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Introduction

The use of high-pressure torsion (HPT) for material
synthesis in the field of severe plastic deformation has
become a widespread technique in the community that
can be understood by numerous advantages of this
technique: (i) the technical simplicity of the process;
(ii) well controllable parameters such as introduced
shear, process temperature and shear strain rate; (iii)
applicability of HPT to high strength and difficult to
deform materials; and (iv) high versatility in material
selection including the usage of powders as starting
materials, but also the deformation of composites,
ceramics and semiconductors [1-4].

It is evident that the strain or any other definition of
an equivalent strain of classical HPT will scale with the
radius [5]. The radius dependency is often promoted
as an advantageous feature as within one sample, the
evolution of microstructure and mechanical properties
such as hardness can be investigated very efficiently
over a wide range of structural changes, especially as
long as the strain gradient within the sample remains
small. In addition, due to the natural deceleration of
the microstructural changes with increasing strain,
which is often interpreted as a saturation behavior [2],
a homogenization of the microstructure and mechani-
cal properties over large areas of the processed disks
is enabled.

Despite these beneficial process features, the strain
gradient can also lead to experimental problems when
intermediate deformation states are desired. For exam-
ple, it is known that besides grain refinement, the

misorientation distribution and thus the ratio of low-
to high-angle boundaries changes upon deformation
[2]. A specific misorientation distribution departing
from the one in the saturation state might be beneficial
for a balanced ratio of strength to ductility or fracture
resistance. Measurements on materials processed by
equal-channel angular pressing, subjected to consider-
ably lower amounts of strain than typically applied for
HPT-processed materials, point into this direction [6].
If such intermediate microstructural states are envis-
aged for mechanical tests and the specimen volume
should be large so that a certain mesoscopic specimen
can be extracted, the presence of the gradient in HPT-
processed disks potentially leads to an averaging effect
over the investigated volume. Therefore, it would be
advantageous to reduce or even remove the strain gra-
dient and expand a specific desired microstructural
state across large parts of the HPT-processed disk. The
same issue of large and unwanted structural variations
at low applied strains within one disk may also arise
for functional properties and applications, such as for
the production of magnetic materials. Weissitsch et al.
found an optimum applied shear strain for Fe-SmCos
composites when screening the magnetic properties as
a function of radius [7]. Consequently, once an opti-
mum state is found for a certain applied shear strain,
it would be again desirable to obtain this intermediate
deformation state in larger volumes, which is impos-
sible for classical HPT.

From the theoretical view point, it may also be
interesting to analyze the microstructural evolution in
HPT with the absence of a pronounced strain gradient,
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for example, considering the role of strain gradient
plasticity for grain refinement [8]. Finally, it is well
known that residual stresses are present in HPT disks
[9] and the reduction of the strain gradient may be
helpful to reduce them.

To overcome the limitation of strain gradients being
present within HPT-deformed material, we propose
here a simple modification of quasi-constrained HPT
and pick up the approach of Erbel, who already used
a very similar setup almost 45 years ago [10], how-
ever did not describe and analyze the local strain
gradient or hardness distribution in detail and used
the processed samples for analyzing the mechanical
properties of extremely strain-hardened copper on the
macroscale. By applying an adapted HPT anvil design
that we term uniform strain high-pressure torsion (US-
HPT), some of the raised points concerning the elimi-
nation of strain gradients will be addressed.

Material and methods

In the case of quasi-constrained, conventional HPT
processing (HPT), using anvils of constant depth, the
shear strain y can be expressed by:

y(r) = @ -, (1)

where r is the radius, t is the thickness of the sam-
ple and 7 is the number of rotations. A corresponding
anvil will have for this sample design a flat depres-
sion, as presented in Fig. 1a. Note that for the depth of
the depression also the variable ¢ is in use, which has
been before introduced as the thickness of the sam-
ple. The thickness of the sample and the depth of the
depression multiplied by two are equivalent when the
elastic distortion of the anvils and the thickness of the
outflowing material are neglected. Usually, the elastic
distortion and the finite thickness of the rim lead to a
somewhat thicker sample.

In this study, rather small strain increments are
applied; therefore, it is more useful to substitute n
in Eq. 1 with n = ¢/360°, where ¢ is the applied rota-
tional angle in terms of degrees. Even though t will
slightly change during deformation as material is
extruded between the anvils’ rim, it can be regarded
as constant after the imposition of large strains.
The same assumption can be made for samples that
have been pre-shaped to a thickness very close to the
depth of the anvils. For samples of constant thickness
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Figure 1 Schematic detail and dimensions of the depressions in
the used HPT anvils. a Classical anvil design with a flat depres-
sion. b Cross section of the adapted HPT anvil design for US-
HPT having a conical depression.

t, the strain will vary linearly with the radius. In
order to obtain a constant strain, the thickness of the
sample must linearly vary with the radius as shown
in Fig. 1b, where the adapted anvil design for this
study is presented.

Here, t is a linear function of r and can be written
as t = 2-tan(a)-r. The theoretical imposed shear strain
can be now written as:

__r ¢ __=n
r= tana 360° tan(a) @)

The shear strain will only depend on the number of
rotations, i.e., the applied rotational angle, respec-
tively. In addition, the strain increase can be adjusted
by changing the angle a, but for doing so a different
pair of anvils is needed. The angle a, which is in the
present work about 4°, characterizes the change of the
local specimen thickness or, in other words, the taper
of the depression. In order to investigate to which
extent this idea can be realized in an experiment, a
feasibility study comparing both anvil designs (Fig. 1)
was conducted.

As a well-researched and simple model mate-
rial pure nickel (purity: 99.99 wt%, purchased from
Goodfellow) was selected [11]. From Fig. 1b, it is evi-
dent that the adapted anvil design will also lead to
a certain strain gradient for small radii (small local
sample thickness), induced by the compressive
deformation before HPT deformation when samples
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with a uniform thickness are used as a starting sam-
ple. Therefore, to study precisely the effect of the
modified anvil design on the strain distribution, all
samples (HPT and US-HPT) were pre-deformed up
to 2 full rotations in the respective anvil design and
afterward annealed at 500 °C in atmosphere before
the actual shear deformation experiment (either
HPT or US-HPT) was performed. With this proce-
dure, it was attempted to keep the plastic deforma-
tion induced by the compressive deformation in the
subsequent experiment to a minimum. The combi-
nation of deformation and heat treatment led to an
initial grain size in the range of a couple hundred of
micrometers.

For the comparison of samples processed by HPT
and US-HPT, following samples were processed: using
HPT one sample after the aforementioned precondi-
tioning (2 rotations plus annealing) was deformed to
a rotational angle of 90°. An angle of 90° is equiva-
lent to a maximum shear strain of 8.2 at the outer
radius of 7 mm, considering a final measured thick-
ness of 1.34 mm. The sample before deformation was
about 1.66 mm. The induced compressive deforma-
tion was therefore small and in the range of 20% so
that the compressive deformation can be neglected
in comparison to the large strain applied by torsion.
This reference deformation state was chosen as ear-
lier studies showed that the applied shear strain will
lead to a pronounced gradient in the hardness of the
sample [2]. Preconditioned samples, using US-HPT,
were deformed up to 30°, 60° and 90°, which results
in a nominal constant shear strain of 3.7, 7.3 and 11.0,
respectively, taking into account Eq. (2), and the final
sample thickness of 1 mm at r=7 mm. The sample
before deformation was about 1.03 mm so that the
compressive deformation can be generally neglected.
All experiments were carried out at the same constant
nominal pressure of 2.3 GPa (referred to a maximum
diameter 14.8 mm, (see Fig. 1) at ambient temperature
with a rotational speed of 0.2 rotations/minute.

The strain gradient was indirectly sampled by meas-
uring the hardness distribution within the HPT and
US-HPT disks with a microhardness tester (DuraScan,
Zwick Roell) equipped with a Vickers indenter using
a load of 200 gf. Indents were made on cross sections
of the deformed disks along the radius from the center
(r=0mm) to the edge (r=7 mm). The very edge of all
disks as well as the very center of US-HPT samples
were excluded from the analysis due to the compli-
cated deformation state as will be discussed later. In

addition, comprehensive microstructural investiga-
tions were carried out using a Tescan Magna scanning
electron microscope equipped with an electron back-
scatter diffraction (EBSD) system of Bruker (e Flash®™).
EBSD data were analyzed using Bruker Esprit (version
2.3) and OIM data analysis (version 5.31), and for all
investigations, a step-size between 50 and 200 nm was
used depending on the field of view.

Results

Figures 2 and 3 present the microstructural evolution
of both principal types of deformed samples, HPT
and US-HPT. The microstructure is substantially
changing for the HPT sample along the radius from
the coarse-grained recrystallized state to a severely
deformed ultrafine state, compare Fig. 2a, d. For bet-
ter comparison, the field of view was kept constant for
all images. Figure 2a shows the interior of one single
grain with small fluctuations of the local orientation,
which is an effect of a slight deformation during the
initial compression step. For larger radii, i.e., higher
strains, typical microstructural changes become evi-
dent, such as larger fluctuations of orientations within
single grains (Fig. 2b), cell formation (Fig. 2c) and the
evolution of a high density of high-angle grain bound-
aries (HAGBs), see Fig. 2d. The described changes in
the microstructure coincide well with former studies
performed on pure Ni [12-14]. When the same micro-
structural analysis for the US-HPT sample, deformed
to the same rotation angle, is performed, the situation
is markedly different. The microstructural appearance
is rather constant, see Fig. 3.

For a quantification of this qualitative observation,
the grain average misorientation (GAM) distribu-
tion and the normalized density of low-angle grain
boundaries (LAGBs, >2° and <15° misorientation)
and HAGBs (> 15° misorientation) are presented in
Fig. 4 and Fig. 5. For the HPT sample, there is a large
difference in normalized LAGB density along the
radius. In Fig. 4, it can be seen that the LAGB density
has its maximum for medium radii, while the HAGB
density continues to increase. Further microstructural
refinement and increased hardness can be expected for
samples deformed to higher rotation angles. For the
US-HPT sample, both grain boundary densities start
at a higher level (r=2 mm), but densities decrease
and level off at larger radii. Both findings, the appear-
ance of a slightly stronger deformed microstructure
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Figure 2 IPF maps recorded in tangential direction at different radii of the HPT sample deformed to a rotational angle of 90°. a
r=0mm (y~0), b r=2mm (y~2.3), c r=4 mm (y~4.7) and d r=6 mm (y~7.0). Scale bar applies to all subfigures.

(Fig. 3a) and a slightly higher grain boundary density
for r=2 mm for the US-HPT sample will be discussed
later by deviations of the applied strain for small radii.

Beside the possibility of using inverse pole figure
(IPF) maps and grain boundary types and length,
GAM distributions also serve as a proper method
for comparing microstructures subjected to different
degrees of deformation (Fig. 5). GAM distributions
summarize the misorientation between each pixel of
an individual grain and the average orientation of that
grain.

For a single crystal, the distribution would peak at
very low misorientation angles, which originate from
small, but existing orientation changes or from orien-
tation noise in the EBSD data. With increasing num-
ber of stored dislocation and evolving dislocation cell
structures, the distribution broadens. With increasing

@ Springer

refinement of the microstructure and the evolution
of a high-density network of HAGBs, fewer disloca-
tions are stored within grains. Misorientations within
grains are reduced and the shape of GAM distribu-
tion returns to its original single-crystalline shape.
For the HPT sample (Fig. 5a), there is a strong change
in the GAM distribution and the described process
from single-crystalline-like behavior towards broad
distributions, returning to a sharp distribution can be
found. In contrast to the large changes in the GAM dis-
tribution for the HPT sample, the US-HPT specimen
(Fig. 5b) shows an almost constant GAM distribution
for all investigated radii (2-6 mm).

Hardness values of all HPT and US-HPT are sum-
marized in Fig. 6. In addition to the 90°, US-HPT
sample also data of US-HPT samples deformed
to 30° and 60° are presented to better present the
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Figure 3 IPF maps recorded in tangential direction at different
radii of the US-HPT sample deformed to a rotational angle of 90°
Yeonst~11). ar=2mm, b r=3 mm, ¢ =4 mm and d r=6 mm.

hardness evolution for nominal constant shear
strains. It is evident that the 30° and 60° samples
show a similar hardness range, which indicates
that some slippage might have occurred for the 60°
sample. The slippage issue is always to consider
when rather small pressures, such as in this study,
are applied [15, 16]. The HPT sample deformed for
90° shows the as expected increase with increasing
radius and increasing applied shear deformation.
Constant hardness values were found for the US-
HPT samples for regions between radii of 2.5 mm
and 6 mm. For smaller and larger radii, deviations
from that were observed, which are in the center of
the subsequent discussion.

Note the different scale bar compared to Fig. 2. Micron bar
applies to all subfigures.

Discussion

As presented in the previous section, results on
microstructure and hardness provide evidence that
the adapted anvil design has a beneficial effect on the
homogeneity of applied shear deformation. However,
there are considerable deviations for small and large
radii, which require further discussion.

One significant point that needs to be taken into
account when analyzing the hardness and microstruc-
tural data of US-HPT samples is a possible deviation
of the final sample shape from the perfect geometry.
Equation 2 presumes a sample thickness of 0 mm for
r=0 mm, so to say a perfect tip of the conical shape
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Figure 4 Normalized density of LAGB (2°-15°) and HAGB
(>15°) for US-HPT and conventional HPT at different radii.
Note, for conventional HPT, the scan size was adapted to accom-
modate the strongly varying microstructure. For US-HPT sample,
the scan size and step size were constant, 100 um and 200 nm,
respectively, see Fig. 3.

of the depression. However, due to practical reasons
and inaccuracies during sample preparation and sub-
sequent deformation, the final sample shape may
show a small perforation, when the conical shape of
the anvils punctures the sample during deformation.
On the other hand, the initial sample could also be too
thick at =0 mm, resulting in a finite thickness t,;, in
the center of the sample even after deformation. Both
deviations in sample shape lead to a variation in the
resulting calculated shear strain distribution for small
radii, whose general trends for different extreme cases
are discussed.

In Fig. 7, the strain evolution for different geom-
etries for a maximum sample thickness at r=7 mm of
1 mm after a quarter rotation is exemplarily shown.
In a sample having a perfect geometry as described in
Eq. 2, the shear strain would be in fact constant. For a
conventional HPT sample with a constant and identi-
cal thickness at r =7 mm, the strain would increase
linearly with the maximum and identical strain at
r=7 mm as the perfect US-HPT sample geometry. The
two afore-described deviations from the perfect US-
HPT processed samples show however pronounced
differences in the strain distribution. To calculate
these differences as shown in Fig. 7, differing values
of thickness, compared to a perfect sample, have to
be considered, and Eq. (1) has to be adapted slightly:
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Figure 5 Grain average misorientation distribution for the HPT
(a) and US-HPT (b) specimen, both deformed to 90° rotations.
In contrast to HPT, the GAM distribution using US-HPT remains
similar.

_ 2ar
rn =35 ®)

For the two possible cases, a) hole of radius 1y, in
the center and b) a finite thickness ¢, at the center,
t(r) can be given in the form

min

@) H(r < Mpgle) = 0;£(r > 1pgle) = 2tan (@) (7 — o)
(4.1)

b) t(r) = tpin + 2 tan (a)r 4.2)

For a sample containing a hole (perforation), a finite
value of the sample thickness is only present for radii
larger than r,,, which leads to a singular behavior of
the strain at ,,, with decreasing trend toward large
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Figure 6 Hardness values of HPT (90° rotation) compared with
US-HPT samples (30°, 60° and 90° rotation) which received con-
stant nominal shear strains of 3.7, 7.3 and 11.0, respectively. The
classical HPT sample rotated to 90° corresponds to a nominal
shear strain of 8.2 at maximum radius. All hardness measure-
ments are shown as a function of sample radius. The initial hard-
ness value after recrystallization for 1 h at 500 °C is also pro-
vided. The dashed region shows the part of the US-HPT samples
featuring a considerably constant hardness level.

radii and final convergence of the value with the US-
HPT and conventional design. In addition, the com-
pressive deformation applied before shear deforma-
tion becomes large for small radii of US-HPT samples.
In strong contrast, samples that possess a small, but
finite thickness t,;, show a stronger increase of strain
for small radii compared to the conventional design,
and the strain converges again toward the value of the
other sample geometries. Examples of these extremes
are presented in Fig. 8. Figure 8a presents a cross sec-
tion of a sample deformed to 45° stemming from a pre-
experiment where a perforation occurred. Due to the
large perforation, the specimen was excluded from the
study. The second extreme is shown in Fig. 8b where
the geometry is close to the ideal case. Nevertheless, it
can be seen that close to radii of zero, the sample thick-
ness becomes rather constant. For this case especially
the wear of the top of the cone in the anvils” depres-
sion is responsible.

The presentation of these extreme cases in Figs. 7
and 8 clearly demonstrates that the hardness and
microstructure can be greatly affected for small radii.
However, with this explanation, the increasing hard-
ness of US-HPT samples for ¥ >6 mm cannot yet be
explained.

Deviations at large radii have been found and dis-
cussed before on the basis of arising dead zones at

20 T T T T T T T T T T T

I
Perfect US-HPT sample geometry| I
Perforation in the center | A
Finite thickness in centre !

]

Conventional HPT sample

15

Calculated shear strain (-)
=)

0'|.|.|.|.|.|

0 1 2 3 4 5
Radius (mm)
Figure 7 Schematic trend of applied shear strain for US-HPT

samples subjected to a rotational angle of 90°. The perfect geom-
etry is compared to samples showing imperfections, either a hole

in the center or a remaining finite thickness t_ ;. at r=0 mm. For

comparison, the linearly increasing applied shear strain for HPT,

‘min

Eq. (1), for the same degree of rotation is shown as well.

@ Springer



6056

Figure 8 Cross sections of
samples using US-HPT. a
Punctured sample. Due to the
large perforation, the sample
was not included into the
study. b Sample with finite
nearly constant thickness
spanning several millimeters.
Scale bar applies for both
images.

the edges of the HPT-sample [17-19]. At the transi-
tion from the maximum hardness at constant thickness
(in this study =7 mm) to the outer edge where the
thickness is steadily decreasing, the friction conditions
should abruptly change from full stick to full slippage.
This is to promote homogeneous deformation across
the thickness of the sample and no deformation at
the edge zone, which is however not feasible. As a
consequence, an area arises where material is rather
inhomogeneously deformed with an extended area
of a dead zone and another section towards the mid-
dle plane of the sample, which becomes even more
deformed than the areas of constant thickness due to
the constantly decreasing thickness toward the very
edge of the sample. This area can therefore exhibit
a further increase of hardness, especially when the
applied strain is too low to realize a stagnation of the
increase of hardness (saturation).

Both limiting zones at small and large radii that
counteract the strain uniformity can be possibly
mitigated by technical improvements. To obtain or
improve homogeneity at small radii, it is advisable to
use anvils and samples being exactly pre-shaped by
CNC turning so that large compressive plastic defor-
mations at small radii are avoided. This idea is similar
to the one used in this study, where the material was
preconditioned by pre-deformation and recrystalliza-
tion; however, pre-shaping can be applied to all mate-
rials classes. In contrast, heat treatments in more com-
plex alloys than pure metals may lead to undesired
microstructural changes, for example the formation
of undesired phases.

In addition, the use of ultrahigh strength anvils, such
as tungsten carbide, helps to avoid plastic deforma-
tion and flattening of the center cone (compare Fig. 1b
with Fig. 8b) that impacts directly the local sample
geometry. For large radii, an adequate polishing of the
outer rim of the anvils could contribute to reduce the
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(b) _

friction between sample and anvils, which induces an
additional deformation. Finally, as the main intention
of US-HPT is to synthesize larger volumes of uniform
strain, the usage of larger HPT-devices and samples [17]
would help to reduce the influence of the center and
edge region of the sample and geometry deviations will
become negligible.

Summary

In this contribution, an adapted anvil design has been
presented with the aim to reduce the inherent strain
gradient during high-pressure torsion deformation.
The underlying process has been termed uniform strain
high-pressure torsion (US-HPT). A feasibility study has
shown that the process can be used to process samples
with extended regions of uniform strain and hardness.

To overcome some of the problems described above,
the next steps will encompass the production of a larger
set of anvils enabling the deformation of samples with a
diameter of 30 mm. With this approach, the region that
may experience an inhomogeneous strain distribution
will be substantially decreased in relation to the overall
sample size. This will enable the production of larger
volumes of material featuring a homogeneous micro-
structure and mechanical properties.
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