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a  b  s  t  r  a  c  t

Stainless steel was selected to study the flow patterns developed with anvil misalignments

of  100, 200 and 300 �m on the disc lower surfaces during processing by high-pressure torsion

(HPT)  through totals of up to 16 turns. A pair of anvils having a roughness of Ra ≈ 15 �m was

utilized  to investigate the flow pattern development. Discs subjected to only compression

in  HPT exhibit similar characteristics to the as-received material in the phase domains

and  there were no overall curvatures of the austenitic (�) and ferritic (�) phases. Double-

swirl  flow patterns were not observed in the 1 turn sample but they appeared on the disc

lower  surfaces after 5 and 16 turns with all three-anvil alignment conditions. There was no

significant  difference in the double-swirl configuration size for the 5 and 16 turns samples

with  different amounts of anvil misalignments. These results have important implications

for  processing metals by HPT.

© 2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier

Editora  Ltda. 

1.  Introduction

High-pressure torsion (HPT) is now recognized as the most
effective  severe plastic deformation (SPD) technique for
producing  ultrafine-grained and nanocrystalline metallic
materials having superior mechanical properties including
high  strength [1–3]. During HPT processing, a disc is placed
between two anvils and a torsional strain is imposed on the
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disc by applying a very high pressure (normally several GPa)
to  the upper anvil and simultaneously rotating the lower
anvil.  The shear strain imposed on the disc is estimated by
the  following equation based on the conventional rigid-body
analysis [4]:

� = 2�Nr

h
(1)

http://dx.doi.org/10.1016/j.jmrt.2014.06.005
2238-7854/© 2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier Editora Ltda. 

Este é um artigo Open Access sob a licença de CC BY-NC-ND

Este é um artigo Open Access sob a licença de CC BY-NC-ND

dx.doi.org/10.1016/j.jmrt.2014.06.005
http://www.sciencedirect.com/science/journal/00000000
http://www.jmrt.com.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2014.06.005&domain=pdf
mailto:y.huang@soton.ac.uk
dx.doi.org/10.1016/j.jmrt.2014.06.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


304  j m a t e r r e s t e c h n o l . 2 0 1 4;3(4):303–310

where r and h are the radius and height (or thickness) of
the  disc, respectively, and N is the number of revolutions.
Based on the rigid-body assumption in Eq. (1), it is reason-
able  to anticipate that the strain is inhomogeneous in HPT
and  varies linearly from zero strain at the disc centre to a
maximum  at the outer edge of the disc. However, there is an
additional  strain on the HPT disc due to the applied compres-
sive  stress introduced in HPT processing and this compression
stress  is not considered in Eq. (1). This means that the real
shear  strain distribution during HPT processing is not well
described.

Experiments show that a fully homogeneous microstruc-
ture and mechanical properties may  be achieved in many
materials  after HPT processing [5–11]. The evolution towards
microstructural homogeneity in HPT has been explained suc-
cessfully  by making use of strain gradient plasticity modelling
[12].  Attempts have been made to understand the shear pro-
cess  and shear strain distribution during HPT processing
through microstructural observations on a duplex stainless
steel  [13–15] and a two-phase Cu-Ag alloy [16]. Evidence of
unusual  flow patterns, including the occurrence of double-
swirls  and local vortices, provide a clear demonstration that
flow  within the disc is not always consistent with the antic-
ipated  rigid-body analysis. A possible explanation for these
effects  may  lie in an initial misalignment of the anvils in the
HPT  facility prior to conducting the HPT processing [17,18].
However,  no specific information on the initial anvil align-
ment  was  available in these earlier reports and no checks
were  undertaken to determine whether the anvils were in full
alignment [13–16].

Later,  the flow pattern development on the disc upper sur-
faces  was  studied systematically while using smooth anvils
(with  roughness of Ra ≈ 5 �m)  under different amounts of
anvil  misalignment (specifically, 100 and 200 �m misalign-
ment) [19–22]. It was  found that double-swirls develop on the
disc  upper surfaces when processing by HPT with a controlled
amount  of misalignment of either 100 or 200 �m in the anvil
positions  but there were  no double-swirls when processing
with  essentially perfect alignment. Measurements showed the
separations  between the centres of the double-swirls both
increased  with increasing anvil misalignment and decreased
with  increasing numbers of turns [19]. Furthermore, if the
straining  was  continued to a sufficiently large number of turns,
as  with 16 turns for an anvil misalignment of 100 �m,  the
double-swirl pattern disappeared [19,22].

Recently there was  the first report on the effect of the
initial  anvil roughness on the flow patterns [23]. By com-
paring  the flow patterns developed on the disc upper and
lower  surfaces using both rough and smooth anvils with
a  fixed anvil misalignment of 100 �m,  it was shown that
there  were  some differences in the flow patterns, which
were  dependent upon the initial surface roughness. However,
there  was  no systematic investigation of the flow pattern
development while using the rough anvils under differ-
ent  amounts of anvil misalignment. Therefore, the present
research  was  undertaken in order to study the flow patterns
generated on the disc lower surfaces when using rough anvils
with  a series of initial anvil misalignments of 100, 200 and
300  �m.

2.  Experimental  material  and  procedures

A commercial F53 super duplex stainless steel was  obtained
from  Castle Metals UK Ltd. (Blackburn, Lancashire, UK)
with  a chemical composition consisting of C < 0.030, Si < 0.80,
Mn  < 1.20, P < 0.035, S < 0.020, Ni 6.0–8.0, Cr 24.0–26.0, Mo
3.0–5.0 and N 0.24–0.32 (wt.%). Fig. 1 shows the as-received
microstructure which consists of essentially equal propor-
tions,  and similar volume fractions, of the lighter-contrast
austenitic (�) and the darker-contrast ferritic (�) phases. The
widths  of these two phases varied between ∼5 and ∼50 �m.
Since  the two phases exhibit good contrast, this material pro-
vides  an excellent opportunity to reveal the flow patterns that
are  introduced during processing by HPT.

The as-received material was  in the form of a rolled
plate having a thickness of 3 mm.  Disks having diameters
of  ∼9.8 mm and thicknesses of ∼1.2 mm were  cut from the
plate  and then ground carefully to give a uniform thick-
ness  of ∼0.82 mm.  Processing by HPT was  conducted at
room  temperature under quasi-constrained conditions in
which  a small amount of material flows outwards around
the  periphery during the processing operation [24,25]. Dur-
ing  HPT processing, the upper anvil is in a fixed position
and the lower anvil rotates in a single direction. Any par-
allel  shift between the axis of the upper anvil and the
axis  of the lower anvil is designated as a measure of the
anvil  misalignment between the upper and lower anvils. The
present  experiments were conducted by making changes in
the anvil alignment prior to HPT processing. Three different
anvil  alignment conditions were utilized in these experi-
ments  by making a deliberate parallel shifting of the upper
anvil:  the anvil misalignments were (1) about 100 �m,  (2)
about  200 �m and (3) about 300 �m.  Normally the anvil align-
ment  would fall within <100 �m when processing materials
in  a conventional manner. Therefore, an anvil misalign-
ment of ∼300 �m is rather large and is almost visible by
eye  observations. Nevertheless, an anvil misalignment of
300  �m was  included in order to have systematic observations
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Fig. 1 – Microstructure of the as-received duplex stainless
steel.
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