coefficient)
during the analysis.

3.3. Hardness test results

Figure 22 show the hardness measurements for the
samples after the four consecutive stages of sample
extrusion (Fig. 9). The measurement points have been
described following Figure 10.

An increase in hardness can be noticed during the analysis
of subsequent samples. The first sample (Fig. 22) showed
a slight strengthening and increased hardness compared to
the sample before the process. The sample no. 1 has not
undergone the TE process. The change in parameters
resulted from the pressure of the press — the compression.
In Samples 2, 3, and 4 (Fig 22), hardness increases
directly from the TE process. The highest hardness values
were measured at the edges — measurement points 1,3,7,9.
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Fig. 21. Stress measurements for the experiment and simulation, made in six measurement points, shown in Figure 20
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Fig. 22. Hardness distribution [HV]. Measurement points in relation to Figure 10

The observed stress distribution results from large local
deformations of the sample in those places — the longest
radius from the die axis. The opposite is point 5. The sample
without treatment has the highest hardness value because
treatment of TE in the core introduces texture with a
relatively low background level (approx. 49%). The textures
formed after the SPD processes result from grain rotation
due to the deformation process. As a result, a specific
crystallographic direction is parallel to the axis in the
deformed polycrystalline material.

3.4. Crystallographic texture

Below is a comparison of the diffractograms (Fig. 23)
obtained in conditions of symmetrical geometry of a deformed
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and undeformed sample. There are clear differences in the
ratio of the reflection intensity and, for the deformed sample,
a very weak reflection for the angle 2Theta = 77°.

Reference sample (before the SPD process)

The volume fraction, orientation distribution functions
(Fig. 24), and pole figures (Fig. 25) for the initial samples
(samples after normalisation at 500°C for 4 hours) before
being subjected to intensive forming processes are presented
below. Figure 24 shows the share of individual texture
components in the tested sample. Based on the analysis, it
can be concluded that the texture in the initial/reference
sample is very poorly developed, as evidenced by the high
background level of 79%. The axial texture components are
at a low level — <001> and <110> occupy 2% of the sample.
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Fig. 23. Diffractogram for a reference sample and a sample after the ECAP process
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Fig. 24. The volume fraction of the main texture components in the tested samples and the orientation distribution functions

Figure 26 shows the Orientation Distribution Functions sample and the polar figures obtained from individual
(ODF) and summarises the shares of individual texture samples in Figures 27-32.
components for all measurement surfaces of the tested
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Fig. 25. Pole figures for the sample before the SP process
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Fig. 26. The volume fraction of the main texture components in the tested samples and the orientation distribution

functions
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Fig. 26. cont. The volume fraction of the main texture components in the tested samples and the orientation distribution

functions

The 2a, 2b, and 1b sample surfaces have similar textures
(i.e., the generated deformation leads to forming the same
components). Comparing the intensity of individual
components on the ODF scale, it can be concluded
that stronger textures developed in surfaces 1b and 2b.
However, comparing the texture level of the tested volume
in samples 2a and 2b, it can be seen that a higher texture
level was achieved in sample 2b (background at 61%).
Samples 3 and 4 developed a similar fibrous texture.
Sample 1b was the most textured, with a background level
of 49%.

4. Summary and discussion of the results

An analysis of the TE process for the RSA-501 alloy was
performed for this research paper. The process consisted of

Volume 118 Issue 1 November 2022

extruding the material through a twist channel with a twist
area where an element was twisted (in this case, by 90°). As
a result, the tested material achieved more favourable
strength properties and increased its hardness.

By analysing the stress distribution on the surface of
the sample after the TE process, it can be noted that the
highest stress values appeared on the outer edges, which
are subject to the strongest deformation processes (Figs.
12,13). In contrast, the lowest stress values occurred along
the axis passing through the centre of the sample, parallel
to the direction of sample extrusion, because this area is
subject to the least amount of twist. This is also confirmed
by the results presented in the available literature on the
TE process for various materials [14,21,25, 29-31].
However, the observed differences in stress values are
caused by different boundary conditions of the TE process.
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Fig. 27. Pole figures after the TE process — Sample 2a
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Fig. 28. Pole figures after the TE process — Sample 2b
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Fig. 29. Pole figures after the TE process — Sample 1a
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Fig. 30. Pole figures after the TE process - Sample 1b
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Fig. 31. Pole figures after the TE process - Sample 4
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Fig. 32. Pole figures after the TE process — Sample 3
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The effect of the changes in the texture is also confirmed by
the obtained results of numerical analyses and the first
hardness changes on the cross-section of the sample. The
results showed that the maximum and minimum effective
deformations are achieved in the corner and the centre of the
sample, respectively.

The textures formed after the SPD processes result from
grain rotation due to the deformation process. As a result, a
specific crystallographic direction is parallel to the axis in
the deformed polycrystalline material (in the case of
products with an axial shape — e.g., wire, rods) or in the case
of planar products (e.g., sheets). Compared to the reference
sample with a background level of 79%, there was a
significant increase in texture after the TE process, as the
lowest background level for the post-TE samples was
relatively low (at 49%).

Due to crystallographic structure texturing, it is possible
to obtain new material properties — as evidenced by many
publications [32, 34-36]. These publications show that
similar texture components were obtained during
experimentation. Based on the article [37] in which slow-
speed extrusion was investigated, the paper's authors also
consider conducting tests with variable process temperature.
Because the results of the work [38] show that low-speed
extrusion led to the improvement of the microstructure and
a significant improvement of the mechanical properties.
With the process, the temperature increased in the range of
350°C, 400°C, and 450°C; the mean z-are sizes of the
extruded sheets were then ~2.7 um, ~4.1 pm, and ~6.0 pm.
The article's authors [39] noticed similar benefits of
increasing the ambient temperature above the temperature to
200C for one of the SPD (TCAP) processes. The obtained
results showed a significant influence of forming under these
conditions on the formation of displacement substructure
and its influence on tensile properties. Significant grain
refinement was also noticed, depending on the number of
passes through the material. Based on the results of
microstructural analyses presented in this paper, it can be
concluded that the strong plastic deformations caused by
TCAP significantly impact grain refinement and increase
strength properties while maintaining the plasticity of the
tested alloy. Other authors also discussed reinforcing
mechanisms such as grain grinding or cardboard
modification and their impact on improving the matrices'
strength properties [37, 40-42].

As polycrystalline engineering material is usually
textured, a higher background value than in the reference
sample may be because the nature of the texture is
sometimes different — which, on the one hand, is a property
of the material but, on the other hand, means that
inhomogeneity has to be taken into account in the texture
measurement analysis results and may lead to a situation
where the texture measurement is not representative of the
material or the tested technology. In the simplest case, when
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the material has the same texture throughout the entire
volume, the material has a homogeneous texture. However,
there are more cases when the texture of the material is
inhomogeneous (i.e., not uniform across the entire volume),
and the nature of this inhomogeneity may differ. Most often,
it depends on the object's geometry and production
technology. Additionally, the texture is a statistical property
and is based on the presence of privileged crystallographic
orientations in a multielement polycrystalline aggregate.
Those differences can be observed in the texture of the
surface layers of the product and its internal layers.
However, it should be remembered that the texture may
influence the elasticity, creep strength, fatigue resistance,
and corrosion resistance. The increase in hardness was
obtained by breaking the grains of the material. At the same
time, the samples — after passing through the channel — retain
their original dimensions (there is only a slight rounding at
the edges).

It should also be noted that microhardness increases due
to the TE process. The largest values were observed at the
edges; a similar nature of the distribution was obtained by
Nouri and his team [27]. This phenomenon is confirmed by
the results of the numerical simulation presented in this
paper, in which the highest stress values were obtained near
the edge and the lowest in its central part.

5. Conclusions

e [tis possible to examine the spatial stress distribution on
the technological surface layer as well as its
redistribution during the TE process.

e Using numerical simulations, it is possible to determine
potential  locations of cracks and structure
reinforcements in critical places — edges of the sample,
and the stress value is 418 to 752 MPa.

e The stress nature during experiments is confirmed by the
introduction of residual stress to the technological
surface layer as a result of the TE process at a similar
level as it was shown using numerical methods.

e The highest HV hardness values are at the edges of the
sample — measurement points 1,3,7,9 for samples 2 and 3.

e The TE process led to strengthening — for the highest
level of texture, the background was 49%.
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