B e Taylor & Francis
ADWVANCES IN Taylor & Francis Group
MATERIALS AND

MBS Advances in Materials and Processing Technologies

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/tmpt20

Finite element method simulation of metal flow
during Tubular Channel Angular Pressing (TCAP) of
aluminium 7075

H Shagwira, JO Obiko & FM Mwema

To cite this article: H Shagwira, JO Obiko & FM Mwema (2024) Finite element method
simulation of metal flow during Tubular Channel Angular Pressing (TCAP) of aluminium
7075, Advances in Materials and Processing Technologies, 10:3, 2460-2482, DOI:
10.1080/2374068X.2023.2216403

To link to this article: https://doi.org/10.1080/2374068X.2023.2216403

@ Published online: 23 May 2023.

\]
C;/ Submit your article to this journal

||I| Article views: 131

A
& View related articles &'

@ View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallinformation?journalCode=tmpt20


https://www.tandfonline.com/journals/tmpt20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/2374068X.2023.2216403
https://doi.org/10.1080/2374068X.2023.2216403
https://www.tandfonline.com/action/authorSubmission?journalCode=tmpt20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tmpt20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/2374068X.2023.2216403?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/2374068X.2023.2216403?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/2374068X.2023.2216403&domain=pdf&date_stamp=23%20May%202023
http://crossmark.crossref.org/dialog/?doi=10.1080/2374068X.2023.2216403&domain=pdf&date_stamp=23%20May%202023
https://www.tandfonline.com/action/journalInformation?journalCode=tmpt20

ADVANCES IN MATERIALS AND PROCESSING TECHNOLOGIES .
2024, VOL. 10, NO. 3, 2460-2482 Taylor & Francis

https:/doi.org/10.1080/2374068X.2023.2216403 Taylor &Francis Group

'.) Check for updates

Finite element method simulation of metal flow during
Tubular Channel Angular Pressing (TCAP) of aluminium 7075

H Shagwira(?, JO Obiko"< and FM Mwema“

aDepartment of Mechanical and Industrial Engineering, Masinde Muliro University of Science and
Technology, Kakamega, Kenya; "Department of Mining, Materials and Petroleum Engineering, Jomo
Kenyatta University of Agriculture & Technology, Nairobi, Kenya; School of Chemical and Metallurgical
Engineering, University of Witwatersrand, Johannesburg, South Africa; “Department of Mechanical
Engineering Science, University of Johannesburg, Johannesburg, South Africa

ABSTRACT ARTICLE HISTORY

Tubular Channel Angular Pressing (TCAP) is among the upcoming Accepted 16 May 2023

and highly interesting, severe plastic deformation methods (SPD).

This technique is reported to be appropriate for the deformation of FK.EYWORDS .
0 i X A inite element method;

very large strains in cylindrical tubes. The tube is pressed by a top tubular channel angular

die in a space between a mandrel and a die containing three shear pressing; severe plastic

zones while maintaining the same tube thickness and diameters. To deformation; damage; load;

investigate the SPD process in tubular samples, a commercially effective stress; effective

available pure aluminium alloy (AA7075) was used to evaluate the strain

influence of die geometry, coefficient of friction, pressing speed, die

temperature and tube thickness. The average grain size of about

500 nm was attained from 25 um by extensive grain refinement.

The results of Finite Element (FE) indicated that an effective strain of

3 was achieved by correctly choosing the input parameters. The

thickness and length of the tube processed by TCAP also exhibited

excellent strain homogeneity. The TCAP process can impose large

strains because of having three deformation zones. Depending on

input parameters selection, this SPD method, therefore, has two

major advantages; (i) excellent strain homogeneity and (ii) high

effective strain.

1. Introduction

In the past decade, the Tubular Channel Angular Pressing (TCAP) technique has
attracted much research interest and has been experimentally carried out and reported
by several authors [1-5]. Figure 1 illustrates the TCAP die geometry, and as shown, the
workpiece is positioned in the space formed between the mandrel and bottom die.
Similarly, a top die which is a hollow cylinder having the same thickness as the workpiece
is then positioned in the same space formed between the bottom die and the mandrel
with its bottom surface in contact with the top surface of the workpiece. The top die
presses the workpiece until it passes through three axisymmetric shear zones at the
bottom die geometry. The tube thickness remains the same, while the TCAP process is
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Mandrel

Top die

‘Workpiece

Bottom die

Figure 1. The TCAP die geometry with the three deformation regions 1, 2 and 3 and the die
angles 8, and 0,.

repeated as much as possible to exert the required effective strain on the tubular
material [6].

The workpiece is severely deformed during the TCAP process to produce an ultra-
fine grained (UFG) material. The existence of excess dislocations is critical in the
enhancement of the UFG structure [7]. Studies have shown that the dislocation
densities occurring during severe deformation play a key factor in determining the
mechanical properties of the deformed metal [8]. Although the presence of high
dislocation densities has an impact on the production of UFG materials, estimating
the dislocation density is important [9,10]. The dislocation density can be determined
with the Nix-Gao model or using transmission electron microscope (TEM) micro-
graphs [5].

In this paper, the effects of die geometry, pressing speed, coefficient of friction,
pressing force and die temperature on the effective strain, pressing load, damage
and effective stress were studied. The objective was to investigate how each input
parameter affects the dislocation density, hence work hardening. Work hardening
in forming processes helps in improving the strength of the materials. The disloca-
tions densities in SPD processes are usually too high hence large strains are
achieved with UFG material produced [11]. Therefore, this paper provides an
understanding of the concepts and ideas behind the achievement of UFG in tubular
materials.
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2. Methodology

As shown in Figure 1, the workpiece is in between the mandrel, and the bottom die.
The top die has an internal and external diameter as the workpiece. The mandrel at
the centre of the bottom die allows the initial tube thickness to be maintained.
Therefore, the cylindrical space between the mandrel and the bottom die helps in
keeping a constant tube thickness as it shears three times at the deformation regions
1, 2 and 3. During plastic deformation, the tubular workpiece experiences circumfer-
ential tensile, compressive, and shear deformation in a single pass during the TCAP
process.

A commercial DEFORM 3D° software was used for FEM simulations of the TCAP
process. Computer-aided design (CAD) software SOLIDWORKS® 2019 was used to
design the die geometries and the tubular workpiece and imported into DEFORM 3D
as STL file format. The material used in the workpiece was an alloy of Aluminium 7075
(AA7075) with the following material properties:

Young's Modulus 68900 MPa
Flow stress model G— a(; : 7-)
Yield function type Von Mises
Hardening rule Isotropic
Poisson’s ratio 0.3

Thermal conductivity 180.175 W/mK
Emissivity 0.7

The workpiece had the dimensions of an internal diameter of 25.4 mm,
a thickness of 2.5mm, and a length of 40 mm. The dies were assumed to be
rigid so that they could not undergo any plastic deformation. The workpiece was
meshed up to 32,000 elements while applying the Lagrangian incremental for
smooth emulation of the actual TCAP process. The TCAP process temperature
was 25 °C. A maximum die displacement of 40 mm was chosen as a stopping
criterion. The direct iteration method was a preferred iteration technique that
shortens the simulation time. A friction coefficient of 0.05 was selected, which
corresponds to MoS, lubricant, used mostly for experimental tests. The heat
transfer coefficient was 45 N/sec/mm/°C. During workpiece pressing, a top die
moving at a speed of 5mm/sec was used. The simulation set-up is, as shown in
Figure 2.

Microstructural evolution was modelled using Avrami’s model. The equation of
Avrami describes the transformation of solids from one phase to another while
maintaining a constant temperature. This equation is therefore very important in
crystallisation kinetics. Dynamic recrystallisation was used. Dynamic recrystallisa-
tion occurs when the strain-induced tend to exceed critical strain during
deformation.
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Figure 2. A sliced TCAP set-up showing the workpiece, top die, bottom die and the mandrel.

3. Results and discussion
3.1. Microstructural evolution

The microstructural evolution of Aluminium 7075 with a face-centred cubic (FCC)
crystal structure and atomic radius of 0.1431 nm was modelled to observe the process
of SPD in achieving a nanostructure. The FCC has a slip plane of type {111} with
a direction (110). The burger’s vector for FCC crystal structure for metals is
expressed as

b(FCC) :%<110>

where aisunitcelledgelength and is expressed as a = 2R+/2 and Ristheatomicradius.
For Aluminium 7075,

a=2x0.1431V2
= 0.4047nm

The magnitude of the burger’s vector is given by;
|b|=%\/u2+V2—|-w2 (1)

where u, v, w are the components of the burger’s vector for FCC crystal structure for
metals.

To model the microstructural evolution, it is necessary to calculate the magnitude of
the burger’s vector, which is calculated using Equation 1.

0.4047
bl ==—— V12 + 12+ 02
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Figure 3. The microstructural evolution during the TCAP process with (a) at the start of pressing and
(b) at the end of pressing.

|b| = 0.2862 nm

Figure 3 shows the microstructural evolution during the TCAP process with (a) before
pressing and (b) after pressing. The results show that the TCAP process can refine
AA7075 grains to nano-size. From the results, the average size of the grains of 25 pm
was reduced to about 500 nm. This implies that there is an increase in strength and strain
in the material.

3.2. Influence of die geometry

3.2.1. Variation in 6,

3.2.1.1. Effective strain. Strain value represents the deformation degree that occurs in
the material during deformation. There are two slightly different types of strains com-
monly used: true strain and engineering strain. The true strain used commonly for large
plastic deformation analysis, such as TCAP in DEFORM 3D simulations. Engineering
strain is the change in length of a material divided by its initial length and it is widely used
in most engineering applications (Equation 2).

A Change in length

2
Original length @

Engineering strain =

Engineering strain is appropriate when deformations are small, but starts to break down
when large deformations are involved. It is preferable to adopt true strain for large plastic
deformation analysis. The true strain can be described as the sum of arbitrarily many
small increments of strains that are integrated over the total change in length
(Equation 3).
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€= lnli (3)
o
where eis the true strain, ris the final length and lyis the initial length

The effective strain is associated with the yielding process during plastic deformation. The
effective strain is a component of the true strain that grows monotonically when deformation
goes beyond the yielding limit. The effect of the effective strain on the workpiece was studied
using the following die geometries: 6; = 70°,90°,110°, 120°and130°.

Figure 4 shows the distribution of effective strain along the length and across the
thickness of the workpiece. The study shows that using angles 8; >90° resulted in a lower
effective strain of less than 3, but with a homogeneous effective strain distribution along
the length and across the thickness of the workpiece. Lower strains achieved when
0, >90° are attributed to low dislocation densities at this region, and hence elongation
tends to impose large strains are limited.

3.2.1.2. Pressing load. Figure 5 shows the load versus time flow curves at different die
geometries during deformation. The flow curves showed that the deformation load
increased with a decrease in die angle 6;. A maximum deformation load of 450 kN
(70°), while the lowest deformation load of 190 kN (130°). The variation in the pressing
load results from an increase in back-pressure that tends to resist material flow, thus
a large force is required to overcome the back-pressure. It is desirable to use the lowest
deformation load possible in the TCAP process. The deformation load curves for 110°,
120° and 130° channels had relatively smooth curves, an indication of lower compressive
stresses.

3.2.1.3. Damage. Damage typically indicates the possibility of ductile fracture occur-
ring in a workpiece material. In FEM, the exact description of damage depends on the
preprocessor’s calculation technique. Based on the model chosen from the material
library in the FEM pre-processor, a damage factor describes the damage that occurs at
each element. In metal forming processes, the likelihood of the formation of a fracture
can well be predicted using the damage factor. As the workpiece deforms, the damage
factor tends to increase. Usually, fracture occurs when the critical value has been
exceeded. Damage does not provide an indicator of tool fracture in metal forming
processes. Usually, die failure analysis is carried out using the stress component.
However, since dies were assumed to be rigid, damage to the tool was not analysed in
this study. In this study, the damage analysis was carried out using;

[ o*de (4)

where o*isthemaximumprincipalstress and €istheeffectivestrain

Equation 4 is the Cockcroft-Latham model. This model has proven to be a good predictor
for some forms of tensile-ductile fracture, that is, cracking as a result of deformation
occurring due to stretching like chevron or surface cracking experienced in extruded
materials. The critical damage factor for the fracture to start differs considerably from
one material to another. The fracture behaviour depends on the material processing
route. Nonetheless, the critical damage factor where the fracture occurs is generally
repeatable for a particular material having a specific annealing treatment. The option
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Figure 4. The distribution of effective strain along the length and across the thickness of the
workpiece for 6; (a)130° (b) 120° (c) 110° (d) 90° and (e) 70°.
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Figure 5. The pressing load variations in different die geometries during deformation.

with the lowest damage factor is the best option for reducing the probability of a fracture
occurring in a workpiece during deformation simulations in FEM.

Figure 6 shows the variation in damage during deformation using different dies
geometries. The damage curves show that die geometries having 6; < 90° have high
damage values than the ones having 6; >90°. Damage value depicts the formation of
fracture in a sample, using a small 8; increases the chance of the sample cracking during
the TCAP processing. Since each of the element in the material undergoes a stepwise
pattern of strain increments, the incremental strain rate in each element is higher for die
geometries having 6, < 90° as compared to die geometries having 8, >90°. This incre-
mental strain rate is attributed to a smooth strain rise over the deformation zone in die

0.7

0.6 1

0.4 1

Damage (-)

0.2 1

0 . . . r ’

0 2 4 6 8 10 12
Time (sec)

—90° 110° 120° 130

o o

—70

Figure 6. The damage imposed by different die geometries on the workpiece during deformation.
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geometries having 6; >90°. Therefore, to avoid fracture of the material, 8;>90° is
recommended. It can be observed that ; = 130° has the least damage value.

3.2.1.3.1. Variation in 0..

Effective strain.

It has been reported that round corners along the channels are likely to improve the
lubrication of the outlet channel and reduce the pressing load [12]. Figure 7 shows
effective strain distribution along the length and thickness of the workpiece.

The angles used in this study were 8, = 30°,50°,70°,90°and110°. It is observed that
50° achieved a higher strain distribution of more than 3. A good strain distribution was
observed in sample processed in dies having 6, = 110°. This flow behaviour was attrib-
uted to the smooth flowability at the fillet. To reduce plastic overloading in region 2, the
angle 0, should be greater than 45°. Uniform friction in both sides of the channels results
in accumulated shear y: composed by y; along the inner radius, y, along the outer radius,
and y; along the middle of the thickness. The distribution of y shows strong non-
uniformity extended through a large part of the cross-section of the material especially
in 0, = 50°. Generally, die geometries having sharp corners contain extend plastic zone
which reduces strain, develops a dead metal zone, cause strain non-uniformity, redis-
tribute shear between a few directions and modify the simple shear deformation mode.
These changes are undesirable for structure formation and should be avoided or
minimised.

3.2.1.4. Pressing load. Figure 8 shows the variation in pressing load with time while
varying the die angle 6,. It is observed that all the samples exhibited the same amount of
pressing load with a maximum pressing load of about 400 kN attained. This implies that
0, has little or no effect on the backpressure. Its main role is in work hardening and
ensuring the material achieves high strains and strength.

3.2.1.5. Damage. Figure 9 shows the variation of damage with 8,. It is observed
that a high likelihood of damage is achieved in the die geometry having 6, = 50°.
However, a damage value of less than 0.5 is only achieved in the die geometry of
0, = 110°. This is attributed to the smooth shearing in AA7075 during the TCAP
process, and the tendency of flow localisation and shear fracture to occur is
resisted. These fractures usually form in regions experiencing high strain rates,
that is, region 1, 2 and 3. Since the inner diameter experiences high strains than
the outer diameter, there is a high chance of cracks forming in the inner zone
than the outer zone of the tube. The die angle 6, directly affects the inner
diameter of the workpiece. It is also observed that the damage increases as the
workpiece deformation increases in all cases. The damage value from Cockcroft
and Latham model relates to the effective strain. This is why an increase in the
effective strain rate increases the damage value.

3.3. Influence of the coefficient of friction

Friction affects the plastic deformation process such as TCAP. When setting up this
TCAP process, a tolerance of 0.0002 mm was used, and there is no full contact between
material and channel. The friction conditions in the inner channel walls are much more
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Figure 7. The distribution of effective strain along the length and across the thickness of the
workpiece for 6, (a)110° (b)90° (c) 70° (d) 50° (e) 30°.
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6
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The pressing load variations in different die geometries(6,) during deformation.

6
Time (sec)
30 50 70 —90 —110

The damage variations with different die geometries (8,) during TCAP deformation.

favourable than those in the outer channel walls because the contact pressure at the

channel

walls is significantly lower and there is no dead metal zone. The lubricant is

deposited directly on the workpiece and the channel. A thick grease with powder graphite
and MoS, provides lubrication at cold and warm temperatures for TCAP processing

[13,14].

Figure 10 shows the effective strain distribution in the workpieces. It is
observed that high friction coefficients of 0.4 and 0.3 have much lower effective
strain as compared to that of 0.2, 0.1 and 0.05. They additionally have damaged

the top

part implying that there was a lot of resistance to flow and high back-

pressure. In all the cases apart from p = 0.5, there is a non-homogeneous
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Figure 10. The distribution of effective strain along the length and across the thickness of the
workpiece for friction coefficients of (a) 0.4 (b) 0.3 (c) 0.2 (d) 0.1 and (e) 0.05.
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distribution of effective strain across the thickness of the tube. To avoid damage
to the workpiece and achievement of high strains, it is therefore recommended to
use a friction coefficient of less than 0.1.

3.4. Influence of the pressing speed

Considering the influence of pressing speed on the TCAP variables, a friction coefficient
of 0.05 was used throughout as per the recommendation in section 3.3.

3.4.1. Strain

Figure 11 shows the effective strain distribution cross the thickness and along the length
of the workpieces. It is observed that the pressing speed of 25 mm/sec had the highest
strain attained at about 3. The effective strain homogeneity across the thickness of the
workpieces was achieved for a pressing speed of 50 mm/sec. This is attributed to a high
strain rate which is almost similar for all the elements across the thickness. It is also
observed that damage at the top part of the workpieces was high in samples processed by
10 mm/sec, 25 mm/sec, 35 mm/sec and 50 mm/sec. This is attributed to the fact that high
processing speeds tend to cause back pressure that causes resistance to the flow of the
material.

3.4.2. Load

Figure 12 shows the variation in pressing load with time at varying pressing speed. In all
the sample, a maximum pressing load of about 400 kN was achieved. This result shows
that the pressing speed of less than 50 mm/sec has little effect on the maximum pressing
load. However, higher strain rate results in structural defects, high dislocation density
and internal stresses, hence cause cracking during TCAP.

3.4.3. Damage

As previously discussed, damage value predicts the likelihood of a fracture occurring in
the workpiece. Therefore, the lower the damage value shows a better the deformation
process. Figure 13 shows the variation of damage value during TCAP at different pressing
speeds of 5 mm/sec, 10 mm/sec, 25 mm/sec, 35 mm/sec and 50 mm/sec. It is observed
that using a pressing speed of greater than 25 mm/sec results in a high damage value as
compared to 5 mm/sec and 10 mm/sec pressing speeds. The high damage values observed
at speeds of 25 mm/sec, 35 mm/sec and 50 mm/sec are attributed to a high strain rate
imposed on the workpiece material, which causes structural defects and internal stresses.
During deformation, work hardening tends to reduce the damage that can occur in
a workpiece [15]. Higher speeds affect mechanical properties such as the strength
negatively and increase elongation [16]. There is limited work hardening at lower speeds,
hence no fracture occurs.

3.5. Influence of the die temperature

3.5.1. Effective strain
Figure 14 shows the influence of the TCAP temperature on the effective strain distribu-
tion along the length, and across the thickness of the deformed sample. All the samples
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Figure 11. The distribution of effective strain along the length and across the thickness of the
workpiece at different pressing speeds with (a) 50mm/sec (b) 35mm/sec (c) 25mm/sec (d) 10mm/
sec and (d) 5mm/sec.
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Figure 12. The pressing load variations during deformation for various pressing speeds in mm/sec.

0.7

Damage (-)
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5 10 25 35 50

Figure 13. The damage variations during deformation for various pressing speeds in mm/sec.

exhibited homogeneous effective strain distribution across the sample thickness and
along the length of the workpiece. A maximum effective strain of about 2.3 was achieved
after processing. However, the top part of all the samples was damaged due to the
backpressure during processing. Therefore, in conclusion, temperatures less than 500
°C do not affect the strain distribution in a workpiece processed by TCAP.

3.5.2. Pressing load

Figure 15 shows the variation in pressing load with time at various die tempera-
tures. All the samples had a maximum pressing load of about 400 kN. This flow
behaviour implies that there is high resistance to flow due to backpressure. The
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Figure 14. The distribution of effective strain along the length and across the thickness of the
workpiece at different temperatures with (a) 500 °C (b) 300 °C (c) 200 °C (d) 100 °C and (e) 25 °C.
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Figure 15. The pressing load variations versus time during deformation for various processing
temperatures.

high resistance to metal flow may be the cause of the damage caused on the top
part of the workpieces as observed in Figure 14 since the material tries to find an
escape route even through the smallest gap possible. It was observed that all the
TCAP processed had the same amount of pressing load. It can, therefore, be
concluded that temperatures less than 500°C do not influence the pressing load
during TCAP.

3.5.3. Damage

Figure 16 shows damage variation on the deformed workpiece at different die tempera-
ture. The results showed that the damage value was constant for all simulation tests.
However, the damage value for 100 °C, 200 °C, and 500 °C overlap each other and have
a maximum of about 0.45. The temperature of 300°C exhibited the highest damage value
of 0.6. Since a lower damage value is desirable, it is recommended that temperatures of
100 °C, 200 °C, and 500 °C are suitable for TCAP processing.

3.6. Influence of the tube thickness

3.6.1. Strain

The sample thickness plays a role during the TCAP process by influencing the metal flow
stress, and the deformation force. This, in turn, results in variation in mechanical
properties in the tubes having different thickness. To demonstrate this, a TCAP die
geometry of 0, = 90°, 6, = 90° and dy, = 25.4mm were studied. A pressing speed of 5
mm/sec, the friction coefficient of 0.05, and the die temperature of 25were applied. The
thicknesses of the tubes simulated were 2.5mm, 3.2mm, 4mm and 5.5mm.
Comparisons on the effective strain/stress distribution, the pressing load, and the damage
variations were analysed.
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Figure 16. The damage variations during TCAP deformation of AA7075 at various processing
temperatures.

Figure 17 shows the effective strain distribution along the length and thickness of the
workpiece of 5.5 mm, 4 mm, 3.2 mm and 2.5 mm respectively. It is observed that the
workpiece having 3.2 mm thickness had a homogeneous strain distribution of about 3
across its length as compared to that of 2.5mm, 4 mm and 5.5 mm thickness. Even
dislocation densities across the circumference of the tube will cause even flow stresses
and hence even effective strains. However, there is uneven effective strain distribution
across the thickness in all the cases. High effective strains occurred in the inside diameter
as compared to the outside diameter. This is attributed to large double plastic deforma-
tions of the inner tube regions at zone 1 and 3 in the die geometry shown in Figure 1. The
SPD process results in a finer grain in the inside regions than the outside region hence
making the tubes stronger on the inside and such tubes can find application in transport-
ing pressurised fluids. Additionally, higher effective strains occurred at the top layer of
the workpiece having 2.5 mm thickness. The top part of the sample was damaged, as
a result of contact between the die and the workpiece. Interfacial contact between the die
and the workpiece results in high flow stress, hence causing damage. High flow stress
may induce cracks or plastic separation of the deformed material due to circumferential
strains. It has been reported that using a die with an inclined surface rather than a flat
surface will guarantee that the deformed material retains its cohesion especially when
small thickness tubes are deformed [17,18]. It has been found that the correct deforma-
tion conditions can be obtained by using hyperbolic dies rather than dies flat surfaces
[19,20].

3.6.2. Pressing load

Figure 18 shows the variations in the pressing loads required to achieve UFG for each
tubular workpiece. It is observed that the amount of pressing load increases with an
increase in the thickness of the workpiece. This is because an increase in thickness
increases the effective contact area between the die and the workpiece. To achieve the
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Figure 17. The distribution of effective strain along the length and across the thickness of the
workpiece with (a) 5.5 mm (b) 4 mm (c) 3.2 mm and (d) 2.5 mm.

same effective stress, in all the samples means the pressing load has to increase. The
maximum pressing load for various tube thickness were: 850 kN (5.5 mm), 600 kN (4
mm), 500 kN (3.2 mm), and 400 kN (2.5 mm). Figure 19 shows that there is a linear
relationship between the maximum pressing load and the thickness of the tube.

The maximum pressing load can be predicted as
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Figure 18. The pressing load variations with time during deformation for various workpiece thickness
(mm).
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Figure 19. A relationship between the maximum pressing load and the thickness of the tube. It can be
seen the two parameters exhibit a linear relationship with a very high correlation coefficient
(R*=0.9962).

y = 149.6x 4 19.026 (5)

where yisMaximumPressingLoad(kN) and xistubethickness(mm)

Therefore, for an AA7075 tube with an internal diameter of dy = 25.4mm, it is
possible to predict the maximum pressing load for the given tube thickness using
Equation 7.
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Figure 20. The variations in damage on the workpiece during deformation for different workpiece
thickness.

3.6.3. Damage

Figure 20 shows the variation of damage at the same selected point in all the workpieces
having different tube thickness. It is observed that damage increases with a decrease in
tube thickness. The tube having a thickness of 2.5 mm experienced high damage at
a maximum of 0.6 with the thickest tube of 5.5 mm having the least likelihood of damage
at a maximum of 0.35. This observation is attributed to the variation in the contact area
between the workpiece and the die. In the case where the contact area is small, the active
surfaces of the die do not restrict the plastic flow and cracking hence damage of the
AA7075 alloy becomes inevitable. This can be avoided by increasing the working area of
the die by using hyperbolic dies rather than a flat surface dies [19,20].

4. Industrial implications and future directions

TCAP process has shown some promising future application because of its micro-
forming ability. In the micro-forming process, parts are produced with their dimensions
measuring from microns to millimetres. Micro-forming has the potential of becoming
the world’s most preferred metal forming process in the manufacturing industry due to
its potential for mass production of small products while achieving a high surface finish,
high production rate, and a low cost of production. Micro-formed tubes through TCAP
can find good application in micro-vessels, bioengineering where micro-implants replace
clogged blood vessels in hypertensive patients [21].

5. Conclusions

The factors affecting the TCAP process, i.e. the influence of die geometry, coefficient of
friction, pressing speed, the die temperature and tube thickness were investigated on
aluminium alloy (AA7075). After TCAP processing;
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(a) the average grain size was reduced from 25 pm to about 500 nm through extensive
grain refinement.

(b) the results of FEM showed that an effective strain of 3 could be achieved by the
correct choice of the input parameters.

(c) the thickness and length of the tube processed by TCAP also exhibited excellent
strain homogeneity except when parameters such as coefficient of friction are
varied.

(d) generally, TCAP can impose large strains because it has three deformation zones
(denoted as 1, 2, and 3 in this paper).

Therefore, the TCAP process is important because; (i) it can produce samples with
excellent strain homogeneity and (ii) with very high effective strains.
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