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Abstract Optical microscopy was used to examine the

shear strain imposed in duplex stainless steel disks during

processing by high-pressure torsion (HPT). The results

show a double-swirl pattern emerges in the early stages

of HPT and the two centres of the swirl move towards

the centre of the disk with increasing revolutions. Local

shear vortices also develop with increasing numbers of

revolutions. At 20 revolutions, there is a uniform shear

strain pattern throughout the disk and no local shear

vortices.

Introduction

Processing through the application of severe plastic

deformation (SPD) is now widely used for the production

of bulk ultrafine-grained (\1 lm) and nanocrystalline

(\100 nm) materials [1–3] having superior mechanical

properties including a combination of high strength and

good ductility at ambient temperature [4, 5] and a super-

plastic forming capability at elevated temperatures [6]. The

processing of metals by torsionally straining under a

compressive force was first proposed more than 60 years

ago in the classic work of Bridgman [7] but now, amongst

all SPD techniques, high-pressure torsion (HPT) is

attracting considerable attention because it is exceptionally

effective in producing grain refinement in bulk solids [1, 3,

8–10].

The samples processed by HPT are normally in the

shape of disks. For the ideal rigid-body situation, the shear

strain, c, imposed on a disk by HPT, which plays a key role

in grain refinement, may be calculated using the equation

c ¼ 2pNr=h, where N denotes the number of revolutions, r

is the distance from the centre of the disk and h is the disk

thickness. The following conclusions may be drawn from

this relationship: (1) the shear strain direction at any

position in the disk is perpendicular to the radial direction

at that position, (2) the shear strain, and therefore the

measured hardness, should be the same at all points having

the same radial value and (3) the shear strain at the centre

of the disk is zero. However, there are numerous reported

deviations from this simple interpretation [11–15] and

there are proposed mechanisms to explain these deviations.

For example, observations of an undulating microhardness

evolution led to the proposal that deformation develops in a

repetitive manner throughout the outer ring of the disk and

thereafter the shearing spreads inwards towards the centre
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[11]. A detailed analytical model was developed to explain

the formation of a uniform microstructure in HPT disks

after processing through large numbers of revolutions [16].

Despite these advances, there has been no attempt to date

to make use of optical microscopy to critically assess the

deformation characteristics imposed by HPT. The present

investigation uses optical microscopy and demonstrates

there are significant local deviations in the imposed shear

strains from those anticipated using an ideal rigid-body

analysis.

Since most of the earlier investigations of HPT were

conducted using single-phase materials [17–19] or multi-

phase alloys with only a small amount of second phase [20,

21], it was difficult to clearly visualize the shear strain

imposed during HPT. By choosing a duplex stainless steel

in the present investigation, in which roughly the same

volume fraction of austenite (c phase) and ferrite (a phase)

coexist, it was possible to visualize the shear strain directly

from the optical images. In practice, these c and a phases

appear in the optical images as white and black areas or

domains, respectively [22]. An example of a typical optical

image of the as-received duplex stainless steel used in this

investigation is shown in Fig. 1, in which grains of both the

c phase and the a phase are elongated with very large

aspect ratios along the rolling direction of the as-received

material and the widths of the two phases vary approxi-

mately from 20 to 100 lm.

Experimental

Disks with a thickness of 0.79 mm and a diameter of

9.8 mm were processed using quasi-constrained HPT [3]

under applied pressures of 6.0 GPa through 2, 3 and

5 revolutions or 4.0 GPa through 20 revolutions,

respectively. The thickness was reduced to about 0.77 mm

after HPT. The rotation speed was set at one revolution per

minute. X-ray diffraction of the HPT disks detected no

phase transformations. Samples were prepared for optical

microscopy investigation by polishing the bottom surfaces

of the disks using 6 and 1 lm diamond lapping films and

then chemically etching using a solution of 45% water,

30% nitric acid, 10% hydrofluoric acid and 15% hydro-

chloric acid. This polishing and etching process removed a

surface layer *70 lm in thickness. The optical imaging

was performed using an Olympus BX60 motorized optical

microscope. A Philips CM12 transmission electron

microscope (TEM) operating at 120 kV was employed to

examine the HPT structures. A TEM specimen was pre-

pared by cutting a 3 mm diameter disk from near the edge

of an HPT disk, grinding to *100 lm thickness and then

electro-polishing at room temperature using a Struers

Tenupol 5 jet thinner and a solution of 23% perchloric acid

and 77% acetic acid under a 20 V working voltage.

Results

Figure 2a shows an optical image of the 2-revolution HPT

disk. An irregular macroscopic shear strain is clearly seen

along the coarse lighter track which is marked with four

white arrows at the two ends and at two sharp turning

points, respectively. At this stage of the deformation, only

a small amount of shear strain has been imposed at the

central part of the disk marked B in Fig. 2a, where this area

is shown in a magnified image in Fig. 2b. It is interesting to

note that the shear strain direction in the area marked C in

Fig. 2a lies roughly parallel to the radial direction of the

region, as is also evident in the magnified image of the

same area shown in Fig. 2c.

The strong deviation of shear strain from the ideal rigid-

body situation in the 2-revolution HPT disk is attributed to

deviations of the directions of local frictional forces from

the ideal situation where these forces should lie perpen-

dicular to the radial direction at every point. Possible

explanations for these deviations include (1) a slippage

between the disk and the HPT anvils during the HPT

process where this is known to become increasingly sig-

nificant for hard materials such as the duplex stainless steel

[23], (2) variations in the local thickness of the disk from

point to point across the diameter and (3) local variations in

surface roughness between the disk and the HPT anvils.

With an increase in the number of revolutions, the

influence of variations in thickness and surface roughness

is reduced and the effect of any slippage becomes negli-

gible [23]. Therefore, it is reasonable to anticipate that the

shear strain imposed by HPT will gradually approach the

ideal situation with increasing HPT revolutions. This is the

Fig. 1 A typical optical image of the as-received duplex stainless

steel. The c and a phases are indicated in the image
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case for the 5-revolution disk as shown by the optical

image in Fig. 3a. In this sample there is a clear circular

macroscopic shear strain with the centre of the circle cor-

responding with the centre of the disk and the radius of the

circle having a value of about 2/3 of the disk radius: this

circle is marked with a white arrow. The circular macro-

scopic shear strain demonstrates that the strain imposed by

HPT is much closer to the ideal state in the 5-revolution

disk than in the 2-revolution disk. However, careful anal-

ysis revealed the presence of a unique double-swirl pattern

of shear strain in the central region of the disk at B as

revealed clearly by the higher magnification image in

Fig. 3b. Measurements showed the distance between the

two centres of the double-swirl was *1 mm and the centre

of the double-swirl, which was located by determining the

mid-point of a straight line connecting the two centres of

the individual swirls, coincided with the centre of the HPT

disk within experimental accuracy. It is important to note

that the alternating black and white domains at the disk

centre in Fig. 3b are severely elongated and thereby con-

firm the imposition of large shear strains within the vicinity

of the centre of the 5-revolution disk.

Another significant feature of shear strain in the 5-rev-

olution disk is the presence of small local shear vortices

that are visible at many places throughout the disk. An

example is present at the point labelled C in Fig. 3a and

shown in an enlarged image in Fig. 3c. A careful exami-

nation of many vortices suggests these vortex areas

incorporate larger shear strain than their surrounding areas

as indicated by the thinner black and white domain areas.

The formation of local shear vortices may be related to

hardness variations due to local differences in the grain

size. During the plastic deformation of the duplex steel,

shear instabilities could also develop and contribute to the

observed inhomogeneous deformation pattern. Since these

local vortices are not present in the initial stages of HPT

deformation as in Fig. 2, variations in the macroscopic disk

thickness and surface roughness cannot account for their

formation. A local vortex structure was also reported in

Fig. 2 a An optical image of the 2-revolution HPT disk: four white
arrows indicate the two ends and two sharp turning points of an

irregular macroscopic shear strain track. b A magnified image of the

central area marked B in a. c A magnified image of the area marked C

in a

Fig. 3 a An optical image of the 5-revolution HPT disk: a white
arrow indicates a circular macroscopic shear strain track. b A

magnified image of the central area marked B in a. c A magnified

image of the area marked C in a
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pearlite processed by HPT where ferrite and cementite

phases coexist [24], thereby suggesting that this may be a

common feature at least in two-phase materials, where

there are comparable volume fractions of each phase,

processed by HPT.

A comparison of the shear strain patterns of the 2-, 3-

and 5-revolution HPT disks indicated that the 3-revolution

HPT disk was intermediate in structure between the 2- and

5-revolution disks. Thus, the shear strain in the 3-revolu-

tion HPT disk was less irregular than in the 2-revolution

HPT disk although there was some evidence for a shear

strain direction parallel to the local radial direction. Fur-

thermore, the double-swirl shearing pattern started to form

and two local shear vortices were visible with sizes larger

than in the 5-revolution disk. However, the double-swirl

pattern was not as clear as in the 5-revolution disk.

Experiments showed further increases in the number of

revolutions produced a more uniform structure throughout

the disks and eliminated the local vortices. An example is

given in Fig. 3 for the HPT disk taken through 20 revo-

lutions. For this sample, the double-swirl pattern is again

evident, the centre of the double-swirl coincides with the

centre of the disk but the distance between the two centres

of the double-swirl is reduced to *150 lm. Most of the

shear strain directions throughout the disk now lie parallel

to the circumference of the disk and this is consistent with

the ideal rigid-body interpretation of strain. It follows,

therefore, that at relatively large numbers of revolutions the

situation approximates to the ideal such that the local

deviations in shear strain no longer exist.

It is important to note that, except for the case of the as-

received sample, each white or black domain visible in

Figs. 2, 3 and 4 corresponds to a region of multiple grains.

Thus, nanocrystalline grains were clearly visible in the

white/black domain areas in the disk taken through 20

revolutions. An example is shown in the TEM image in

Fig. 5a where the electron diffraction patterns obtained

from white and black areas are separately indexed and

shown in Fig. 5b, c, respectively. The indices of the elec-

tron diffraction patterns confirm that the white and black

domains are composed mainly of the body-centred cubic a
phase and the face-centred cubic c phase, respectively. This

result is consistent with the X-ray diffraction analysis

showing an absence of any strain-induced phase

transformations.

Discussion

The swirling shear strain patterns observed in this study are

not unique to duplex stainless steel. Careful inspection

reveals that swirling shear strains were observed in other

materials processed by HPT including pure Al [25, 26] but

that the shear strains in single-phase materials are less

apparent than in duplex stainless steel. It is reasonable to

conclude that the poor contrast of the swirling shear strain
Fig. 4 An optical image of the central area of the 20-revolution HPT

disk

Fig. 5 a A TEM image of alternating black and white domains in a

sample processed through 20 HPT revolutions. b An indexed electron

diffraction pattern of a white domain, and c an indexed electron

diffraction pattern of a black domain indicating they are mainly the

body-centred cubic a phase and the face-centred cubic c phase,

respectively: note that the white and black domains in TEM are

opposite to those in an optical image
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in pure metals and other materials has led to a general

ignorance of this phenomenon.

The occurrence of swirling is a well-known and

common phenomenon in nature. It is seen in galaxy

patterns [27, 28], in fluid dynamic patterns such as the

vortices formed behind a rotating propeller [29] and in

equivorticity lines under certain circumstances [30].

Recent computer simulations of plasma turbulence have

revealed double-swirl patterns and their evolution that are

surprisingly similar to those reported here in the central

region of HPT duplex stainless steel disks [http://www.

princeton.edu/artofscience/2009/one.php%3Fid=1058.html].

Nevertheless, the swirling of shear strain in HPT materials

was an unexpected phenomenon and further investigations

are now needed to provide a mechanism that accurately

predicts the formation of this swirling in materials imposed

by HPT.

Vortex microstructures similar to those seen in this

investigation were also observed in the weld zone of fric-

tion stir welded copper and aluminium [31–33] and in the

shear band patterns in metals deformed at high strain rates

[34]. The creation of local vortices in the friction stir weld

zone was explained as a result of the difference in local

shear stain rates and strain directions introduced by the

rotating pin. Vortex shear band patterns formed within

metals deformed at high rates appear to be related to the

instability of laminar flow of the material within the shear

band which resembles that of a viscous fluid confined

between two rigid plates moving parallel to each other

[34].

Local vortices can occur in continuous fluids with

velocity variations or in two fluids with sufficient velocity

difference across the interface of the fluids. This phe-

nomenon is called Kelvin–Helmholtz instability [35, 36]. A

similar shear velocity difference may also occur locally in

the HPT process of the duplex stainless steel because of the

local structural difference, indicating that the development

of local vortices could be correlated to the Kelvin–Helm-

holtz instability in fluids.

The simple shear strain equation of c ¼ 2pNr=h was

developed mathematically for a rigid-body situation but it

is now apparent that local microstructural effects lead to

variations from point-to-point within any bulk polycrys-

talline solid and this introduces deviations from the theo-

retical relationship which are not easily included in a

mathematical model.

Conclusions

1. The shear strain in two-phase duplex stainless steel

disks processed by HPT was successfully examined

using optical microscopy. The results show that the

shear strain deviates from the ideal rigid-body model

in the initial stages of HPT but that this deviation

gradually disappears with increasing numbers of HPT

revolutions.

2. Two phenomena occur with increasing revolutions.

First, a double-swirl shear strain pattern emerges

where the two centres of the double-swirl attract each

other and move towards the centre of the HPT disk.

Second, there are local shear strain vortices that

become apparent at low numbers of revolutions but

ultimately are lost after large numbers of turns. The

observed shear strain evolution provides new insight

into the straining processing and should be incorpo-

rated into any detailed model of grain refinement in

HPT processing.
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