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Heterogeneous Flow During High-Pressure Torsion

Roberto B. Figueiredo**, Terence G. Langdon®*

“Department of Materials Engineering and Civil Construction,

Universidade Federal de Minas Gerais — UFMG, CEP 31270-901, Belo Horizonte, MG, Brazil
*Departments of Aerospace & Mechanical Engineering and Materials Science,
University of Southern California, 90089-1453, Los Angeles, CA, U.S.A.

‘Materials Research Group, Faculty of Engineering and the Environment,

University of Southampton, Southamton SO17 1BJ, U.K

Received: September 11, 2012; Revised: October 24, 2012

High-Pressure Torsion (HPT) has attracted significant attention in recent years as an effective
technique to process ultrafine and nanostructured materials. The hydrostatic pressure developed
during processing prevents the occurrence of cracks and the low thickness to diameter ratio provides
the opportunity for developing high strains at low numbers of rotations. The present work analyses
the plastic flow during HPT. Experimental results and computer modeling are used to describe
heterogeneous plastic flow. It is shown that variations in structure, hardness and in the distribution
of strain are observed along the disc thickness. The sources of these heterogeneities are discussed.
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1. Introduction

Severe plastic deformation (SPD) is now a widely
recognized tool to refine the grain structure of metallic
materials to the submicrometer, or even nanometer, range.
High-pressure torsion (HPT)' is one of the most used SPD
processing techniques. During HPT a sample in the shape
of a thin disc is placed between massive rigid anvils and
subjected to a compression stress. One of the anvils rotates
in relation to the other and the contact friction between
the anvils and the sample leads to torsional deformation
of the disc.

The structure and the mechanical properties are found to
depend strongly on the level of imposed strain during HPT.
Usually the grain size decreases and the strength increases
with increasing strain. The imposed strain, €, is usually
calculated as in the Equation 1%
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where N is the number of turns, r is the distance to the
center of the disc and t is the thickness of the disc. Thus, it
follows that the level of strain, and consequently the grain
refinement and the increase in strength, are expected to
be higher at the edge of the disc and after larger numbers
of turns. Moreover, it is expected that the strain does not
vary either along the disc through-thickness direction or
with varying imposed compression stress. Many papers
have confirmed the expected trend of increasing hardness
with increasing distance to the center of the sample at low
numbers of rotations*®. However the theoretical prediction is
not always confirmed. There are reports of variations in the
distributions of microhardness with variations in the applied
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pressure®>° and variations of hardness in the through-
thickness direction'®!!. Thus, the theoretical description
of plastic flow is not always accurate and a more detailed
analysis is needed.

The present paper aims to show that heterogeneous
flow takes place during HPT in certain conditions. The
plastic flow is indirectly evaluated by the evolution of grain
structure and microhardness and directly evaluated using
finite element modeling (FEM).

2. Experimental Procedure

The material used in the experiments was a Mg-3%
Al-1% Zn alloy (AZ31) provided by Timminco Co. (Aurora,
CO) as extruded rods with ~10 mm diameter. Discs with
~1.5 mm thickness were cut from the rods and ground to
~0.8 mm thickness using abrasive grids. The discs, with
10 mm diameter and 0.8 mm thickness, were processed
by HPT under quasi-constrained condition' at both room
temperature and at 463 K. Small heating elements were
placed around the anvils of the equipment in order to reach
the high temperature. Processing was carried out under
6 GPa of nominal pressure. The rotation rate was 1 rpm.
Multiple discs were processed to total numbers of turns, N,
between 1/4 and 5.

Following processing, the discs were cut and mounted
for grinding and polishing of the longitudinal sections.
Conventional metallographic techniques were used and
the final polishing of the surfaces was carried out using a
colloidal silica solution. Microhardness tests were carried
out along the longitudinal section using a Vickers indenter.
Details of the HPT processing, sample preparation and
microhardness tests are given elsewhere!>!3,
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3. Modeling

Finite element modeling, in both 2D and 3D, was
carried out using DEFORM software version 10.0. The
model considered the geometry of quasi-constrained HPT
in which a thin disc, with 0.8 mm thickness and 10 mm
diameter, is placed between rigid anvils containing a shallow
depression with depth of less than half the thickness of the
disc. Therefore, the anvils do not touch each other during
processing and there is some material flow in the small
gap between the anvils. The sample was modeled as a
rigid-plastic object and the anvils were considered rigid
objects. The mesh had ~2,000-3,000 elements in the 2D
and ~35,000 elements in the 3D simulations. A sticking
condition was considered in the contact between the sample
top and bottom surfaces and the anvil depression surfaces. A
compression force was applied to the sample by the top anvil
and the bottom anvil rotated with a constant rotation rate
of 1 rpm. The simulations considered materials with strain-
hardening, perfect-plastic and flow-softening behavior. The
former is expected to correlate to the behavior of metallic
materials deformed at low temperatures while perfect-plastic
and flow-softening behavior correlate to deformation at
high temperatures. Details of the simulation are given
elsewhere'*'s.

4. Results

4.1. Structural evolution

The longitudinal section of the HPT processed discs
exhibits inhomogeneous features along the through-
thickness direction. Figure 1 shows a representative image of
the edge of a disc processed by 5 turns at room temperature.
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Figure 1. Low magnification image of the edge of the longitudinal
section of a disc processed by 5 turns of HPT at room temperature'®.
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The sample top and bottom surfaces are parallel to the
horizontal direction of the image. It is clearly observed that
the top region of the disc exhibits a more distinct structural
pattern than the middle and bottom region. Nearly vertical
lines are observed in the top area while discontinuous and
nearly horizontal lines are observed in the other areas.

The vertical lines observed in Figure 1 are also present in
the as-received material due to the previous extrusion process.
However, HPT deformation is expected to change this pattern
to horizontal lines since the shear plane is horizontal. Thus,
the heterogeneous features observed along the thickness of the
sample are attributed to a difference in the deformation level.
The top region of the disc maintains the orientation of the as-
received material suggesting a low level of deformation while
the bottom area attains a different orientation of structural
features suggesting a high deformation level. The image in
Figure 1 also shows asymmetry on the overall shape of the
disc. This is attributed to minor misalignment of the anvils
during processing at the high pressure of 6 GPa.

The grain structure of a sample processed by HPT for
1/4 turn at 463 K is shown in Figure 2. The bottom surface
of the sample is parallel to the horizontal direction of the
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Figure 2. Grain structure in the region near the bottom of a sample
processed by HPT for 1/4 turn at 463 K'.
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image. It is observed that the grain size varies significantly
along the top-bottom direction. Coarse grains with twins are
observed at the bottom of the sample while small refined
grains are observed in the top of the image. Early papers
have shown that grain refinement in magnesium alloys in
this temperature range depends on the level of imposed
strain'®!8, In practice a very large level of strain is required
for homogeneous grain refinement while low strains lead
to partial grain refinement and a heterogeneous grain size
distribution. Thus, the grain structure exhibited in Figure 2
suggests that a high strain was imposed on the top region
while a low strain was imposed to the bottom region.

4.2. Microhardness distribution

Figure 3 shows a color-coded distribution of hardness
along the half longitudinal sections of discs of magnesium
alloy AZ31 after being processed by HPT at 463 K for
different numbers of turns. It is observed that the hardness
variation is more significant in the top-bottom direction
than at different distances from the center. Higher levels of
hardness are observed around the mid-plane in the samples
processed by 1/4 and 1 turn of HPT and near the bottom
area in the sample processed by 5 turns. It is worth noting
that the distribution of hardness in the sample processed by
1/4 turn agrees with the grain structure shown in Figure 2.
Lower hardness is observed near the bottom of the disk at a
distance of ~2 mm from the center compared to the region at
~200 um from the bottom. The higher hardness at a moderate
distance from the bottom agrees with the smaller grain sizes
in this region compared to the region nearer to the bottom.
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4.3. Finite element modeling

The appearance of the sample at different stages of
deformation during one turn of HPT is shown in Figure 4.
The simulation considered a constant rotation rate of
1 rpm. The top anvil was removed for the images to allow
visualization of the sample. It is observed that at the very
early stage of deformation the sample attains the shape of the
anvil depression and there is a small thickness reduction. At
1/4 turn (15 seconds) there is a noticeable material outflow
around the edge of the sample in the form of a thin ribbon
between the anvils. This material outflow increases with
increasing rotation and leads to reduction of the sample
thickness.

Figure 5 shows the general distribution of effective strain
on the longitudinal section of samples with different initial
thicknesses after processing by HPT to different numbers of
turns. Itis observed there is a clear trend of increasing strain
with increasing distance from the center of the samples.
The distribution of strain is fairly homogeneous along the
through-thickness direction except for the region near the
edge of the discs and in the sample with the largest initial
thickness.

Figure 6 shows the distribution of strain-rate during
HPT processing considering different levels of friction
on the top and bottom anvil walls. The top three images
show the distributions during simulations in which both
anvils exhibit similar friction levels and the bottom two
show images of simulations in which the friction level is
dissimilar in both anvils. It is observed that the plastic flow
is not homogeneous along the through-thickness direction
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Figure 3. Color-coded distribution of hardness along the half longitudinal sections of discs of magnesium alloy AZ31 after being processed
by HPT at 463 K for (top) 1/4 turn, (middle) 1 turn and (bottom) 5 turns'?.
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Figure 4. Appearance of the sample at different stages of
deformation during one turn of HPT™.
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Figure 5. Distribution of effective strain on the longitudinal section
of samples with initial thickness of (a) 0.8 mm, (b) 1.8 mm and
(c) 3.8 mm after processing by HPT'.
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Figure 6. Distribution of strain-rate during HPT processing
considering different levels of friction on the top and bottom
anvils” walls'.
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and the variations in the rate of flow are more significant
at the edge of the samples. Moreover, the concentration
of plastic flow depends strongly on the friction with the
lateral walls of the anvils. For conditions of low friction, the
plastic flow concentrates near the top and bottom surfaces
of the samples while it concentrates near the mid-plane
when friction is high. This leads to the formation of an area
with low deformation on the top and bottom corners of the
sample. It is also shown that when friction is dissimilar on
both anvils the plastic flow concentrates near the anvil with
lower friction. Figure 6d shows flow localization near the
bottom surface while Figure 6e shows flow localization
between the mid-plane and the bottom surfaces. This leads
to the formation of an area of low strain near the bottom
surface corner. The formation of this area of low deformation
is similar to that observed in Figure 6¢ except that the latter
also exhibits deformation near the top anvil.

Figure 7 shows the distribution of mean stresses during
simulations that considered different levels of nominal
compression stresses. The nominal compression stresses
were calculated as the compressive force applied by the
anvils divided by the initial area of the sample. It is observed
that the level of mean stresses varies linearly with the
distance from the center of the disc. Larger compressive
stresses are observed near the center compared to the edge
of the discs. In practice, compressive stresses in the range
of the nominal stresses are only observed in a small region
around the center of the disc while lower values are observed
near the edge.

5. Discussion

The results reported in the present paper confirm the
occurrence of flow heterogeneities during HPT. The flow
lines at the edge in the longitudinal section of a disc of
magnesium alloy processed by HPT (Figure 1) reveal
the existence of areas with distinct plastic flow along the
through-thickness direction. This is confirmed by the grain
structure depicted in Figure 2 for an area away from the
edge of the disc and by the microhardness distribution
along the longitudinal section of discs processed to different
numbers of turns (Figure 3). It is worth noting that areas
of low deformation may be observed near the top anvil
(Figures 1 and 3) or near the bottom anvil (Figure 2). This
shows that flow concentration does not follow a clear trend
in relation to the static (top) or the rotating (bottom) anvil. It
depends solely on random variations in friction coefficients
between the top and bottom anvils.

These heterogeneities revealed by experiments are
not predicted by the theory of plastic flow during HPT.
Similar findings were reported for aluminum'® and for iron'!
samples with low aspect ration. However, microhardness
distributions at different distances from the bottom of
samples of high aspect ratio of pure aluminum revealed
homogeneous flow'. Thus, the present results suggest that
heterogeneous plastic flow during HPT depends on both
sample aspect ratio and material behavior.

Since the theoretical description failed to explain
the heterogeneous plastic flow and the influence of other
processing parameters like nominal pressure and friction
between the sample and the anvils, FEM was carried out. The
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Figure 7. Distribution of mean stresses during simulations that considered different levels of nominal compression stresses'*.

results show the material outflow during HPT considering
quasi-constrained conditions and also show variations in
the mean stresses along the sample which had not been
predicted earlier.

Also, FEM successfully predicts heterogeneous plastic
flow along the through-thickness direction of discs during
HPT. The more pronounced heterogeneities are observed at
the edge of the samples and in samples with high thickness-
to-diameter ratio. FEM simulations revealed that friction
between the samples and the lateral walls of the anvils play
a significant role in plastic flow during HPT. Friction with
the walls was considered as the source of heterogeneous
deformation at the edge of samples of iron'' and a recent
report® describes the formation of a dead metal zone in
this area due to friction in a sample of a magnesium alloy.

6. Summary and Conclusions

e The results of structural characterization,
microhardness tests and finite element modeling
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