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Abstract: Single Step High Pressure Torsion (SIHPT) is a newly developed HPT
based method for processing of materials which is capable of producing
nanostructured long samples with characteristics comparable to conventional HPT
process. While, conventional HPT can be applied only on thin samples; it is possible
to produce nanostructured parts with about 10 cm long using SIHPT method.
However, SIHPT needs some technical improvements in order to be used for
production in an industrial scale. One of the key component of SIHPT is the steppers
which help different sections of the sample to be twisted. This study investigates the
main parameters of steppers including the corner radius, thickness and rotation
speed. The experimental results revealed that for the lowest length of sample’s
contact inside the steppers (lower contact length) of Smm; there is considerable
slippage in pressures below 1GP. However, the amount of slippage decreases
gradually by increasing the magnitude of the applied pressure and the amount of the
lower contact length. Moreover, it was found that the rotational speed influences the
amount of slippage in low pressures (lower than 1 GPa) but not in high pressures. In
addition, according to Finite Element (FE) analysis it was found that 1 mm corner
radius of steppers is the optimal value for the SIHPT process.
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1 INTRODUCTION

High pressure torsion (HPT) process is a type of severe
plastic deformation method for the production of
nanostructured parts. HPT produced copper samples
normally have an average grain size of about 300nm or
less. In a conventional HPT method, there is a great
restriction in terms of sample’s thickness and diameter.
The fundamental of HPT process was first reported by
Bridman in 1935 [1]. Basic information regarding HPT
process can be found in the literature [2]. It is
unanimously agreed that as the strain increases, more
microstructural grain refinement occurs. However, after
the saturation point, the microstructure refinement is
stopped despite applying more strains [3].

There are several researches dedicated to study the
behavior of the materials under high hydrostatic pressure
conditions using numerical methods [4-5]. The first step
at HPT process is the production of very high hydrostatic
pressure inside the material. The results of FEM analysis
show that after the application of 8 GPa hydrostatic
pressure in a copper specimen, the strain values of about
two are reachable at the outside diameter of the
specimen [6-7]. Application of torsion stresses followed
by hydrostatic pressure will lead to greater refinement of
the microstructure [8].

While some researchers [9] are employed deformable
specimen and rigid die in their numerical models;
Verleysen et al [10] suggested to use deformable
behavior for both the specimen and die in order to
achieve more accurate results. However, this kind of
modelling needs huge computational memory and the
task of modelling using this approach is very time
consuming and difficult for most of die and samples
configurations. The effect of applied pressure and the
friction factor on the distribution of equivalent strains in
HPT processed parts are offered in the literature [11-12].
The low speed of the HPT process is one of the great
deficiencies of the HPT method.

The main reason for keeping low speed for HPT process
is to eliminate the recrystallization of the refined
microstructure due to the heat production by frictional
forces. This issue has been discussed by Figueiredo et al.
[13] using FEM analysis. According to the results, the
rate of heat production is directly proportional to the
mechanical strength of the specimen and the rotational
speed of the die. The same work finally concludes that it
is possible to raise the rotational speed without
recrystallization just by utilizing bulker anvils.

In traditional HPT process, it is common to fix one of
the anvils and rotate another relatively. However, the
investigation of Jahedi et al [14] revealed that it is
possible to reach higher strain values by rotating both
anvils in reverse directions. Another important
parameter of the HPT process is the torque needs for
rotation of the anvils. FEM studies show that the needed
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torque for the copper specimen is dependently
augmented with increasing the rotation angle up to 0.1
radians. After this value, more rotation is possible
without any increscent in torque value [15-16].

One of the great challenges of researchers who work on
HPT process is to extend the application of the process
for long specimens. There are some successful steps
toward the application of HPT process to relatively long
parts. Incremental High Pressure Torsion (IHPT)
developed by Hohenwarter is one of these works [17].
Another important work in this regard is known as
Single Step High Pressure Torsion (SIHPT) method
which is developed recently by the current authors [18].
Although there are several researchers to investigate
different aspects of traditional HPT process, important
parameters of SIHPT process have not been studied yet.
In this study, because of the great importance of the
steppers in SIHPT process, design parameters of
Steppers including corner radius, thickness and
rotational speed are investigated numerically and
experimentally.

2 DESIGN PARAMETERS OF THE STEPPERS IN
SIHPT PROCESS

Figure 1 shows the schematic of the SIHPT process. As
it is obvious, like the traditional HPT, the specimen is
located inside the fixed and rotating anvils; however;
anvils in the SIHPT method are composed of several thin
steppers (“Fig. 2”) instead of integrated part. The length
of the fixed and rotating anvils can be controlled via two
casings in SIHPT method (“Fig. 1”). The specimen
diameter is the same with the diameter of the steppers;
but the specimen length is a little larger.

This intentional overhang is necessary to have control
over the real hydrostatic pressure inside a specimen.
Similar to traditional HPT, the SIHPT process consists
of high hydrostatic pressure on the specimen, which is
followed by a rotation of sliding steppers (confined
inside casing 1 in “Fig. 1) against fixed steppers
(confined inside casing 2 in “Fig. 1) with a very low
speed. The rotation of the steppers introduces intensive
torsional stresses in a region near the interface of sliding
and fixed steppers.

The length of the specimen is too long to be processed
in one step. Therefore, in SIHPT process, the processing
of the whole length is done by subsequent relative
rotation of the steppers. It means that after the processing
of a given region (near the rotation interface), the
location of the strain induced region is shifted up or
down by changing the number of steppers confined in
fixed and rotating casings to designate another length of
the specimen. The detail of the SIHPT process is
elaborated in reference [17].
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Fig. 1  Schematic of the SIHPT cross section, casing 1 & 2
can be displaced upward and downward.

Fig. 2  One of anvils which consists of several steppers
(sample is located inside the Steppers).

In SIHPT method by squeezing a sample between two
anvils and by applying a very high hydrostatic pressure,
the material flows into corner radius of the steppers until
the balance between the frictional forces and the applied
pressure occurs. The Steppers’ corner radius plays
important role in stress and strain distribution through
the material. The thickness of the steppers determines
the amount of nanostructured region in each step and
also influences the slippage phenomenon at the rotation
step of the process. The other parameter which affects
the amount of slippage in SIHPT method is the rotation
speed. This issue will be discussed in the next sections.

3 SLIPPAGE IN SIHPT PROCESS

Figure 3 shows the experimental setup of this study. In

SIHPT process, in order to avoid the slippage during the
rotational stage, it is very important to assure that the
frictional forces between the specimen and the steppers
to be enough to overcome the shear yield strength of the
material. According to Amonton’s friction model (“Eq.
1”) the relation between the hydrostatic pressure and the
frictional shear strength of the interference is as
following:

T = ub, (1)

Where, P, denotes hydrostatic pressure and t¢ is the
frictional shear strength of the interference and p is
friction coefficient at high pressures and low speed
conditions. The experimental procedure for measuring
friction coefficient at the condition of the SPD process
has been offered in the literature [19].

The shortest contact length (L) between the specimen
and the constant die is the key parameter in slippage
phenomenon. This length is considered as equal as the
thickness of single stepper. This is because, the most
critical condition occurs where the fixed anvil consists
of only one stepper. In this condition, the fixed casing
confined a single stepper and the contact length is equal
with the thickness of this single stepper. Neglecting the
friction force between the sample tips and die, the
friction force between the die and the cylindrical surface
of the specimen (F¢) can be calculated via “Eq. (2)”:

Ff =1 X mdL or F;=pP, X mdL 2

Where d is specimen diameter.

On the other hand, the required force (F,) to overcome
the shear yield strength (ts,) of the nanostructured
material is calculated as “Eq. (3)”:

2

T
Fr = Tgy X T (3)

In order to do successful experiment the condition
F. < F¢ should be satisfied which means:

S

(4)

L>—2.
P,

=
A

As it is clear from “Eq. 47, the minimum required length
of contact (L) for theoretically no slippage condition is
directly dependent on the material shear yield strength
(Tsy), and has a relation with the inverse of friction
coefficient (1) and the magnitude of hydrostatic pressure
(P,). Here, for the purpose of the current investigation,
the slippage is defined explicitly as the difference
between the measured torsional rotation of the sample
and the rotation imposed externally by the processing
facility.
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Fig. 3

(a): Experimental setup for measuring friction coefficient and (b): Jaws and specimen inside a mandrel.

4 EXPERIMENTAL PROCEDURE

4.1. Friction Measurements

It is known that the friction coefficient between material
pair changes drastically by changing in normal pressure
but generally remains approximately unchanged after
reaches its minimum in higher pressures [19]. Here, it
needs to measure the coefficient of friction in order to
use in finite element simulations. To aim this goal, in this
study the friction coefficient values between copper
specimen and steel die is measured for different normal
pressures, experimentally. The results revealed that the
friction coefficient for steel-copper pair system is about
0.22 for pressures higher than 0.8 GPa which is the case
in SIHPT process. Figure 3(a) shows the experimental
setup which is used in this study for friction coefficient
measurements. The details of the friction coefficient
measurement procedure can be found in the literature
[19].

In the friction measurement experiments of this study,
Jaws were made of AISI 4340 steel with hardened
surfaces up to 60 Rockwell C. Specimens were made
from technically pure copper samples. The tips of the
specimens had the as machined surface roughness as the
real experiment in SIHPT process.

4.2. Slippage Measurement Procedure

In this study, as shown in “Fig. 4”, in order to measure
the amount of slippage, a line was scribed along the
length and tips of each sample. Then, samples were
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placed in SIHPT facility and they separately rotated
about %, %, 1 and 2 revolutions. Figure 5 (left) shows
the sample inside of the SIHPT facility. In practice the
length of the sample gets shortened after the application
of pressure. Preliminary tests revealed that after the
application of hydrostatic pressure, the length of the
sample decreases about 2-3mm depends on the
magnitude of hydrostatic pressure and the amount of the
clearance between sample and SIHPT die.

Fig. 4  The lines scribed on SIHPT samples in order to
trace a rotation angle.
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Fig.5  Ascribed sample inside SIHPT die (left), whole SIHPT setup (right).

After the rotation of the sample to about e.g. %
revolutions (“Fig. 5 (right)”), it anticipated that the
extension of the scribed line in a rotating side to also
rotate to about 90 degrees.

4.3. Finite Element Modelling

In this study 3D FEM simulation of the SIHPT process
has been conducted. Here, the specimen is modelled as
a deformable member, however, the die is considered as
a rigid body. A linear C3D8R element type from an
explicit library of the Abaqus software is chosen for the
meshing of the specimen. C3D8R is an eight-node brick
element with reduced integration. Thanks to reduced
integration characteristic of the element, not only the
locking phenomenon are eliminated; but also the
computation time is reduced considerably. The latter is
vital in modelling of SIHPT process. About the
precision, this element is preferred to full integrated
element (C3D8) in plasticity and problems that involve
high strains. The integration point of the C3D8R element
is located in the middle of the element and then stress

and strain values are most accurate in the integration
points. Hence, small elements are required to capture a
stress concentration at the weak points of the model.
Hourglassing is the main issue in using this element. To
ensure that Hourglassing will not affect the results, in
this study the Hourglass control is set in enhanced mode.
High concentrated stress and strains caused element
distortion during the modelling. To escape these
exhausting interruptions, ALE adaptive remeshing
technique was used in the simulations. However, despite
all measures, still it is seen that there are some elements
with very high undesired strains. By many trials and
errors, it was found that by changing incremental time
from step module this problem is fixed. The R3D4
element type is employed for meshing rigid bodies. The
specimen and rigid bodies were constituted from 23328
and 17888 elements, respectively. The general contact
property is defined for the contact between the
cylindrical surface and also sample tips with die internal
walls as well as the interference surfaces of the die.
Penalty method was used for tangential behaviour in
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interaction properties. The material type was pure
copper which its behaviour was estimated by
6=340¢"0.25 [11]. In this relation, ¢ stands for flow
stress and € shows the plastic strain. As discussed earlier,
a friction ratio for using in modelling was obtained
experimentally. The measurements showed that the
friction ratio for this system is 0.22 that is valid for all
pressures higher than 0.8 GPa. This value is used in all
contact surfaces between the specimen and steel die. The
angular rotation of the anvils was set in 1 rev/min that is
several times higher than the angular speed of real
experiment [17]. In practice due to the high heat output,
it is not feasible to use higher speeds. However, as it is
experimentally proved by Gurau et al [20], if the heat
output can be controlled, it is possible to use angular
speeds higher than 100 rev/min in HPT process. This
means that if the effect of heat is neglectable, then the
stress values calculated on elements do not differ by
changing speed [21]. In the current modelling problem,
the heat was not included in the modelling and then
using higher speeds in simulations would not affect the
results.

5 RESULTS AND DISCUSSION

5.1. Finite Element Analysis

At the first stage of the SIHPT process, a pressure was
set on a sample using a hydraulic machine. But, the
analysis shows that a really induced hydrostatic pressure
on a sample due to the pressure of hydraulic machine is
normally less than the applied pressure. In addition, the
induced pressure on a sample is not uniform throughout
the length of the sample. The main parameter which
controls the magnitude of really induced pressure on a
sample and the uniformity of the produced pressure
throughout the length of a sample is the corner radius of
the Steppers. Under the huge pressure the material fills
any clearance between the sample and cavity; it also
flows out to the gap between fixed and rotating anvils.
This causes a loss in length of a sample which can
considerably affect the real pressure on a sample. The
other important influencing factor is friction forces. The
friction forces may cause the difference between the
pressures in the top and bottom of the sample. Figure 6
indicates the variation in the value of hydrostatic
pressure along the length of the specimen (Z). As it is
clear from “Fig. 67, the amount of hydrostatic pressure
is considerably higher at the interface of rotating
Steppers and 20% pressure changes can be observed
along the length of the specimen. The parameter of
corner radius controls the amount of material flow and
consequently, affects the really produced hydrostatic
pressure in a specimen. It means that without a precise
design of Steppers’ corner radius, using high pressure
values on a specimen does not guarantee the production
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of the same pressure entire the length of the specimen.
Figure 7 shows the time history curves of real
hydrostatic pressure in a specimen for 4 different corner
radiuses of the steppers. In all these simulations, the
applied hydrostatic pressure on a specimen was 1.5GPa.
As can be seen in “Fig. 77, the maximum achieved
hydrostatic pressure is considerably differing with a
change in the amount of corner radius. According to this
figure as the corner radius increases, the introduced
hydrostatic pressure increases as well. According to
“Fig. 77, there is a jump in introduced pressure by
changing corner radius from 0.5 to Imm. By increasing
pressure, the specimen starts plastic deformation and
flows between rotating Steppers. The material firstly
starts to fill the volume at corner radius, afterwards by
much increasing in pressure and in the case of gap
presence between sliding steppers, the material flows out
into the gap and produces a flash. Consequently, the
corner radius of the steppers determines the regime of
the process and the magnitude of the real hydrostatic
pressure at the specimen. When the corner radius is
greater than 1mm, the material does not fill the gap
between rotating Steppers and two sliding steppers can
touch each other without restraining by any flash
material.
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Fig.6  The results of the FEM simulation for the change of
real pressure along the length of the sample (Z) for 1.5GPa

applied pressure.
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Figure 8 shows vMises type stress distribution
throughout the work specimen for 1.5GPa applied
pressure and 1mm corner radius.
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Fig.8  vMises type stress distribution throughout the work
specimen for 1.5GPa applied pressure and a 1mm corner
radius.
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As it can be seen no flash produces in this state and a
zone near the interface endures the maximum stress
values. As a conclusion, according to finite element

Scribed Line

a

analysis, really introduced pressure on a sample is not
necessarily equal with applied load and it depends on
many parameters such as distance from the top of the
sample and the corner radius of the steppers. In this
study, according to the discussion above, 1mm corner
radius is chosen for fabrication of Steppers. Because, it
was found that this amount of corner radius introduces
the highest hydrostatic pressure and at the same time the
minimum material deformation occurs.

5.2. Experiments for Slippage

Different samples with about 28mm length are prepared.
The length of samples after the application of pressure
was about 25mm. When scribing lines on raw samples,
it was found that after the application of hydrostatic
pressure, the line hardly can be distinguished, however
when scribing the lines on samples after first SIHPT
revolution, scribed lines can easily be distinguished after
experiments. Here, the lowest contact length of a sample
considered to be 5mm for the hydraulic pressure of about
0.8GPa. Under this load, samples are rotated to about 90,
180, 360 and 720 degrees in different experiments.
Afterwards, the angle of rotation of the scribed lines is
measured (“Fig. 97).

Scribed Line

Fig.9  (a): scribed line before rotation in IHPT rig and (b): scribed line after 90-degree rotation in IHPT rig.

It was found that for 5mm contact length, the maximum
22% slippage can occur. However, by increasing the
length of contact to about 10mm, the slippage reduces to
a maximum of about 8%. The results of measurements
for slippage have been illustrated in “Fig. 10”. As it is
obvious from “Fig. 107, there is no considerable
dependence between the slippage percentage and SIHPT
rotation. But the slippage between the sample and die is
decreased by increasing lower contact length (L) which
is rational according to “Eq. 4”. The other parameter
which is considered in this study was the rotation speed
during SIHPT process. The speed of rotation in SIHPT
process is relatively low in comparison with the
conventional HPT process. This is because the heat

production is more important in SIHPT process than
conventional HPT. The results of the experiments
revealed that increasing the rotation speed noticeably
increases the slippage (“Fig. 11”).

However, in higher pressures this effect fade away
gradually and in 1.5GPa hydrostatic pressure it can be
said that the rotation speed has no remarkable effect on
the amount of slippage. As it is shown in “Fig. 12(a)”, in
pressures higher than 1.5GPa, the sample surface
completely sticks on a die wall, where a relatively thick
layer of the sample remains on steppers internal surface
after dislodge of the sample from the steppers. However,
in lower pressures only a very thin layer of the copper
sample remains on steppers’ wall (“Fig. 12(b)”).
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6 CONCLUSION

SIHPT is a conventional HPT based method of
processing relatively long materials to produce
nanostructured microstructure. This study was dedicated
to study different design parameters of Steppers which
play important role in SIHPT process. These parameters
include corner radius, Steppers’s thickness and slippage
phenomenon. Here, FEM analysis is done in order to
obtain an optimal value for the corner radius. Using

FEM, the distribution of induced hydrostatic pressure

through the length of the sample was also studied.

Afterwards, the amounts of slippage for different

conditions are measured, experimentally. The following

results are achieved:

e The real hydrostatic pressure on a sample is
considerably less than actually applied pressure. In
addition, the distribution of applied pressure
throughout the sample length is not uniform and has
about 20% variation.

« It was found that the corner radius of the steppers
has a substantial effect on the magnitude of the
really produced hydrostatic pressure. Finite
element study showed that for the dimensions and
materials of the current study, 1mm is the best
choice for corner radius of the steppers which leads
to the highest real pressure on a sample

»  During SIHPT process, there is substantial slippage
between copper sample and die wall in pressures
lower than 1 GPa. It was found that the amount of
slippage decreases sizeably by increasing one/both
of the applied load and contact length (L) of the
sample inside fixed steppers. Furthermore, it was
shown that the slippage has less dependence on
rotation speed in high pressures.
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