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Finite Element Analysis of the Effect of Friction in High Pressure Torsion
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High pressure torsion (HPT) is one of the most important techniques among various methods that create
severe plastic deformation in the production of bulk materials with nano/ultrafine grained microstructures.
Since the driving force in deforming the workpiece in HPT is surface friction, understanding of the friction
effect is critical for successful application of HPT. In this study, the friction effect in HPT was analyzed using
the finite element method. The distribution of effective strain on the contact surface of the HPT samples
under different friction conditions was investigated. The friction force influenced the effective strain more
in the middle and edge regions than in the central region. The condition for the minimum friction factor that
could achieve a sticking condition between the surfaces of the dies, and the samples in the middle and edge
regions, was investigated. There was a critical friction coefficient in which the effective strain varies sharply

with an increasing friction coefficient.
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1. INTRODUCTION

The number of investigations on the microstructural evo-
lution of ultrafine-grained (UFG) materials surged tremen-
dously during the last 20 years because UFG materials exhibit
outstanding characteristics, especially mechanical properties
[1-4]. Utilization of severe plastic deformation (SPD) meth-
ods has provided a convenient approach for producing bulk
metallic UFG materials [5-13]. Several SPD methods have
been proposed, such as equal-channel angular pressing, high-
pressure torsion (HPT), accumulated roll bonding, and cyclic
extraction compression. To date, the HPT process has proven
to be the most effective of all the SPD methods in producing
bulk, nanostructured materials with exceptionally small grain
sizes [14-19].

The principle of the HPT process is that a sample, generally
in the form of a thin disk, is subjected to high pressure between
massive anvils and then processed through the application of
torsional straining. One die is turned at a given rotation speed
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and surface frictional forces deform the sample by shearing
so that deformation proceeds under a quasi-hydrostatic state.
Thus, the friction between the sample and the die plays an
important role in the deformation of the sample. Indeed, the
mechanical properties that result from the interface between
the two materials, and the friction between the die and the work
piece, are critical in many metal forming processes [20-25].
The HPT process consists of two stages (compression and
torsion) based on the motion of the lower dies and the samples,
as shown in Fig. 1. During the torsion stage, the compressive
pressure is generally kept constant. The high imposed-com-
pressive-hydrostatic pressure prevents cracking of the sample
inside the die and the low thickness-to-diameter ratio results
in the production of a high strain during the die rotation. In
practice, the effective strain ‘€’ imposed on the sample may
be defined as:

2nNR
8 =

hA3

where N is the number of turns in the HPT, R is the distance
from the center of the sample, and / is the sample thickness
[26-28].
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Fig. 1. Schematic diagram of high pressure torsion processing (com-
pression stage and torsion stage).

The HPT process involves changing the shape of the sample
by forcing it to flow through a system which requires tight
contact between the die and sample. As a result of this con-
tact, tangential frictional forces are generated at the interface
of the die/sample that resist this relative movement. It is known
that frictional conditions at the interface of the die/sample can
affect the metal flow, finial properties of the sample, total
deformation load, and premature die wear. The effect of fric-
tion between the sample and the dies is complex and results
in the appearance of surface shear, particularly in HPT. Thus,
friction is considered to be a major variable in metal forming
processes where the sample undergoes large plastic defor-
mations [29].

Although many studies have been done on HPT, most of
them have been on microstructure and its characterization, or
on processing. Because the mechanical properties of the
deformed material are directly related to the effect of fric-
tion, understanding this effect is very important for success-
ful application of the HPT process. This paper presents the
results of a finite element analysis of the effect of friction
during the HPT process. Simulation of the distribution of effec-
tive strain on the contact surface of the HPT samples was carried
out using the commercial rigid/plastic finite element code,
DEFORM [30,31].

2. CALCULATION PROCEDURES

Simulations of plastic deformation during the HPT process
were performed using the commercial rigid/plastic finite ele-
ment code, DEFORM. The geometries of the dies and the sam-
ple used in this study are shown in Fig. 2; it should be noted
that the sizes of the samples were identical to those described
in a recent report on HPT [29]. The disk in the recent report
had an initial thickness of 2.0 mm and a diameter of 19.5 mm,
as shown in Fig. 2, and the two dies had a shallow central
depression on their outer surfaces [32,33].

The number of initial meshes in the sample was 25,521
and this number of elements was enough to show the local
deformation of the sample by calculation. A force was applied
to the upper die to move it towards the bottom die. This force
was calculated to provide pressure of 10.0 GPa on the initial

I I Load=3140000 N

Upper die

]

ample =

A,

2mm

§ Rotation rate=1.0 rpm

Fig. 2. Illustration of the geometry of the dies and details of the geom-
etry of the sample used in the simulation of quasi-constrained HPT pro-
cessing.

contact area of the sample. The friction factors between the
dies and sample were assumed to be 0.5, 0.7, 0.9, 1.0, 1.5,
and 2.0, respectively. The revolutions applied to the bottom
die were 0, 1/4, 2/4, 3/4, and 1 turns. The standard simulation,
with pressure of 10.0 GPa and rotation rate of 1.0 rpm (Fig. 2),
was used for comparison with other simulations having dif-
ferent input parameters. The durations of the compression
and torsion stages were all set at 10 s.

3. RESULTS AND DISCUSSION

Figure 3 shows the evolution in effective strain at the selected
point in the middle of the HPT sample for the friction coeffi-
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Fig. 3. Simulated evolution in strain with the variation of the friction
coefficient at the selected point in the medium of the HPT samples.
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cients 0.5, 0.9, 1.0 and 1.5. The pressure was fixed at 10 GPa
and the number of turns was 1. Several important conclusions
can be drawn from inspection of Fig. 3. First, the effective strain
values are almost the same in the compression stage at a con-
stant of 0.4-0.6, which means that the friction had no effect
on the evolution of effective stain on the contact surface of
the HPT samples. By contrast, the effective strain is expected
to increase due to the increase of the friction coefficient between
the samples and the dies in the torsion stage. That is to say,
the friction plays an important role on the evolution of effec-
tive strain in the torsion stage.

Another important factor is that the effective strain will
reach quasi-saturation at the saturated effective strain values
0f 0.82, 1.33, and 4.17; when the friction coefficients are 0.5,
0.9, and 1.0, respectively. Meanwhile, the times to reach strain
saturation also differ with the variation of the friction coeffi-
cient; thus, the strain saturating times are 12.1, 13.4,and 19.0 s
when the friction coefficients are 0.5, 0.9 and 1.0, respectively,
as shown in Fig. 3. However, it should also be stressed that
the effective strain cannot reach quasi-saturation at the fric-
tion coefficient of 1.5 in 20 s. Since the friction drives the
surface of the sample to rotate, the effective strain increases
remarkably with an increasing number of the revolutions in
the torsion stage, compared to strains in the compression stage.
These results suggest that the friction between the sample
and the die directly affects the planes of principal stress, and
therefore is a major factor in the HPT process during which
the samples undergo large plastic deformation.

The simulations were performed for the friction coefficients
0f0.5,0.7,0.9, 1.0, 1.5, and 2.0 between the sample and the
die to investigate the strain distribution on the contact surface
of the HPT samples with different friction coefficients, see
Fig. 4a. Although the effective-strain values in the central
region were similar under different friction coefficients, the
variations of effective strain according to the distance from
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the center were different under low (<0.9) and high (>1.0) fric-
tion coefficients. The effective strain values changed little along
the distance from the center when the friction coefficients
were 0.5, 0.7, and 0.9. However, the strain values increased
significantly with increasing distance from the center when
the friction coefficients were 1, 1.5, and 2. The friction force
affected the effective strain more in the middle and edge
regions than in the central region. The different effective strain
distributions, according to the distance from the center at dif-
ferent friction coeflicients, were due to the friction-shear stress.
In the middle and edge regions, the friction-shear stress based
on a high friction coefficient was high enough to achieve a
sticking condition between the surfaces of the dies and sam-
ples. Figure 4 clearly indicates lower values of effective strain
in the central region and high values in the edge region, par-
ticularly at higher friction coefficients. Since the frictional-
shear stress (normal stress x friction coefficient, i.e., the fric-
tional force per area) and normal stress distributions on the
contact surface are non-uniform [34], the non-uniform effective
strain is attributed to the non-uniform frictional-shear stress
(i.e., the non-uniform normal stress).

The variation of effective strain according to different position-
ing of the work piece, with increasing friction coefficient, was
further investigated (Fig. 4b). The figure clearly indicates that
there exist two key points of increasing friction coefficient
(0.9 and 1.5). Within this range of friction coefficient (from
0.9 to 1.5), the effective strain sharply increased, particularly
in the middle and edge areas. However, outside this range of
friction coefficient (<0.9 or >1.5), the effective strain varied
constantly. That is to say, there is a critical friction coefficient
value at which the effective strain increases sharply, which
also agrees very well with the former conclusion.

Figure 5 shows the values of the effective strain across the
diameter of the samples processed by HPT at the friction
coefficients of (a) 0.5, (b) 1.0, and (c) 1.5; with different num-
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Fig. 4. Simulated effective strain distribution on the contact surface of the HPT samples along with the different friction coefficient.
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Fig. 5. Effective strain distribution of the HPT samples after various turns with (a) the friction coefficient of 0.5, (b) the friction coefficient of 1.0,

and (c) the friction coefficient of 1.5.

bers of turns. The effective strain of the sample was uniform
in the central and middle regions, when the friction coeffi-
cient was 0.5, as can be seen in Fig. 5a. The effective strain
increased as the friction coefficient increased with an almost
linear relationship when the friction coefficient was 1.5 as in
Fig. 5c. According to Eq. 1, the torsion strain changes linearly
from zero at the center of the sample to the maximum value
at the edge. These results suggest that the friction force (i.e.,
the friction coefficient) will influence the effective strain more
in the middle and edge regions than in the central region.
The difference in the trend of effective strain under different
friction coefficients, particularly in the middle and edge regions,
may be attributed to the friction-shear stress, which is high
enough to achieve a sticking condition between the surfaces
of the dies and the samples due to the higher friction coefficient.

It should be noted that this friction-shear stress will play a
more important role in the deformation behavior of the mate-
rial in the torsion stage than in the compression stage, as can
be seen in Fig. 5. The effective strains changed little after 2/4
turns and 3/4 turns, when the friction coefficients were 0.5
and 1.0, respectively. In particular, the effective strain value
increased steadily when the friction coefficient was 1.5. This
situation corresponds to the results in Fig. 3, in which the
effective strain reached quasi-saturation as the number of
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Fig. 6. FEM predication of the effective strain distribution of the sam-
ples with (a) the friction coefficient of 0.5, (b) the friction coefficient
of 1.0 and (¢) the friction coefficient of 1.5.

revolutions increased in the torsion stage. These results can
be attributed to the frictional stress, which forces the surface
of the samples to rotate in the torsion stage, below the range
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of critical friction coefficients.

The effective-strain distributions of the samples processed
by HPT under different friction coefficients are shown in
Fig. 6 at the applied pressure of 10.0 GPa, rotation speed of
1.0 rpm, and number of turns of 1. The values of the effec-
tive strain in the edge region were 1.1, 9.0, and 18.4 under
the friction coefficients of 0.5, 1.0, and 1.5, respectively
(Fig. 6). Meanwhile, Fig. 6 clearly indicates a low effective
strain in the center and high values on the edge, demon-
strating that the effective strain proceeds gradually from
the edge to the center. Interestingly, Fig. 6¢ indicates that
when the friction coefficient was 1.5, the friction between
the flash of the sample and the dies was so huge that the
flash region tore. These results of effective strain distribu-
tion may be attributed to two causes: (1) the huge friction
between the flash region and dies restricts the metal flow
and the friction shear stress is high enough to achieve a
sticking condition between the surfaces of the dies and the
sample, and (2) torsional deformation without any com-
pression induces higher strain in the outer region, i.e., fric-
tion-shear strain is proportional to the radius and zero at the
center, according to classical torsion theory.

4. CONCLUSIONS

In this paper, the results of finite element analysis of the
effect of friction in HPT were presented. The distribution
of the effective strain on the contact surface of the HPT
samples under different friction coefficients was investi-
gated. Friction played a more important role in the evolu-
tion of effective strain in the torsion stage than in the
compression stage, and the friction force influenced the
effective strain more in the middle and edge regions than in
the central region. We determined that a high friction coef-
ficient was enough to achieve a sticking condition between
the surfaces of the dies and the samples in the medium and
edge regions. We also found that there is a critical friction
coefficient in which the effective strain varies sharply with
increasing friction coefficient. Analysis by the finite ele-
ment method for the HPT process is useful if the material
parameters are incorporated. Further local and non-local
investigations are necessary.
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