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Abstract Two sets of anvils having different surface
roughness were used to systematically investigate the flow
patterns developed on the top and bottom surfaces of
stainless steel discs with an anvil misalignment of 100 pm
during high-pressure torsion. It is shown that the flow
patterns on the disc surfaces have different variation ten-
dencies depending on whether the anvils have rough or
smooth surfaces. Double-swirl flow patterns were observed
on the top and bottom surfaces of discs after 1 and 5 turns
when using an anvil with a smooth surface. In contrast,
when using an anvil with a rough surface the double-swirl
flow patterns appeared only on the top surface after 1 turn
and a single swirl appeared on both surfaces after 5 turns.
Hardness measurements on the top surfaces showed that
discs processed using an anvil with a rough surface have
greater hardness than discs processed using an anvil with a
smooth surface. There was no obvious hardness difference
on the bottom surfaces for discs processed using anvils
with rough or smooth surfaces.
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Introduction

High-pressure torsion (HPT) is a mature severe plastic
deformation technique which is regularly used to achieve
significant grain refinement [1]. There are many published
results on HPT processing of various metals and alloys [2]
and recently HPT techniques were applied to the process-
ing of metal powders [3, 4] and machining chips [5]. The
uses of HPT also include mechanical mixing [6], investi-
gations of amorphization [7, 8] and phase transformations
[9-11], evaluations of the hydrogen storage capabilities of
magnesium [12, 13], and examinations of the structural
modifications and the mechanical properties of bulk
metallic glasses [14, 15].

In the idealized HPT process, the deformation procedure
can be considered as a simple shear process (rigid-body
analysis) where the shear strain, 7, is evaluated using the
equation [16]:

2nNr
Ay — 1

where r and & are the radius and height (or thickness) of the
disc, respectively, and N is the number of revolutions. In
the idealized unconstrained HPT, the disc is placed
between two flat anvils and the lateral flow of the material
is not restricted under the applied pressure. However, this
unconstrained HPT is technically difficult to implement as
there is a continuous decrease in the sample thickness. In
constrained HPT, the disc is placed within a cavity in the
lower anvil so that the lateral flow of the material is totally
restricted under the applied hydrostatic pressure. In this
condition, the specimen deforms under torsional straining
and under the imposed hydrostatic pressure without chan-
ges in the geometry if there is no friction force at the outer
cylinder wall. However, because friction is unavoidable, a
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homogenous shear deformation process cannot occur in
constrained HPT. In practice, quasi-constrained HPT can
overcome the drawbacks and problems associated with
idealized unconstrained and constrained HPT. Most HPT
processing is now conducted under quasi-constrained
conditions where the disc is contained within shallow
depressions on the lower and upper anvils, and there is
some limited outflow of material between the two anvils
during the straining operation [17, 18].

It follows from Eq. (1) that the shear strain should
increase linearly with the radius of the disc. Therefore,
based on the rigid-body assumption in Eq. (1), it is rea-
sonable to anticipate that the microstructure and mechan-
ical properties remain inhomogeneous across the disc.
However, there is an additional strain on the HPT disc due
to the applied compressive stress introduced in quasi-con-
strained HPT processing and this is not considered in
Eq. (1). In practice, there is an evolution towards micro-
structural homogeneity in HPT and this has been effec-
tively predicted by making use of strain gradient plasticity
modelling [19]. In fact, a fully homogeneous microstruc-
ture and mechanical properties have been reported in many
materials after HPT processing [13, 20-25].

Some recent experiments were conducted on a duplex
stainless steel to observe visual displays of the flow pat-
terns produced by the HPT processing [26-28]. The results
were unexpected because there was evidence for the for-
mation of significant local turbulence including the pre-
sence of double-swirl patterns and local shear strain
vortices. Furthermore, double-swirl flow patterns were
also observed in a Cu-28 % Ag alloy after HPT processing
[29]. 1t is possible that the presence of double-swirl flow
patterns may arise in HPT discs from a misalignment of
the axes of the anvils prior to conducting the HPT pro-
cessing. However, no specific information on the initial
anvil alignment was available in these earlier reports, and
no checks were undertaken to determine whether the
anvils were in alignment [26-29]. Therefore, it is not
possible to obtain a correlation between the appearance of
double-swirl patterns on the disc surfaces and the inherent
anvil misalignments.

The effect of a misalignment of the axes of the anvils
was first considered in several reports of HPT in order to
explain the reasons for attaining a fully-homogenized
microstructure and hardness distribution [30, 31] but this
possibility was never examined experimentally. Recently, a
series of experiments were conducted to investigate the
effect of different amounts of anvil misalignment on the

flow patterns and hardness distributions on the top surfaces
of discs in HPT processing [32-34]. These experiments
showed that the presence of double-swirls on the disc top
surfaces was a feature of HPT processing when the anvils
had a small initial lateral misalignment.

Friction is an important factor which is needed in order
to achieve the torsional straining. Therefore, the anvil
surfaces are generally initially treated by sandblasting or
spark erosion in order to generate a distinctive surface
micro-roughness. Through this surface roughness, com-
bined with the hydrostatic pressure, it is feasible to develop
the high frictional forces that are required for rotational
straining. To date, there has been no investigation to
determine whether the initial anvil surface roughness has
any effect on the flow patterns and the hardness distribu-
tions. Accordingly, the present research was initiated to
investigate the influence of the anvil roughness on the flow
patterns generated on both the top and bottom surfaces of
the discs when processing by HPT.

Experimental material and procedures

A commercial F53 super duplex stainless steel was
received in the form of a rolled plate having a thickness of
3 mm. This material was supplied by Castle Metals UK
Ltd. (Blackburn, Lancashire. UK), and has a high yield
strength up to ~570 MPa, good ductility and outstanding
corrosion resistance. The chemical composition of the as-
received material is given in Table 1 and the microstruc-
ture is shown in Fig. 1. The material consists of essentially
equal proportions, and similar volume fractions, of the
lighter-contrast austenitic (y) and the darker-contrast fer-
ritic (o) phases. The widths of these two phases varied
between ~5 and ~50 pm.

Discs having diameters of 9.8 mm and thicknesses
of ~ 1.2 mm were cut from the steel plate, and then ground
to a uniform thickness of ~0.82 mm. The HPT processing
was conducted at room temperature under quasi-con-
strained conditions [17, 18] using two massive anvils each
machined with a central depression having a diameter of
10 mm and a depth of 0.25 mm. The term anvil mis-
alignment is used to denote a parallel displacement of the
rotation axis of the upper anvil with respect to the lower
anvil, and the basic principles of anvil alignment were
given in earlier reports [32—34]. In the present experiments,
the anvils were set up with an initial misalignment of
100 pm.

Table 1 Chemical composition
of the super duplex stainless

Element C Cr

Mn Mo N Ni P S Si

steel wt. (%) <0.030 24.0-26.0

<120 3.0-50 0.24-032 6.0-8.0 <0.035 <0.020 <0.8
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Fig. 1 Microstructure of the as-received duplex stainless steel

The surface roughness of the anvils was measured using
Alicona Infinite Focus. Two sets of anvils having different
surface roughness were used to investigate the flow pat-
terns on the disc top and bottom surfaces after HPT. Fig-
ure 2 shows the anvil surface profile measurements on the
two anvils which are nominally designated (a) smooth and
(b) rough. For each anvil, the upper image is the anvil
surface morphology as represented by a set of unique
colours shown by the colour key on the right, and the lower
image is the result of surface roughness measurements
along the anvil surface shown in the upper image. The
measured average surface roughness values of the smooth
and rough anvils, R,, were equal to 5 and 15 pum, respec-
tively. Henceforth, these initial anvil surface conditions are
named smooth with R, =5pum and rough with
R, = 15 pm.

A set of discs was prepared for both of these anvil
surface conditions with the discs processed at room tem-
perature with a pressure 6.0 GPa and a rotation speed of
1 rpm through totals of N = 1 and 5 turns. To avoid any
problems with slippage, all of the HPT processing was
conducted using new anvils so that the surfaces within the
depressions were in perfect condition. In addition, and
following standard practice [35], some preliminary tests
were conducted using discs with marker lines scribed on
the top and bottom surfaces and these tests revealed no
evidence for any slippage under the present experimental
conditions.

After processing through 1 and 5 turns, the discs were
mounted in bakelite for top and bottom surface observa-
tions. The mounted samples were mechanically polished,
and then electro-etched using an electrolyte of 40 % NaOH

solution at 25 °C. After etching, the y-phase appeared
bright and the o-phase appeared dark. The local flow pat-
terns were examined using an Olympus BX51 microscope.

The values of the Vickers microhardness, Hv, were
measured on the polished surfaces with separations of
0.3 mm between each consecutive point along the disc
diameter. An FM300 hardness tester equipped with a
Vickers indenter was used with a load of 300 gf and a
dwell time of 15 s.

Experimental results

Flow pattern observations on disc top and bottom
surfaces using the smooth anvil

Figure 3 shows the flow patterns developed on the disc top
surface when using smooth anvils where the rows of black
dots correspond to the marks from the hardness mapping
indentations. The appearance of the disc top surface shows
a clearly defined curvature of the phase domains for both 1
turn in Fig. 3 (a) and 5 turns in Fig. 3 (b). Close inspection
shows there are pairs of curvatures for both conditions and
these pairs correspond to double-swirls with each swirl
having a unique swirl centre. Earlier reports demonstrated
similar observations, and it was found that the double-swirl
configurations decrease in size with increasing numbers of
turns on the disc top surface [32-34].

Figure 4 displays the flow patterns on the disc bottom
surface when using smooth anvils for (a) 1 turn and (b) 5
turns. The bottom surfaces also display well-defined cur-
vature of the phase domains for both 1 and 5 turns. It is
obvious that there are double-swirl flow patterns on the
bottom surfaces and the distance between the two swirl
centres is reduced with increasing numbers of rotations.
The current observations on the disc bottom surfaces are
different from those reported earlier where no double-
swirls patterns were visible at the bottom [28]. However,
the present observations are for samples processed with
smooth anvils and with a measured anvil misalignment of
100 um, whereas no information is available on either the
smoothness of the anvils or the extent of the initial anvil
misalignment in the earlier report.

Ideally, the flow patterns on the disc top and bottom
surfaces should be identical but with the flow visible in
opposite directions. Figs. 3 and 4 demonstrate this ideal
symmetry because both top and bottom surfaces show the
appearance of double-swirls and, as the numbers of rota-
tions increase from 1 to 5 turns, the configuration size of
the double-swirls becomes smaller on both the top and
bottom surfaces.
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Fig. 2 Anvil surface profile
measurements on a the smooth

anvil and b the rough anvil: for

each anvil, the upper image
shows the surface morphology

with the colour key on the right

and the lower image shows the
measurements of the surface
roughness taken on the anvil
surface shown in the upper
image
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(a)  Smooth anvil, misalignment of 100 ym, N = 1, top surface

(b) Smooth anvil, misalignment of 100 um, N = 5, top surface

Fig. 3 The flow pattern appearance on the disc top surface while using smooth anvils (R, = 5 pm) with an anvil misalignment of 100 pm for

aN=1tun and b N = 5 turns

Flow pattern observations on disc top and bottom
surfaces using the rough anvil

Figure 5 shows the flow patterns developed on the disc top
surfaces when using the rough anvils. In Fig. 5 (a) and (b),
the top row shows low magnification images of the phase
domains along the disc diameter and the two lower rows
show high magnification images of the areas in the red
squares in the upper images. From the top row image in
Fig. 5 (a), a double-swirl flow pattern can be recognised on
the disc top surface after 1 turn, but the double-swirl is not
clearly defined as on the top surface when using smooth
anvils in Fig. 3 (a). Thus, in Fig. 3 (a) the austenitic (y) and
the ferritic (o) phases are clearly distinguished and the
curvature of the phase domains is smooth, whereas in the
top image in Fig. 5 (a) the overall curvature of the phase
domains is not smooth so that some areas show clear two
phase contrast and other areas display unclear phase con-
trast. The bottom images corresponding to the areas
marked with the red squares in the top row show that the
left red square contains many local vortices, whereas the
right red square, which is an area showing unclear two
phase contrast at the low magnification, has two phases

with the widths of the austenitic (y) and the ferritic (o)
phases reduced significantly.

These observations suggest that local deformation, such
as local vortices and local variations in the widths of the
austenitic (7y) and ferritic (o) phase refinement, leads to a
non-uniform appearance for the phase domains. After 5
turns, the disc top surface shows an overall single swirl
appearance in the top row image in Fig. 5 (b). There
appears to be a clear phase contrast and some local vorti-
ces, but the magnified image of the red square of the single
swirl area shows that the widths of the austenitic (y) and
the ferritic (o) phases are significantly refined. Again, these
observations confirm the occurrence of non-uniform
deformation on the disc top surface.

The appearance of the flow patterns on the disc bottom
surfaces when using a rough anvil is shown in Fig. 6 after
(a) 1 turn and (b) 5 turns. After 1 turn, the domains for the
austenitic y and ferritic o phases are easily recognised in
Fig. 6 (a) and the phase domains remain reasonably
straight in the centres of the discs with an appearance that
is generally similar to the initial as-received material
shown in Fig. 1. These straight patterns continued
throughout the disc bottom surface except for small
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(a) Smooth anvil, misalignment of 100 um, N = 1, bottom surface

(b) Smooth anvil, misalignment of 100 um, N = 5, bottom surface

Fig. 4 The flow pattern appearance on the disc bottom surface, while using smooth anvils (R, = 5 um) with an anvil misalignment of 100 pm

fora N=1turn and b N = 5 turns

deviations at the edges of the discs. In Fig. 6 (b), the top
row shows low magnification images of the phase domains
along the disc diameter and the bottom row shows high
magnification images of the areas contained within the red
squares in the upper images. A single swirl is clearly
identified on the disc bottom surface after 5 turns as shown
in the top row image of Fig. 6 (b) but in the right red square
the domains of the austenitic y and ferritic o phases cannot
be identified clearly and this is similar to the single swirl
observed on the disc top surface with the rough anvil after
5 turns as shown in Fig. 5 (b). The high magnification
images in the bottom row of Fig. 6 (b) show the refined
austenitic (y) and the ferritic (o) phases in the right red
square area and local vortices that have developed in the
left red square area.

It is concluded from these observations that a rough
anvil in HPT leads to different flow patterns on the disc top
and bottom surfaces after 1 turn. Thus, the disc top surface
shows double-swirl flow patterns in Fig. 5 (a), whereas the
disc bottom surface displays straight phase domains in
Fig. 6 (a). Figures 5 (b) and 6 (b) demonstrate the occur-
rence of ideal symmetry on the top and bottom surfaces
after 5 turns because these surfaces show the same single
swirl flow pattern.

@ Springer

A comparison of hardness evolution on the top surfaces
with smooth and rough anvils

To compare the influence of smooth and rough anvils on
the mechanical characteristics of the top surfaces, the
hardness distributions were recorded after 1 and 5 turns as
presented in Fig. 7 for (a) 1 and (b) 5 turns.

After 1 turn, the use of smooth anvils introduces dou-
ble-swirl flow patterns on the disc top surface, whereas
rough anvils lead to the appearance of double-swirls with
non-uniform phase domain contrast. As shown in Fig. 7
(a), the hardness values on the top surface using the rough
anvil are larger than with the smooth anvil. Nevertheless,
the hardness distributions from the smooth and rough
anvils display similar variations across the discs with a
minimum hardness in the centre, higher values towards
the edges and with evidence for a saturation condition at
the edge of the disc over an outer ring having a width of
about 2 mm.

After 5 turns, the smooth anvil generates double-swirl
flow patterns on the top surface, whereas the rough anvil
produces the appearance of a single swirl with a non-uni-
form phase domain contrast in the swirl area. In Fig. 7 (b)
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(a) Rough anvil, misalignment of 100 um, N = 1, top surface

(b) Rough anvil, misalignment of 100 um, N = 5, top surface

100um

So_p_m

Fig. 5 The flow pattern appearance on the disc top surface while using rough anvils (R, = 15 pm) with an anvil misalignment of 100 pm for

aN=1turn and b N = 5 turns

the microhardness values after 5 turns are again larger for
the rough anvil. Furthermore, after 5 turns the position of
the minimum hardness is displaced from the disc centre for
the smooth anvil, but it remains essentially in the centre
position for the rough anvil.

A comparison of hardness evolution on the bottom
surfaces with smooth and rough anvils

To compare the influence of smooth and rough anvils on
the mechanical characteristics for the disc bottom surfaces,
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Fig. 6 The flow pattern (a) Rough anvil, misalignment of 100 um, N = 1, bottom surface
appearance on the disc bottom
surface while using rough anvils
(R, = 15 pm) with an anvil
misalignment of 100 pm for
aN=1turnand b N = 5 turns

(b) Rough anvil, misalignment of 100 um, N = 5, bottom surface
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Fig. 7 Hardness distributions on the disc top surface after a 1 and b 5 turns using smooth and rough anvils
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Fig. 8 Hardness distributions on the disc bottom surface after a 1 and b 5 turns using smooth and rough anvils

hardness distributions were recorded on the bottom sur-
faces as shown in Fig. 8 after (a) 1 and (b) 5 turns.

After 1 turn, double-swirl flow patterns are visible on
the bottom surfaces with the smooth anvil, whereas the
phase domains have a straight appearance with the rough
anvil. Due to these different flow patterns, the hardness
distributions for the smooth and rough anvils have different
variations. As shown in Fig. 8 (a), with the smooth anvil
the hardness distribution displays a two-stage behaviour
which includes an initial linear variation between hardness
and distance around the centre of the disc and then a sat-
uration plateau. With rough anvils, the hardness values
increase almost linearly with the disc radius from the centre
to the edge. The linear variations of hardness on the bottom
surface with the rough anvil demonstrate that the shear
strain at the disc bottom is very close to the ideal rigid-
body assumption. Overall, the hardness values at the bot-
tom surface tend to be larger with the smooth anvil than
with the rough anvil.

After 5 turns, smooth anvils produce double-swirl flown
patterns on the disc bottom surface, whereas rough anvils
generate the appearance of a single swirl with a non-uni-
form phase domain contrast. Figure 8 (b) shows the overall
microhardness values at the disc bottom surface using the
rough and smooth anvils. In Fig. 8 (b), both sets of data
have similar values after processing through 5 turns of
rotation, but for the smooth anvil; the minimum hardness
position is again displaced from the centre position while
the minimum hardness remains at the centre for the rough
anvil.

Discussion
Comparing the surface morphology images of the depres-

sions within the smooth and rough anvils in Fig. 2, it is
readily apparent that the smooth anvil has not only a

smaller value of R, but also a smaller area for each pit.
Overall, the smooth anvil surface in Fig. 2 (a) has shallow
pits and a reasonably uniform pit distribution, whereas the
rough anvil surface in Fig. 2 (b) has deeper and larger pits
with a fairly non-uniform distribution. During HPT pro-
cessing, the hydrostatic pressure which is imposed initially
leads to a plastic flow of the sample material into the
micro-asperities on the anvil surfaces within the depres-
sions, and this provides an excellent fit between the sample
and the anvil for subsequent rotational straining. Thus,
shear deformation occurs in the interior of the disc sample.

With the rough anvil, the pit area and pit depth are large
and the pit distribution is non-uniform so that the local
frictional forces change from place to place during the HPT
processing. These variations in the local frictional forces
affect the flow patterns of the deformed materials. With the
smooth anvil, the pit area and pit depth are relatively small
and the pit distribution is reasonably uniform so that the
local frictional force is reasonably uniform from place to
place during the HPT processing. Due to the different
surface roughness characteristics of the smooth and rough
anvils, it is readily apparent that samples processed to the
same numbers of rotations will have different flow patterns
and hardness distributions depending on the precise nature
of the anvil surfaces. Both the flow patterns and the
refinement in width of the austenitic (y) and the ferritic (o)
phases make contributions to the hardness distributions on
the top and bottom surfaces of the disc.

After 1 turn of rotation on the disc top surface, there are
clear double-swirl flow patterns on samples processed with
the smooth anvil, whereas the double-swirls are less easy to
identify on the sample processed using the rough anvil. It is
important to define and make a meaningful distinction
between the terms clear double-swirl flow patterns and
recognisable double-swirl flow patterns. The former have
smooth and well-defined phase domains in low magnifi-
cation images as shown in Fig. 3 (a) whereas the latter have
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many local vortices and locally there is significantly refined
austenitic y and ferritic o phases as shown in Fig. 5 (a). It is
reasonable to assume that variations in the local frictional
forces introduced by the rough anvil contribute to the so-
called recognisable double-swirl flow patterns. Further-
more, although the disc top surface shows a double-swirl
flow pattern after 1 turn when using smooth or rough
anvils, because of the obvious refinement in the widths of
the austenitic y and ferritic o phases with the rough anvil,
as shown in Fig. 7 (a), the sample processed by 1 turn on
the rough anvil has higher hardness values on the disc top
surface than for the smooth anvil.

After 5 turns of rotation on the disc bottom surface,
there are clear double-swirl flow patterns but with a smaller
configuration when using the smooth anvil, whereas there
is a single swirl flow pattern on the sample processed using
the rough anvil. The double-swirl flow pattern has smooth
and well-defined phase domains in the low magnification
image shown in Fig. 4 (b), whereas the single swirl has
local vortices in the swirl centre area and local austenitic y
and ferritic o phases which are significantly refined as
shown in Fig. 6 (b). It is reasonable to assume that the local
friction force variation introduced by the rough anvil leads
to the single swirl flow pattern. With the smooth anvil, the
disc bottom surface has double-swirl flow patterns,
whereas with the rough anvil a single-swirl flow pattern
accompanied by a refinement in the width of the austenitic
() and the ferritic (o) phases appears on the bottom sur-
face. It is assumed the hardness value should be higher
when using a rough anvil than when using a smooth anvil
on the disc bottom surface but, as shown in Fig. 8 (b), the
disc bottom surface of the sample processed by 5 turns with
the rough anvil has similar hardness values as with the
sample processed by the smooth anvil. Thus, the difference
in flow patterns on the disc bottom surface failed to make a
major contribution to the hardness values after 5 turns.

It should be noted that in the as-received stainless steel
the widths of the austenitic (y) and the ferritic (o) phases do
not have a uniform size distribution, as shown in Fig. 1, but
instead the widths vary from ~5 to ~50 pm. When using
smooth anvils, clear double-swirl flow patterns and well-
defined phase domains are present on the top and bottom
surface and there are no significant refinements in the
widths of the austenitic (y) and the ferritic (o) phases.
When using rough anvils, after 1 turn the disc top surface
shows a recognizable double-swirl flow pattern with local
refined austenitic (y) and ferritic (o) phases. After 5 turns,
the disc top and bottom surfaces show single-swirl flow
patterns with local significantly refined austenitic (y) and
ferritic (o) phases. In these local refined phase domain
areas, the measured widths of the austenitic (y) and the
ferritic (o) phases vary between ~1 and ~20 um after 1

@ Springer

and 5 turns, where these values are significantly refined by
comparison with the range from ~5 to ~50 pm for the
austenitic (y) and ferritic (o) phases in the as-received
condition.

Finally, it is important to note that, although the strain
varies significantly across the discs in HPT processing as
documented in Eq. (1), there is a gradual evolution towards
microstructural homogeneity with increasing numbers of
revolutions and this evolution has been reported experi-
mentally [22, 36-42] and predicted theoretically using
strain gradient plasticity modelling [19].

Summary and conclusions

[11 Experiments were undertaken using a super duplex
stainless steel to evaluate the influence of anvil
surface roughness on the flow patterns and hardness
evolution on the disc top and bottom surfaces using a
fixed anvil misalignment of 100 um during HPT
processing. The experiments were conducted using
smooth and rough anvils with roughness values of
R, =5 pm and R, = 15 pm, respectively.

[2] The results show that the same double-swirl flow
patterns develop on the disc top and bottom surfaces
when using a smooth anvil and the double-swirl
configuration decreases with increasing numbers of
rotations. When using a rough anvil, the disc top and
bottom surfaces have the same single swirl flow
patterns for 5 turns, whereas for 1 turn the disc top
surface has a recognisable double-swirl flow pattern
and the disc bottom surface has straight phase
domains.

[31 While using rough anvils, there are two common
features in the disc surface flow patterns. First, there
are non-uniform phase domains with some areas
having significantly refined austenitic y and ferritic o
phases. Second, there are some areas having local
vortices. These features are attributed to variations in
the local frictional forces which cause unstable flow
and non-uniform structural refinement.

[4] Due to the local refinement of the austenitic y and
ferritic o phases when using the rough anvil, the disc
top surface has larger hardness values than when
using a smooth anvil. By contrast, there are no
significant hardness differences at the bottom surface
when using rough and smooth anvils.
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