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Keywords: This study investigated the effects of die geometry on the required forces and strains in the new backward

extrusion (NBE) process. The force requirements for copper extrusion were determined using the finite
New backward extrusion;
Finite Element analysis;
Severe plastic deformation;
Optimization process.

element method, and the relationships between die geometry and process parameters on extrusion force and
plastic strain were examined. The process efficiency was evaluated under various working conditions by
examining the relationship between geometric variables and speed. This innovative approach, which uses
hydrostatic pressure techniques, shows potential to transform billets into ultrafine-grained tubes and
materials that are difficult to deform. The results indicate that modifications to the fix-punch geometry
significantly reduce the required extrusion force. In all cases, the extrusion force initially increased as the
billet entered the deformation zone, then decreased as material continued to flow. Maximum extrusion loads
of 109 kN and 91.8 kN were obtained for fix-punch designs with inner channel angles of 30° and 45°,
respectively. In comparison, a lower maximum load of 94.2 kN was observed for the geometry with an

Article History inner channel radius of 12.5 mm. The FEM results further revealed that the equivalent plastic strain (PEEQ)
Received:24 October 2025 was strongly dependent on fix-punch geometry, with maximum PEEQ values ranging from approximately
Revised:19 February 2026 7 {9 2.5, primarily concentrated near the die corner and along the radial deformation path. Compared with
’;ZZ‘;Z ;t:s-zg February 2026 angled channel designs, the radial geometry resulted in reduced force demand and a more gradual strain

distribution during the NBE process.

Several processes have been proposed for producing thin-
walled tubular components with large imposed strains,
including Parallel Tubular Channel Angular Pressing
(PTCAP) (Awasthi et al, 2022), Tube Backward Extrusion
(TBE) (Abu-Farha, 2012), High Pressure Tube Twisting
(HPTT) (Toth et al., 2019), Friction Stir Back Extrusion
(FSBE) (El Mehtedi et al., 2019), and Tube High Pressure
Shearing (t-HPS) (Wang et al., 2012).

1. Introduction

In recent years, significant research efforts have been
directed toward the development of novel manufacturing
processes for high-performance materials in advanced
applications (H. Rahimi et. al, 2025). Obtaining fine-
grained materials with excellent mechanical characteristics
is very important (Mao et. al, 2021). Severe plastic
deformation (SPD) techniques have garnered substantial

interest as efficient methods for generating bulk ultrafine-
grained (UFG) and nanostructured metals and alloys while
maintaining overall dimensions (Taherkhani et al., 2025).
Materials processed by SPD generally exhibit significantly
strength, extended fatigue life, superior
formability or superplasticity, and, in many cases, greater
wear and corrosion resistance, rendering them highly
desirable for industrial applications (Ahmadi, et al. 2021;
Faraji, et al., 2018). Tubes are of particular importance,
especially among the diverse product geometries for
applications in heat exchangers, energy systems, and
lightweight structures,which has led to the Development of
SPD forming techniques (Lowe & Valiev, 2000; Valiev et
al., 2016; Zohrevand et al., 2023).
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However, many reported configurations remain limited by
disadvantages such as high forming forces, non-uniform
strain distribution, complex tools, and limited scalability for
long tubes or closed geometries. Consequently,
Optimization of existing processes and development of
modified mold concepts, especially for industry-relevant
alloys and tubular products, remain active research topics to
reduce energy consumption and improve strain
homogeneity (Faraji et al. 2011; Jafarlou et al., 2016;
Majidabad et al., 2023).

To address some of the limitations of SPD Processes for
tube production, severl studies have been conducted.
Motallebi et al., (2021) showed that applying hydrostatic
force in Hydrostatic Tube Cyclic Expansion Extrusion
(HTCEE) significantly improves material flow and reduces
the required forming load, while creating a more uniform
strain distribution. Bakhshi-Jooybari et al. (2006), focused
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on reducing deformation load in BE by optimizing the die
profile using numerical simulation and experimental
methods. Shatermashhadi et al.,(2014) presented the NBE
instead of conventional backward extrusion to reduce the
force required for backward extrusion and increase plastic
strain by including a fix-punch section. Adding this section
results in a decrease of more than 25% in the force required
for production compared to the standard backward
extrusion process. Manaafi et al., (2016) have presented
techniques to enhance the NBE process, including the use
of hydrostatic force, resulting in an 11% reduction in the
process power requirement.

The NBE produces ultrafine-grained metals characterized
by enhanced mechanical strength and optimized
microstructural properties. This method is suitable for
closed-end products and offers benefits compared to
alternative production methods. Some benefits of this
method include reduced material wusage, increased
dimensional accuracy and surface quality, appropriate
mechanical and microstructural properties, and reduced
additional steps. To reduce the force and energy required in
the SPD process, the optimization of this group of forming
processes has received much attention. Failure to consider
die design parameters when studying metal deformation
can result in excessive energy requirements and inaccurate
results, despite efforts to achieve the best possible outcome.

FEM is an important approach for understanding the plastic
deformation behavior of materials in forming processes
(Dixit & Dixit, 2008). Numerical analysis using FEM was
performed to evaluate material deformation and predict
strain and stress distributions. The plastic deformation
behaviour during the BE process is mainly controlled by the
die geometry, the material, and the process conditions
(Zeng et al., 2024). Despite numerical and experimental
investigations on NBE, the specific influence of the internal
channel geometry of the fix-punch on the force, strain
distribution and strain homogeneity in the NBE process has
not systematically determined. In particular,
comparative analyses between angle channels and radius
geometries under the same processing conditions are still
limited. Therefore, this study investigates the plastic
deformation characteristics of commercial pure copper in
NBE, as assessed by finite element analysis, variations in
extrusion force, and strain progression. Previous research
has shown that changing the die geometry can increase the
applied equivalent strain and facilitate the development of
fine-grained and granular This  study
systematically analyzes the effects of different die
geometries on the effective strain distribution and extrusion
force requirements in the NBE process of copper, with the
aim of establishing design guidelines to optimize die
geometry for energy efficiency, strain uniformity in thin-
walled and closed-end products.

been

structures.

2. Methodology

Finite element simulations of the NBE process were
performed using Abaqus/Explicit 2021 to investigate the
effect of die geometry on deformation behavior, extrusion
force, and strain distribution. An axisymmetric model that
matched the geometry and mechanical properties of the
experimental samples was developed to validate FEM
results against experimental data. In the next step, boundary
conditions were defined to prevent rigid-body motion of the
billet while allowing free material flow within the
deformation channel. Reaction forces on the movable
punch were recorded to evaluate the evolution of the
extrusion load throughout the process. CAX4R elements
were used to represent the axisymmetric billet, with mesh
sizes ranging from 0.05 to 1.4 mm. Adaptive Lagrangian-
Eulerian elements (ALE) were specifically designed and
tuned to handle significant deformations and are utilized in
simulations. Thus, using ALE techniques improved mesh
quality during simulation of SPD processes. The workpiece
exhibited a friction coefficient of 0.05 when in contact with
the die components. Additionally, a friction coefficient (p)
of 0.05 was considered for the billet's contact with other
deformed sections during the process.

During the NBE, the movable punch descended while other
die components remained stationary. Fig. 1 shows the
starting and ending points of the movable punch during the
process, along with the material flow direction in various
ways. The punching velocity was set to 10 mm/min. To
investigate the effect of die geometry on the NBE process,
three fix-punch configurations were analyzed, including
inner channel angles of 30° and 45°, and an inner channel
radius of 12.5 mm. The selected geometric parameters were
chosen to represent sharp, intermediate, and smooth
material transfer conditions commonly encountered in
extrusion die design. The inner channel angle of 30° was
considered to impose higher material flow resistance due to
the abrupt change in flow direction, whereas the inner
channel angle of 45° provided a smoother material
transition with reduced geometric constraint. The use of the
inner channel radius of 12.5 mm was intended to minimize
stress concentration at the die corner and to promote a more
gradual and uniform material flow during the NBE process.
Other geometric parameters, including billet dimensions,
channel length, and final tube thickness, were kept constant
to ensure a consistent comparative analysis. Pure copper
was the material utilized in the simulation. Since the die
remained elastic and underwent negligible deformation, it
was modeled as a rigid body (Uyyuru & Valberg, 2006).
Table 1 lists the density, Young's modulus (E), Poisson's
ratio (v), yield strength, and ultimate strength of copper. Fig
2 displays the stress-strain curve for pure annealed copper.
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Figure 1. Schematic illustration of the NBE process

Table 1. Mechanical properties of pure copper

Simulation Parameters Values
Density (kg.m™) 8900
Modulus of Elasticity (GPa) 110
Tensile Strength, Yield (MPa) 333
Elongation at Break (%) 60
Poisson's ratio 0.34
Stress-relief annealing temperature (°C) 250-500
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Figure 2. Stress-strain curve of pure copper used in FE modeling

This process involves creating the product from a copper
billet that has an initial length of 150 mm and a diameter of
25 mm. Table 1 contains the initial billet parameters. Fig. 1
shows the geometric parameters that have been modified
throughout the analysis procedure, with the inner diameters
(d1) and outer diameters (d2) and final thickness (tf)
remaining constant. FEM simulations were conducted to
study deformation patterns and material properties by
varying the inner channel angles, the inner channel radius,
and the channel shape.

Fixed values are used for additional parameters such as the
initial billet diameter, movable punch diameter, and billet
height. Initially, the tube is stretched outward through a
passage at the inner channel angles of y = 45°, 30°, and
with the inner channel radius of r1 = 12.5mm, after which
the billet thickness is decreased to tf. In the end, the narrow
tube with a diameter (d2) inside is flipped through the
second channel. Extrusion through angled channels and
thickness reduction in the NBE process result in significant
deformation of the tube material, producing a thin-walled
tube with ultra-fine grain structure. The main factors for
analysis are the gap height, channel height, and die shape.
Table 2 lists the parameters examined and evaluated in the
design. It is important to note that this statement requires
experimental evidence.

Table 2. Process parameters and simulation conditions for

NBE
Simulation Type axisymmetric
Die Type Rigid Body
Billet Type Deformable
Billet material Cu
Press speed (mm/min) 10
Billet temperature (°C) 25
Channel length (mm) 180
Channel diameter (mm) 2
Height of billet (mm) 150
Diameter of billet (mm) 25
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3. Results and Discussion

FEM simulation results for movable punch load, stress, and
applied strains were significant, and the development of
Equivalent Plastic Strain (PEEQ) and force at various
stages of NBE processing are shown in Figs. 3, 4, and 5.

Fig. 3 shows the movable punch load-displacement
behavior for three fix-punch geometries with the inner
channel angles of 30° and 45°, and the inner channel radius
of 12.5 mm. The maximum movable punch load was
evaluated for each geometry. A constant channel height and
a friction coefficient of p=0.05 were maintained throughout
the simulations. The load-displacement curves provided
valuable insight into the deformation mechanics and force
requirements of the manufacturing process. In Zone I, the
load increased rapidly as the billet head entered the
deformation channel. This stage occurs when the billet head
enters the channel. The force difference in this stage was
slight. However, the force required in the channel is initially
low and increases as material flows through. With the inner
channel radius of 12.5 mm, the force remained lower than
that of the other geometries at this stage. Zone II
represented a transition stage marked by an initial minor
load increase, followed by a prominent force surge as the
material reached the narrower confined channel section. In
the second stage, the load dropped from its peak to a local
minimum, followed by a slight increase in Zone III. The
cases examined with the inner channel radius of 12.5 mm
and the inner channel angle of 45° show that at the onset of
Zone 111, the billet struck the channel wall. Until the billet
was entirely inside the channel, a slight increase in force
was observed

A prominent force surge was detected in Zone V for the
inner channel angle of 30°, signifying substantial changes
in billet shape. Notably, the inner channel angle of 30°
requires significantly higher force during this stage than
other geometries, leading to less stable material flow and
increased load volatility. The peak movable punch load for
the inner channel angle of 30° reached approximately 109
kN, and using the inner channel radius of 12.5 mm resulted
in approximately an 18% reduction in applied force relative
to the inner channel angle of 30°, yielding notable cost and
energy savings.

Fig. 4 shows the material flow for each fix-punch geometry
at the successive stages of the NBE process. Specifically,
Figs. 4(a—d) show the complete deformation geometry and
billet configuration for a channel with the inner channel
angle of 30°, Figs. 4(e—h) show the corresponding geometry
for a channel with an inner angle of 45°, and Figs. 4(i-1)
shows the deformation sequence for a channel with the
inner channel radius of 12.5 mm. In all three geometries,
material continuously fills the channel during all
deformation stages. This uninterrupted contact between the
material and channel surface is maintained by back
pressure, which prevents material separation and ensures
continuous deformation. The continuous filling behavior
observed across all scenarios underscores the critical role of
back pressure in maintaining the integrity of the material
flow during extrusion. The deformation patterns observed
in all geometries indicate a steady progression of material
towards the channel exit. This consistency indicates a
steady and uniform flow of material through the channel.
Such uniformity is essential to achieve consistent
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Figure 3. Load-displacement behavior in fix-punch geometries with the inner channel angles of 30°, 45°, and the inner channel radius of 12.5 mm.
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Figure 4. Investigating FEM material flow according to the change of fix-punch geometry parameters with (a-d) channel with the inner channel
angle of 30°, (e-h) channel with the inner channel angle of 45°, and (i-1) channel with the inner channel radius of 12.5 mm

microstructural features and mechanical properties in the
extruded product. The results show that within the range of
geometries  studied, the backpressure mechanism
effectively controls the material distribution and prevents
flow instabilities that may compromise product quality.

Fig. 5 shows the PEEQ distribution in closed-end copper
tubes processed with three distinct fix-punch geometries.
The results show significant accumulation of PEEQ in the
corner and die-entry regions, where the material undergoes
the most severe deformation. The strain distribution is
highly non-uniform across all examined geometries, with
the maximum strains concentrated in regions of highest
geometric constraint. The inner channel angle of 30° shows
the highest strain in the corner region, while the inner
channel angle of 45° and inner channel radius of 12.5 mm
show similar, but intensity-dependent, patterns. The
variation in strain distribution in these geometries indicates
the influence of the die angle and corner radius on the
material deformation paths. An important observation is
that the spatial distribution and magnitude of strain vary
significantly with fix-punch geometry and the progression
of the extrusion process. The material in the movable punch
region experiences minimal strain, while the material
adjacent to the die corner undergoes severe plastic
deformation. This inhomogeneous strain field indicates that
the die geometry directly controls the intensity of local
deformation and the material flow paths. Geometries with
larger corner radius or more acute angles produce more

gradual material deformation, thereby reducing local strain
concentration. The non-uniform strain distribution
underscores the need to carefully optimize the die design to
achieve balanced material deformation and minimize
mechanical property degradation in the extruded product.

PEEQ

(Avg: 75%)
+1.450e+01
+1.330e+01
+1.209e+01
+1.08%e+01
+9.687e+00
+8.483e+00
+7.280e+00
+6.077e+00
+4.873e+00
+3.670e+00
+2.467e+00
+1.263e+00
+6.000e-02

(a) (b) (c)

Figure 5. distribution of PEEQ in closed-end copper tubes processed
by NBE with varying fix-punch geometries: (a) inner channel radius of
12.5 mm, (b) inner channel angle of 45°, and (c) inner channel angle of
30°.

Some SPD processes, which operate either entirely or
partially under pure shear conditions, are derived from
conventional metal-forming techniques such as rolling,
extrusion, and forging. These procedures involve repeated
deformation cycles that generate inhomogeneous strain
distributions, resulting in non-uniform microstructure and
mechanical properties (Faraji et al., 2024; F. Rahimi et al.,
2015). Consistent with this, the non-uniform distribution of
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PEEQ in the cross-section of the tube after backward
extrusion was observed, as shown in Fig. 5. The PEEQ
distribution in the extruded tube was evaluated along two
measurement paths. The longitudinal path AD, which
extends from the tube inlet (point A) to the closed end (point
D), and the radial path EF, which passes through the wall
thickness from the inner surface (point E) to the outer
surface (point F). Fig. 6 shows the PEEQ profiles for each
die geometry investigated.

PEEQ
(Avg: 75%)

Figure 6. Measurement paths for PEEQ analysis showing radial (EF)
and longitudinal (AD) directions on the extruded closed-end tube
cross-section

Fig. 7 shows the radial distribution of PEEQ across the tube
thickness, three distinct die geometries
processed via conventional reverse extrusion. The EF
measurement path shown in Fig. 6 extends radially from the
inner surface of the tube to the outer surface. The strain
profiles show a consistent pattern across all geometries. The
PEEQ values remain relatively stable in the inner regions,
but increase significantly as the material approaches the
outer surface. The closed-end tube produced with the inner
channel angle of 45° exhibits superior strain uniformity
across the wall thickness. The strain variation between
inner and outer surfaces is minimal, indicating more
consistent properties throughout the wall thickness. The
inner channel angle of 30° shows inner PEEQ values

examining

averaging 2.69 and outer values reaching 5.76, representing
a radial strain increase of approximately 115%.

The inner channel angle of 45° exhibits an internal strain of
2.76 and an external strain of 4.79, corresponding to a radial
increase of 74%. The inner channel radius of 12.5 mm
exhibits the most pronounced gradient, with inner surface
strain of 2.29 and outer surface strain of 6.25, representing
a radial increase of 173%. These differential gradients
reflect the distinct flow characteristics imposed by each die

geometry.

The maximum external surface strain resulting from the
inner channel radius of 12.5 mm is 8.6% greater than the
inner channel angle of 30° and 28.5% greater than the inner
channel angle of 45°. The high plastic deformation on the
outer surface promotes progressive grain refinement,
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Figure 7. The radial distribution of PEEQ indicates the strain evolution
from the inner to the outer surfaces (path EF) of the tube for the three
fix-punch geometries examined.

potentially providing superior surface mechanical
properties for applications requiring high wear and fatigue

resistance (Taherkhani et al., 2024; Taherkhani et al., 2025).

In contrast, the inner channel angle of 45° exhibits better
strain uniformity throughout the tube wall thickness. The
strain difference between the inner surface (2.76) and outer
surface (4.79) is 2.03, representing a 74% radial increase
and indicating more uniform property distribution across
the cross-section. This differential uniformity reflects an
opposing design philosophy. While the inner channel radius
of 12.5 mm concentrates deformation toward the outer
surface, the inner channel angle of 45° distributes strain
more evenly, improving uniformity of the microstructure
throughout the tube thickness. In the Accumulative Back
Extrusion (ABE) process, a plastic strain of ~4 can be
obtained. Higher plastic strain in the inner channel radius of
12.5 mm correlates with a finer grain size and improved
mechanical properties (Li et al., 2014). Therefore, the inner
channel radius of 12.5 mm offers significant advantages for
producing ultrafine-grained copper tubes.

In the direction of AD (shown in Fig. 6), the primary billet
underwent significant deformation along the final product
due to the strong force from the movable punch. The
longitudinal strain distribution along the tube length
exhibited distinct deformation characteristics that vary
significantly with the die geometry. Fig. 8 shows the
evolution of the effective strain in four consecutive zones
during a typical reverse extrusion process. In Zone I, the
material entered the deformation zone with minimal initial
strain (~0.2). However, upon contact with the die geometry,
it experienced rapid strain accumulation, with peak values
reaching approximately 2.8-3.0 in all geometries. This zone
represented the transition from the fix-punch channel entry
to the confined channel section. Zone II constituted a
transition zone in which strain values stabilized and begin
to diverge across the three geometries, and the material
gradually fills the channel. Zone III showed stable strain
differentiation, with the inner channel angle of 30°
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exhibiting significantly higher strain intensity than both the
inner channel angle of 45° and the inner channel radius of
12.5 mm geometries, reflecting the stronger geometric
constraints of acute angles.

Zone 1V, representing the channel exit region, showed
stable, convergent strain values of approximately 2.0-2.5
across all geometries, indicating progressive strain
homogenization as the material approached the extrusion
exit and geometric constraints were reduced. Once the
material is fully introduced into the final channel (Zone V),
the effective strain becomes relatively uniform, with less
than 10% variation along the channel length across all three
geometries. The final PEEQ ranged from 2 to 2.5, indicating
significant cumulative deformation. In contrast, achieving
comparable strains with equal-channel angular pressing
(ECAP) requires multiple passes. Therefore, NBE
demonstrated superior efficiency in generating high
cumulative plastic strain in a single pass.

Analysis of the simulation results has shown that significant
strain inhomogeneities are generated throughout the final
product. Die geometry, fix-punch design, and friction
conditions affect material flow patterns. The purpose of the
strain inhomogeneity index (Ci) is to verify the uniformity
of the effective strain distribution within the sample's cross-
section (Lee & Kim, 2014). Enhancing uniformity in
deformation results in greater consistency in the mechanical
characteristics of UFG materials. Specifically, the level of
the strain inhomogeneity can be assessed by Eq. 1:

Fig. 9 shows the strain heterogeneity along the tube
thickness. The inner channel angle of 45° has the lowest
heterogeneity index of 0.60, indicating a relatively uniform
and suitable strain distribution. The inner channel angle of
30° produces a higher index of 0.82, while the inner channel
radius of 12.5 mm produces the highest heterogeneity of
1.09. These results indicate that the inner channel angle of
45° produces approximately 45% improvement in strain
uniformity compared to the inner channel radius of 12.5
mm. The quantitative evaluation presented in Fig. 10 shows
that the inner channel angle of 30° has the highest
longitudinal strain heterogeneity index of 1.61, confirming
that this geometry imparts significant strain variations in the
final product. The inner channel angle of 45° yields an
average value of 1.56.

In contrast, the inner channel radius of 12.5 mm yielded the
lowest strain heterogeneity index of 1.52, indicating the
most uniform strain distribution in the direction of material
flow in the extrusion. This superior longitudinal uniformity
in the inner channel radius of 12.5 mm resulted from the
smooth, gradual transition provided by the -curved
geometry, which progressively loaded the material rather
than creating sharp geometric discontinuities. This
uniformity in longitudinal strain indicated more stable
material flow throughout the deformation region. These
findings emphasized that the geometric design significantly
influenced the plastic strain distribution, with potential
implications for microstructural development and property
uniformity in the final extruded product.
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Figure 8. PEEQ distribution along the length of the tube (path AD) for three fix-punch geometries.

24



International Journal of Advanced Manufacturing and Material Processing

=
N

1.09

=y

0.82

o
o

I g
> o

o
)

Strain Inhomogeneity Index

Il inner channel radius of 12.5 mm B inner channel angle of 45° Inner channel angle of 45°
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throughout the tube thickness for inner channel angles of 45°, 30°,
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4. Conclusions

This FEM analysis showed that precise die geometry
optimization in NBE provides a powerful means to control
plastic strain distribution, reduce process forces, and
improve the quality of the final product. The quantitative
relationships established between the die geometric
parameters and final product properties provide a rational
framework for die designs. The conclusions are as follows:

* FEM findings indicated that plastic strain exceeding 3.5
was observed in all three cases examined.

* The inner channel angle of 45° resulted in an 18%
decrease in required force compared to the inner channel
angle of 30°. Hence, reducing the pressure can potentially
lead to reduced press capacity and increased die life.

» The die geometry optimization addresses movable
punch buckling issues that arise during processing.
Additionally, it facilitates extrusion of small-diameter
billets that are difficult to form with conventional
geometries.

*  The uniformity of plastic deformation across the tube
width after processing was significantly better than in
other instances using a channel with the inner channel
radius of 12.5 mm.

* Once the material fills the final channel in the NBE
process, it leads to a uniform distribution of plastic
deformation and a significant reduction in strain
variations along the tube, playing a key role in
achieving stable material flow, promoting strain
homogeneity, and improving the quality of the final
product.

In future research, it is necessary to focus on experimental
validation of FEM results to confirm the predicted
parameters, particularly the force and strain distributions.
Also, developing analyses and establishing relationships
between strain homogeneity and microstructural features
can provide a more comprehensive understanding of the
impact of die geometry on final product performance.
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