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Abstract

No study has comparatively examined the impact of compressive loads in 
monotonic and cyclic high-pressure torsion (mHPT and cHPT) using the finite 
element analysis (FEA). This study aimed to overcome this lack of knowledge. 
For this purpose, the effect of compressive load on the saturated torque and 
effective strain imposed by mHPT and cHPT processes was investigated by 
finite element analysis of copper samples, under pressures of 100MPa and 
150MPa and at three twist angles. The results demonstrated that in the 
mHPT process due to the increase in the compressive load the values of the

effective strain and the maximum torque increased from 5.58 and 983N.m to 
6.85 and 1967N.m, respectively. In contrast, the value of the effective strain 
imposed by cHPT ranged from 27.3 to 100.4 as the applied pressure-twist

angle amplitudes increased from 100 MPa-1 rad to 150MPa-3 rad, respectively.
Regardless of the applied load in mHPT, as the twist angle increased from 
about 1 rad to nearly 15 rad, the moment increased with a constant slope. In 
the cHPT procedure, the torque value was nearly independent of the number 
of cyclic revolutions, but it increased as the applied pressure and twist angle
amplitudes increased. A 50% increase in applied load led to ∼23% and ∼88% 
increases in effective strain imposed by the mHPT and cHPT processes.

Nomenclature

E Young’s modulus ρ Density
h Initial height ν Poisson’s ratio
N Number of revolutions γ Shear strain
Nc Number of cycles ε Effective strain
r Initial radius εtor Effective strains in shear deformation
t Rotation time εup Effective strains in upsetting
σy Yield strength εcyc Accumulated strain in cyclic deformation
ω Twisting rate (angular velocity) η Efficiency factor
ϕ Twisting angle εf , εr Forward and reverse imposed strains
ϕa Twist angle amplitude ε1, ε2,

ε3

principal strains
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1. Introduction

Severe plastic deformation (SPD) processes, such as
high-pressure torsion (HPT), are techniques in which
material grain sizes are reduced to nanoscale dimen-
sions and a high density of crystalline defects, such as
dislocations, are created. As a result, the mechanical
properties and microstructure of the materials are sig-
nificantly improved [1,2]. Among the many SPD meth-
ods, HPT is widely used for studying the effects of cre-
ating severe strain in decreasing material grain sizes to
the nanoscale on an academic scale, despite its limita-
tions in industrial applications [3,4]. The design and
manufacture of new materials and quasi-stable phases
with advanced properties are also possible by combin-
ing this method with theoretical studies and computer
simulations [5].

Numerous attempts have been made to improve the
capabilities of HPT method [6-8]. One of these efforts
has led to the development a reversed (cyclic) HPT
process that has garnered significant attention in the
last decade [9]. In conventional high-pressure torsion,
the sample is twisted in only one direction. However, in
the reversed HPT procedure, the sample was twisted
to some extent in one direction and then twisted in
the reverse direction. This process was carried out
until a suitable cumulative strain was achieved in the
sample. The conventional and reversed HPT proce-
dures were monotonic and cyclic high-pressure torsion
(mHPT and cHPT), respectively [10]. Research results
on the Al-3%Mg-0.2Sc alloy indicated that applying
cHPT decreased the sample edge hardness compared to
mHPT [5]. Studies on Armco iron and Ni revealed that
the applied moment reached a saturation limit value in
both procedures as cumulative strain increased [9]. In
cHPT, increasing the shear strain in a single cycle in-
creases the saturated moment, which approaches the
value obtained in mHPT. When the cumulative strain
surpasses the saturation limit of mHPT, it forms finer
grains than those obtained through cHPT. Similar find-
ings have been reported in studies on pure aluminum
[11], Al-Cu-Mg-Li alloy [12], and Fe-0.03C alloy [13]. In
contrast to the aforementioned results, it has been re-
ported that applying cHPT to pure aluminum [14], eu-
tectoid Zn-22% Al alloy [15], and Ti-6Al-4V alloy [16]
resulted in higher hardness and finer microstructure
compared to the mHPT process. This inconsistency
highlights the need for further research to comprehend
the effects of the severe deformation process in cHPT.

Axial compressive load is an important technical
parameter in the conventional high-pressure torsion
process (mHPT). As the compressive load increases,
the flow stress and dislocation density increase, result-
ing in finer grains [17]. The most significant effect of
the compressive load is its impact on the strain corre-
sponding to the maximum shear stress, which increases
rapidly as the pressure increases. Applying a compres-

sive load allows the sample to be twisted to a greater
extent without breaking. In addition, increasing the
compressive load at the same rotation speed increases
the moment and shear stress that the sample can with-
stand without fracture [18].

The literature review indicates that the primary fo-
cus of research has on the cHPT procedure under a
constant compression load, and there has been a lack
of investigation on the effect of axial load on the ef-
fectiveness of the cHPT method. This study aims to
fill this gap using FEA. It is well known that three-
dimensional FEA is an effective alternative tool for
evaluating the effective strain and insertion torque in
metal deformation processes. It can provide a map of
the strain distribution that is very difficult to obtain
through laboratory tests [19]. In this regard, the effect
of axial load on cumulative effective strain and torque
in both mHPT and cHPT processes was investigated by
FEA, and the results were compared. The main inno-
vation of this study is that the obtained results reveal a
stronger dependence of the cumulative effective strain
and torque on the applied load in the cHPT process in
comparison to the mHPT method, such that the per-
centage increase in cumulative effective strain due to a
50% increase in applied load in the cHPT process was
∼4.5 times greater than that in the mHPT method.

2. Theoretical Background of Equivalent
Strain

Equivalent (effective) plastic strain is one of the most
significant parameters typically investigated in SPD
processes. It is a useful scalar quantity for comparing
the effects of various severe plastic deformation meth-
ods. This scalar quantity equates to the effect of multi-
axial strains created when applying a multiaxial stress
state to the absolute value of the axial plastic strain in
uniaxial tension or compression.

Generally, in the HPT process, a disk-shaped sam-
ple is placed inside the cylindrical cavities of the anvils,
with the upper anvil pressed down on it, after which
the lower anvil is rotated relative to the upper anvil un-
der high pressure. Consequently, intense shear strain is
imposed through the simple shear deformation mode.
Assuming that the sample’s thickness does not change
during the shearing deformation, the imposed engineer-
ing shear strain γ can be expressed in the form of the
following relationship [20] :

γ =
rϕ

h
(1)

Here, ϕ represents the twisting angle (Rad), and h
and r refer to the disk’s initial height and initial ra-
dius, respectively. The twisting angle (in radians) can
be expressed as:

ϕ = 2Nπ = ωt (2)



Journal of Stress Analysis/ Vol. 9, No. 1, 2025 29

Therefore, Eq. (2) can be rewritten as follows

γ =
rϕ

h
= 2Nπ

r

h
= r

h ωt (3)

Here, N represents the number of revolutions, ω is
the twisting rate (angular velocity in radians per sec-
ond), and t indicates the rotation time (in seconds).

The calculation of the effective strain corresponding
to shear strain γ depends on the criteria used for the ef-
fective stress. Over the past few years, researchers have
focused on two main approaches as appropriate criteria
for interpreting effective strain: von Mises equivalent
strains and Hencky logarithmic strains.

Generally, when a sample is deformed under the
multiaxial state of stress with a constant ratio of
dε1:dε2:dε3, the effective strain (ε) for the von Mises
criterion can be expressed as follows [21]:

ε=

√
2

3
(ε12 + ε22 + ε32) (4)

However, since ε2 = 0; ε1 = −ε3 = 1
2γ in torsional

deformation, based on the von Mises criterion, effec-
tive strains corresponding to the shear strain imposed
during HPT, εtor, can be estimated using Eq. (5):

εtor=
γ√
3
=

rϕ√
3h

(5)

Hencky [22] proposed that using the logarithmic
form is preferable for expressing the effective strains in
large deformations. Therefore, regarding the Hencky
criterion, εtor can be analyzed using Eq. (6):

etor= lnγ (6)

Later, several researchers such as Tekkaya [23] and
Onaka [24] have demonstrated that the modified ver-
sion of the Hencky equation (Eq. (7)) is more prefer-
able for calculating the equivalent strain for large shear
strains where γ> 0.8.

εtor =
2
√
3
ln

(√
1 +

γ2

4
+

γ

2

)
(7)

In practice, γ≫1 for HPT, and as a result, the mod-
ified Hencky equation can be simplified in the following
form:

etor =
2√
3
ln (γ) =

2√
3
ln

(
roϕ

ho

)
=

2√
3
ln(ωt

ro
ho

)

(8)

Under deformation by the ideal constrained HPT
method, the material flow in the axial and radial di-
rections is restricted by anvils, and the dimensions of
the sample remain constant during processing. This
means that ε2= 0; ε1= −ε3=

1
2γ and the sample is only

subjected to simple shear deformation. Therefore, the
previously presented equations can be used for an ide-
ally constrained HPT process. In contrast, when the
sample is subjected to unconstrained HPT, the mate-
rial flows in the direction of the thickness and radius
of the sample.

To estimate the accumulated effective strain, it is
necessary to incorporate the compressive strain result-
ing from axial loading. Therefore, the total effective
strain can be expressed as [25].

ε = εtor + εup (9)

Where εtor and εup are effective strains correspond-
ing to the imposed simple shear strain and the com-
pressive strain introduced during the upsetting of the
sample, respectively. The latter can be calculated by
the equationεup= ln ho

h and the former can be obtained
from each equation presented earlier.

The equations mentioned above has been proposed
to estimate the accumulated effective strain in the
mHPT processes. Stuwe [26] has defined an efficiency
factor, 0< η< 1, for the cyclic deformation process as
follows:

η =

∑Nc

1 εi
εcyc

=

∑Nc

1 (|εf |+ |εr|)
εcyc

(10)

Where ecyc represents the accumulated strain in
cyclic deformation, Nc is the number of cycles, ei is
the total strain induced during cycle i, and ef and er
are the true strains imposed in the forward and reverse
directions during each cycle of the deformation pro-
cess. Regarding the von Mises or Hencky criterion, the
values ef and er can be analyzed isong Eq. (5) or Eq.
(9), respectively. As a result, the accumulated effective
strain in the cyclic unconstrained HPT processes can
be estimated as follows:

εcyc = ln
ho

h
+

η√
3

roϕ

ho
for von Mises criterion

(11)

εcyc = ln
ho

h
+

2η√
3
ln

(
roϕ

ho

)
for Hencky criterion

(12)

Here, ϕ is the twisting angle equated to the twisting
angles in the forward (ϕf ) and reversed (ϕr) directions
in each cyclic deformation, and it can be calculated
using Eq. (13).

ϕ =

N∑
1

(|ϕf |+ |ϕr|) (13)

3. Materials and Methods

3.1. Materials

Pure copper was used in this research as a work
metal because its deformation behavior during the
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HPT process has been thoroughly studied by Jahedi
et al. [27]. The material properties were taken as
follows: ρ= 8.9×103kg/m3, E= 120GPa, ν= 0.36, and
sy= 70MPa. Also, the proposed true stress-true strain
relationship, i.e., σ (MPa)= 330ε0.235, was employed in
this study. A rod with a length of 25mm and an ini-
tial diameter of 24mm was used as the workpiece. To
avoid stress concentration on both sides of the rod, sur-
face turning and chamfering were applied to the middle
18mm section.

3.2. Finite Element Analysis

Three-dimensional (3D) finite element analysis of the
monotonic and cyclic HPT processes was conducted
using Abaqus/Explicit, a general method for modeling
large deformations of materials. To verify the simu-
lation method employed in this study, and to ensure
that valid results are obtained by this method, in the
first step, the modeling process was adjusted and eval-
uated by simulating HPT using a cylindrical sample
of pure copper with identical geometry and properties
as those mentioned in Ref [27]. All conditions were
the same except for the proposed mesh size, contribut-
ing to slower program execution and longer running
time. Therefore, several mesh sizes were tested. Fi-
nally, a value was chosen as the appropriate mesh size,
resulting in responses comparable to the experimen-
tal data [27] with the shortest running time. Table 1
compares the results obtained with those reported by
Jahedi et al. [27]. As can be seen, the relative dif-
ferences between the obtained and reported FEA re-
sults are approximately 6.2%, 1.8%, and 0.5% for the
maximum equivalent plastic strain, final thickness, and
final diameter, respectively, which demonstrate excel-
lent agreement between the FEA results of both stud-
ies. Moreover, the simulation method employed in this
study showed good agreement with the reported exper-
imental results [27].

Selecting an appropriate mesh size is a critical task
in FEM. Literature reviews indicated that a typical ap-
proach is the initial FE analysis of a basic variable in
the problem for several different mesh sizes. Typically,
as the mesh number increases the solution tends to-
wards a unique value, so the change in results is not
significant with further mesh refinement. Herein, FE
analysis was performed on specimens meshed with dif-
ferent numbers of C3D8R elements ranging from 336
to 23712. The torque-twist curves of the samples sub-

jected to the mHPT process under an applied load cor-
responding to the initial pressure of 100MPa were taken
into consideration. The resultant diagrams are com-
pared in Fig. 1. As seen, the torque-twist curves for
samples meshed with 1008, 3384, and 6864 elements
are in close proximity to one another.

Fig. 1. Mesh number influence on the torque-twist
curve for mHPT performed under initial pressure of
100MPa.

Regarding the results presented in Fig. 1, mHPT
and cHPT were initially simulated using 3008 C3D8R
elements to save computation time and cost, but it
resulted in the severe distortion of the simulated spec-
imens, which appeared at large twists. Therefore, in
the final step, the mHPT and cHPT processes were
modelled using the samples meshed with 6864 C3D8R
elements. The unmeshed and initially meshed work-
pieces are presented in Fig. 2. One side of the rod was
fully fixed. The midpoint of the surface of the other
side was selected as a reference point. It is subjected
to a reversible torsional force and gradually twisted
around the long axis with an angular velocity of 1rad/s.
According to the preliminary simulation results illus-
trated in Fig. 1, the torque required to twist the object
first increased gradually and then suddenly dropped.
The simulated images of the deformed samples also
showed that further torsion led to noticeable deforma-
tion fluctuations and breakdown at the connection be-
tween the flat part of the sample and its head. This
phenomenon may have been caused by an increase in
stress concentration at the connection point and by its
value reaching the material’s fracture strength. For
this reason, the analysis process was continued until
the sudden drop in torque, which was taken as a fail-
ure criterion.

Table 1
Comparison of the obtained results with those reported [27].

Equivalent strain Final thickness of specimen (mm) Final diameter of specimen (mm)
FEA FEA FEA FEA Experiment FEA FEA Experiment
Present study Reported Present study Reported Reported Present study Reported Reported
30 32 3.25 3.19 2.90±0.15 22.74 22.85 23.00±0.15
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Fig. 2. Schematic view of the a) Unmeshed sample,
and b) Initially meshed sample.

The output data were the effective strain and
torque required to twist the sample. The key input
data were the material properties, geometric dimen-
sions of the sample, strain-hardening function, and
compressive forces of 38000N and 57000N, equivalent
to initial pressures of 100MPa and 150MPa, respec-
tively, applied to the reference point of the revolved
side. Another parameter that can significantly affect
the behavior of a sample undergoing cHPT deforma-
tion is the twist angle amplitude, ϕa, during each de-
formation cycle. Here, it was assumed that the forward
and reverse ϕa were equal. The ϕavalues of ±1, ±2,
and ±3 radians were considered in the cHPT process
modeling.

4. Results and Discussion

4.1. FEA Results of mHPT

Figs. 3a and 3b demonstrate the FE simulation results
of samples twisted using the mHPT process up to the
maximum allowable twist angles without failure under
compressive loads corresponding to initial pressures of
100 and 150MPa, respectively.

As shown in Fig. 3a, the effective strain is mini-
mum at the center of the sample, as expected, while it
reaches its maximum value at the ends. The effective
strains of 5.58 and 6.85 were obtained without failure
under applied pressures of 100 and 150MPa, respec-
tively. According to these values, a 50% increase in the

applied compressive load resulted in an approximately
23% increase in the maximum effective strain imposed
by the mHPT process. The effective strain values de-
rived via FEA are the sum of effective strains asso-
ciated with shear and compressive deformation (Eq.
(11)). These values are much higher than those esti-
mated using Eq. (10) (Hencky criterion), but are close
to the values predicted by Eq. (7) (Mises criterion).

The changes in the moment with respect to the
twisting angle for the samples subjected to pressures
of 100 and 150MPa are depicted in Fig. 3. It is evi-
dent that up to approximately 14rad, there was a slight
difference between the results obtained for the applied
loads. Regardless of the applied loads, the moment
value initially increased with a descending slope as the
rotation angle increased, and then its slope remained
almost constant up to nearly 15rad. Subsequently, the
torque of the sample under 100MPa dropped sharply,
while for the sample under 150MPa, it increased with
an ascending slope until the sample failed. According
to Fig. 4, a 50% increase in the applied compressive
load resulted in an approximately 200% increase in the
maximum torque in the mHPT process.

4.2. FEA Results of the cHPT

Fig. 5 shows the distribution patterns of accumulated
strain corresponding to the maximum rotation num-
ber without failure of samples subjected to cHPT with
a twisting rate of 1rad/s and a twist angle amplitude
(ϕa) of 1rad, under initially applied pressures of 100
and 150MPa. It can be observed that the distribution
of accumulated strain under both loads follows nearly
the same trend in the cHPT procedure: a nearly sym-
metrical pattern with significantly high strain at the
lower and upper ends of the samples. The accumu-
lated strain values for applied pressures of 100MPa
and 150MPa were approximately 27.3 and 41.2, respec-
tively. This demonstrates that a 50% increase in the
applied load led to a nearly 51 % increase in the ac-
cumulated strain when the sample was subjected to
cHPT with a ϕa = 1 rad.

Fig. 3. Cumulative strain maps corresponding to the tolerable rotation number without failure of the sample
subjected to the mHPT process with a ω = 1 rad

s and an applied pressure of a) 100MPa, and b) 150MPa.
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Fig. 4. Moment in terms of twist angle in mHPT pro-

cedure for ω = 1rad/s, and applied pressures 100 and 
150MPa.

   This is 2.2 times higher than that obtained for the 
mHPT process. Furthermore, the maximum amounts
of accumulated strain imposed on the cHPT samples 
were approximately 4.9 and 6 times greater than those
of the mHPT samples under applied pressures of 100 
and 150MPa, respectively.

The strain distribution patterns of samples under

the cHPT procedure, with an initially applied pres-
sure of 100MPa and twist angle amplitudes ϕa of 2 rad
and 3rad, are illustrated in Fig. 6. It is evident that
increasing the ϕa value results in more severe strains
in multiple parts of the samples, and the maximum
strain value also increases. This behavior was also ob-
served in samples subjected to cHPT under a pressure
of 150MPa.

Fig. 7 demonstrates the impact of the twist angle
amplitude on the accumulated strain and the maxi-
mum cycle number before failure of the samples. The
results indicate that increasing ϕa results in a decrease
in the maximum cycle number, but it significantly in-
creases the accumulated strain. Moreover, at high ϕa,
the applied pressure had a more significant impact on
the accumulated strain created during cHPT than at
low ϕa. For example, the accumulated strain imposed
by cHPT with ϕa = 3 rad was approximately 54.2 and
100.4, for applied pressures of 100 MPa and 150MPa,
respectively. A comparison of these values with those
obtained for ϕa = 1 rad shows a higher sensitivity
to ϕa, as the compressive load increased; thus, a 50%
rise in pressure led to a nearly 51% to approximately
86% change in the accumulated strain created by cHPT
with ϕa of 1 rad to 3 rad, respectively.

Fig. 5. Accumulated strain distribution in a sample subjected to cHPT deformation with = 1rad/s, and twist
angle amplitude of 1 rad under pressure of a) 100MPa, 86 cycles, and b) 150MPa, 128 cycles

Fig. 6. Cumulative strain distribution in cHPT procedure under pressure of 100MPa and ω = 1rad/s, with
twist angle amplitude of a) 2rad, N=47 cycles, and b) 3rad, N=42 cycles.
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Fig. 7. Variation of accumulated strain with twist
angle amplitude in cHPT procedure under the initial
pressure of 100 and 150MPa (ω = 1rad/ss).

The average values of the height reduction, ∆h,
during the mHPT and cHPT processes were about
0.48mm and 2.1mm, respectively. By substituting
these values, as well as the number of cycles corre-
sponding to the maximum torque value into formulas
13 to 15, the values of efficiency factor, η, were calcu-
lated. The results showed that the Hencky criterion
leads to high values of 5 to 15 which is unreasonable.

Based on the von Mises criterion, an increase in pres-
sure had no effect on η, but an increase in ϕa from 1
radian to 3 radians caused an increase in η from about
0.46 to nearly 0.61.

Typicallym, the first 20 s of the torque-twist curve
for cHPT performed under different conditions with
ω=1 rad/s are shown in Figs. 8a to 8d. For both
pressures of 100 and 150MPa, the moment graphs ex-
hibited regular periodicity in terms of time, and the
desired maximum moment in each period was close to
the maximum value of the previous and next periods.
Similar behaviors were also observed in the samples
twisted with ϕa = 2 rad and ϕa = 3rad.

The plot in Fig. 9 shows the variations in the
maximum torque values with respect tothe twist am-
plitudes. It is observed that the maximum applied
torque increases with an increase in the compressive
load and twisting domain. Specifically, as ϕa increased
from 1 rad to 3rad, the maximum required moment in-
creased from 426N.m to 518N.m and from 474N.m to
564N.m for the initially applied pressures of 100MPa
and 150MPa, respectively. These values were signifi-
cantly lower than those obtained from the FEA of the
mHPT procedure (Fig. 4).

Fig. 8. Typical moment plots in cHPT procedure, a) P = 100MPa, ϕa = 1 rad, b) P = 150MPa, ϕa = 1rad, 
c) P = 100MPa, ϕa = 2rad, d) P = 100MPa, ϕa = 3rad.
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Fig. 9. Moment in terms of twist angle amplitudes in

5. Conclusion

The present study investigated the effect of compres- 
sive loading on monotonic and cyclic high-pressure tor-
sion (HPT) processes using finite element simulations
conducted by ABAQUS software. The key findings of 
this study are summarized as follows:

1. The effective strains created by mHPT deforma-
tion of copper under 100 MPa and 150 MPa pres- 
sures were 5.58 and 6.85, respectively.

2. In the mHPT process, there was no noticeable
difference in the torque required to twist the sam-

ple to 15rad under loads of 100MPa and 150MPa. 
However, the maximum torque under a load of
150MPa was more than 2 times greater than that 
under a load of 100MPa.

3. By increasing the twist angle amplitude from
1rad to 3rad, the accumulated strain created by
the cHPT procedure increased from 27.3 to 54.1
and from 41.2 to 100.4 for applied pressures of 
100MPa and 150MPa, respectively.

4. The torque required for twisting the sample in
cHPT is almost independent of the number of 
rotation cycles but it increases with an increase
in the applied compressive load and twist angle 
amplitude from 426N.m to 564N.m, which are 2.3
and 1.7 times lower than the maximum moment 
in mHPT under 100MPa.
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