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Abstract A duplex stainless steel was processed by high-

pressure torsion (HPT) and then examined by optical

microscopy. The results reveal unusual flow patterns

including double-swirl strains, shear vortices, and the

presence of significant local turbulence. Similar flow

behavior was also visible in disks of high-purity aluminum

and a Zn–22%Al eutectoid alloy. These complex flow

patterns and the presence of double-swirls are consistent

with the presence of a Kelvin–Helmholtz instability during

HPT processing where this may arise if there are local

shear velocity gradients between adjacent positions within

the HPT disks.

Introduction

The processing of metals through the application of severe

plastic deformation (SPD) has attracted much attention

over the last decade because of the potential for achieving

exceptional grain refinement to the submicrometer or even

the nanometer level [1]. Several SPD processing tech-

niques are now available, but most attention has centered

on the procedures of equal-channel angular pressing

(ECAP) [2] and high-pressure torsion (HPT) [3]. Experi-

ments show that processing by HPT is especially effective

by comparison with ECAP because it leads to smaller

average grain sizes and a higher fraction of boundaries

having high angles of misorientation [4, 5].

When metals are processed in HPT, there are three

possible procedures as illustrated in Fig. 1 [3]. All three

procedures are based on using a sample in the form of a

thin disk and placing the sample between massive anvils,

applying a pressure and then torsionally straining by

rotating the lower anvil. Figure 1a depicts unconstrained

HPT where the sample experiences only a minor back-

pressure due to frictional forces so that it is free to flow

outwards under the applied pressure. Figure 1b depicts

constrained HPT where the sample fits into a cavity in the

lower anvil and, because of the high back-pressure, there is

no outward flow during torsional straining. Figure 1c

depicts quasi-constrained HPT where the sample is con-

fined within and between the two anvils but with the

occurrence of some limited outward flow during process-

ing. Early experiments were often conducted using

unconstrained or constrained HPT, but more recently most

experiments are conducted using quasi-constrained HPT

[3].

An important requirement in processing by HPT

is to estimate the strain imposed on the sample. Using a
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rigid-body analysis, and neglecting the relatively minor

strain incurred in the sample from the applied pressure, the

equivalent von Mises strain, eeq, imposed on the disk in

torsional straining is given by [6–8]

eeq ¼
2pNr

h
ffiffiffi

3
p ð1Þ

where N is the number of revolutions, r is the distance from

the center of the disk, and h is the disk height (or thick-

ness). Several basic conclusions arise from this simple

rigid-body analysis. First, for any disk the imposed shear

strain, and therefore the measured hardness, is dependent

only upon the radial distance from the center of the disk.

Second, the direction of shear straining at any position

within the disk is perpendicular to the radial direction at

that point. Third, the shear strain at the center of the disk is

zero.

Although these calculations suggest the occurrence of

high hardness and significant grain refinement around the

edges of disks processed by HPT with low hardness and

little or no grain refinement in the center, early experiments

revealed a microstructural evolution with increasing strain

so that the structure gradually became reasonably homo-

geneous [9]. This evolution was explained in terms of a

model in which the internal deformation within the disk

develops in an undulating manner in the outer ring of

the disk and then spreads inwards to the center [10].

The development of homogeneous structures in HPT was

later further developed using strain gradient plasticity

and incorporating a microstructure-related constitutive

description of the material behavior [11]. This evolution

with strain is not consistent with the conventional rigid-

body analysis inherent in the derivation of Eq. 1, and it

demonstrates instead that the flow characteristics in HPT

processing are more complex and interrelated than may be

accommodated within a simple mathematical analysis.

The contradictions with conventional analyses were

further confirmed in very recent observations of unusual

shearing patterns that are visible on a macroscopic scale on

disks processed by HPT [12]. Accordingly, the objective of

this article is to examine these recent observations and to

describe additional results that confirm the presence of

unusual flow behavior when processing by HPT

Experimental materials and procedures

The results in this report are based on experiments

described earlier and conducted using a duplex stainless

steel [12], the Zn–22%Al eutectoid alloy [13], and high-

purity (99.99%) aluminum [14]: the steel was a commercial

DP3W super duplex stainless steel containing, in wt%,

C 0.017, Si 0.3, Mn 0.5, P 0.015, S 0.001, Ni 7.0, Cr 25,

Mo 3.3, W 2.0, and N 0.28. Full details of the materials and

the various processing conditions were given earlier,

and therefore, it is necessary to provide only limited

information.

All materials were prepared in the form of thin

disks having diameters of *10 mm and thicknesses of

*0.8 mm. They were all processed under quasi-con-

strained HPT conditions as illustrated in Fig. 1c using

different applied pressures, rotation speeds of either 1 or

1/4 rpm, and torsional straining from 1 to 16 revolutions.

Following HPT, all disks were mechanically polished and

etched for optical examination. Using X-ray diffraction, no

phase transformations were detected in the stainless steel

after HPT. Furthermore, the absence of any phase trans-

formation was also evident in the earlier report using

transmission electron microscopy [12].

Experimental results

Stainless steel

Figure 2 shows the microstructure within the as-received

material. There are lighter-contrast austenitic (c) phase

islands aligned essentially in the same direction and lying

within a darker-contrast ferritic (a) phase matrix. These

two phases have similar volume fractions and exhibit good

contrast so that they provide a good capability for revealing

the shear strains imposed in HPT.

Fig. 1 Schematic illustration of

HPT for a unconstrained,

b constrained, and c quasi-

constrained conditions [3]
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A representative disk is shown in Fig. 3 after expe-

riencing 5 revolutions under an applied pressure of 6.0

GPa at a speed of 1 rpm [12]. The white arrow delin-

eates a well-defined ring that is accurately positioned on

the center of the disk at A. This ring corresponds closely

to the anticipated behavior under a rigid-body situation

such that the strain is dependent upon the radial distance

from the center of the disk and the direction of straining

is perpendicular to the radial direction. The points

labeled B to E are examined in detail in the following

paragraphs.

Figure 4 shows the flow pattern in the vicinity of the

center of the disk at A [12]. This micrograph contains a

unique double-swirl pattern where the two open points

correspond to the centers of the two swirls and the closed

point is located at the center of the disk. It is apparent that

the microstructure between the two swirls in the vicinity of

the center of the disk is extended in a direction consistent

with the swirling pattern, thereby confirming that the shear

strain is nonzero at the center. This illustration provides

unambiguous evidence for a deviation from the rigid-body

analysis when processing by HPT. Furthermore, it is

important to note this deviation is present despite the well-

defined ring shown by the white arrow in Fig. 3 which

appears to be consistent with the conventional analysis.

Detailed observations showed these double-swirl patterns

were present in all disks processed for at least 3 revolutions

when using an applied pressure of 6.0 GPa. Furthermore, it

was found that the measured distance between the centers

of the two swirls, given by the length of the line in Fig. 4,

decreased with increasing numbers of revolutions.

The optical micrograph in Fig. 5 was taken at the point

labeled B in Fig. 3, and it corresponds essentially to one of

the two tails of the double-swirl pattern: the white arrow

indicates the radial direction from the center to the cir-

cumference. Within this tail, it is apparent that the shear

strain direction lies approximately parallel to the radial

direction. Furthermore, both tails of the double-swirl

appeared reasonably symmetric with respect to the center

of the disk.

Fig. 2 A typical microstructure of the as-received duplex stainless

steel; the lighter-contrast austenitic (c) phase islands are merged

within the darker-contrast ferritic (a) phase matrix

Fig. 3 Optical micrograph of a disk of the stainless steel processed

for 5 revolutions using a pressure of 6.0 GPa: the white arrow
indicates a ring of strain positioned on the center of the disk at A and

the points labeled B to E are examined in detail in the following

figures [12]

Fig. 4 An optical micrograph at the center A of the disk shown in

Fig. 3: a unique double-swirl pattern is observed where the two white
circles correspond to the two centers of the double-swirls and the

solid circle corresponds to the center of the disk
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Figure 6 shows a magnified view at position C in Fig. 3

where there is significant turbulence with well-defined

local shear vortices containing phase domains. These

domains are extended more severely and indicate the

presence of higher shear strains in the vicinity of each

vortex. It was found that these shear vortices are relatively

common in duplex stainless steel disks processed through

low numbers of revolutions but they gradually disappear as

the number of revolutions increases.

Closer to the edge of the disk, Fig. 7 shows optical

micrographs recorded from Fig. 3 where Fig. 7a corre-

sponds to point D and Fig. 7b corresponds to point E.

In Fig. 7a the flow lines are regular, equally spaced, and

reasonably parallel to the circumference of the disk,

thereby demonstrating near-perfect shear straining within

this region. By contrast, in Fig. 7b there is gross turbulence

and the flow patterns are irregular and delineate many local

vortices. Although the overall impression in Fig. 7b is that

the shear strains are approximately parallel to the disk

circumference, on a local level there is much shear turbu-

lence and highly irregular flow patterns. It is important to

note that positions D and E in Fig. 7a and b have essen-

tially the same radial distance of *3.5 mm from the center

of the disk. These observations show, therefore, that pro-

cessing by 5 revolutions is not sufficient in this material to

achieve the same level of straining at all positions in the

disk having the same radial values.

An earlier report showed a regular double-swirl about

the center of a disk processed through 20 revolutions of

HPT under a pressure of 4.0 GPa [12], and a similar

Fig. 5 Optical micrograph of the tail of a double-swirl at the position

labeled B in Fig. 3: the white arrow indicates the radial direction from

the center to the circumference

Fig. 6 Optical micrograph showing local shear vortices at the

position labeled C in Fig. 3

Fig. 7 Optical micrographs showing the microstructures close to the

edge of the disk in Fig. 3: a shows a regular strain morphology at the

position labeled D and b shows local turbulence at the position

labeled E
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illustration is shown in Fig. 8 for a sample processed

through 16 revolutions with a pressure of 8.0 GPa and a

speed of 1 rpm. Under these conditions of a high applied

pressure and a large number of revolutions, the double-

swirl has essentially evolved into a single swirl which is

now positioned on the center of the disk. There is now very

little evidence for the swirl tails although they were clearly

visible in Fig. 5 after 5 revolutions at 6.0 GPa. Further-

more, the local shear vortices evident after 5 revolutions in

Figs. 6 and 7b are now absent and the direction of the

imposed shear strain is consistent with the anticipated

behavior from the rigid-body analysis. The absence of

shear vortices shows there are no longer any significant

local variations in the shear strains. This is consistent with

hardness measurements on a number of materials which

show that at high pressure and large numbers of revolutions

there is an essentially homogeneous structure [15–18].

Zn–22%Al eutectoid alloy

The duplex stainless steel described in the preceding sec-

tion is an excellent material for these observations because

of the presence of two discrete and well-defined phases

having approximately equal fractions. However, there is

evidence also for comparable flow patterns in the

Zn–22%Al eutectoid alloy where the binary microstructure

contains an Al-rich (a) phase and a Zn-rich (b) phase and

the two phases appear in the photomicrographs as black

and white areas, respectively. The initial microstructure in

this alloy contained both equiaxed regions with an average

grain size of *1.4 lm and a lamellar structure consisting

of thin layers of alternating a and b phases having average

thicknesses of *100 nm.

Figure 9 shows the microstructures observed at (a) the

edge and (b) the center of a disk processed by HPT through 1

revolution at a pressure of 3.0 GPa using the reduced speed

of 1/4 rpm [13]. Measurements showed that the grains were

refined by HPT to an average size of *450 nm near the

edge of the disk and, in addition, the grains were no longer

distributed homogeneously but rather they lay in agglom-

erates which delineated the flow of torsional straining

around the periphery of the disk. The development of

agglomerates in processing by HPT was also noted in very

early experiments on this alloy [19]. Thus, as with the

duplex stainless steel, the microstructure is again aligned

along the direction of shear at the outer edge of the disk. By

contrast, at the center of the disk there were regions of both

equiaxed grains with an average size of *500 nm and a

lamellar structure with average layer widths of *100 nm.

The reduction in grain size from *1.4 lm to *500 nm in

the central region again confirms that the shear strain in the

center of the disk is nonzero. It was determined by careful

analysis that the alignment of the Zn and Al agglomerates

with the torsional flow lines was restricted to a width

of \ 1 mm from the edge of the disk.

Figure 10 shows the variation in the microstructure at

the edge (on the left) and at the center (on the right) of

Fig. 8 Optical micrograph of the center of a disk processed for 16

revolutions using a pressure of 8.0 GPa

Fig. 9 Micrographs taken on

the Zn–22%Al eutectoid alloy

disk processed by HPT for 1

turn at a pressure of 3.0 GPa

using a speed of 1/4 rpm: a near

the edge of the disk and b near

the center of the disk [13]
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disks processed with an applied pressure of 6.0 GPa using a

speed of 1 rpm through 1 turn (upper row), 2 turns (middle

row), and 4 turns (lower row), respectively. These photo-

micrographs demonstrate an evolution in structure with

increasing number of turns in HPT such that the evidence

for banding and alignment near the edge of the disk

essentially disappears after 4 turns in Fig. 10e. Measure-

ments showed the grain sizes near the edges were reduced

to *350 nm after 2 and 4 turns whereas in the center of the

disk taken through 4 revolutions the equiaxed grain size

was *700 nm and the average lamellar width was

*200 nm.

High-purity aluminum

The high-purity aluminum had an initial grain size of

*1 mm, and it was processed by HPT under both mono-

tonic and cyclic conditions using an applied pressure of

6.0 GPa and a speed of 1 rpm. For the cyclic tests, the

direction of torsional straining was changed within \2 s.

Figure 11 shows an optical micrograph after HPT

through 1 revolution where the central region of the disk in

Fig. 11a is presented in a magnified form in the lower

image in Fig. 11b [14]. Careful inspection shows that,

again as in the duplex stainless steel, the microstructure

Fig. 10 Representative

micrographs of the Zn–22%Al

eutectoid alloy taken after

different processing conditions

where the left column
corresponds to microstructures

taken at positions near the edges

of the disks and the right
column shows regions near the

centers [13]
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tends to be extended in the direction of straining near

the edge of the disk and in the center there is evidence for the

development of a swirl pattern. Although the pattern in the

disk center is less clearly resolved in the high-purity alumi-

num because of the absence of a two-phase structure, the

results nevertheless suggest that the development of swirls is a

characteristic feature of materials processed by HPT.

Finally, Fig. 12 demonstrates the use of cyclic testing

where the direction of torsional straining was reversed and

there was 1 turn in the forward (A) direction and 1 turn in

the backward (B) direction. The two images again show the

whole disk in Fig. 12a and the central region in Fig. 12b

but for this cyclic condition there is no clear evidence for

the development of a swirl. This suggests that a reversal in

the straining direction may tend to cancel any swirling that

is initially introduced when processing in the forward

direction.

Discussion

Observations on disks of a duplex stainless steel processed

by HPT through at least three revolutions have revealed

unusual shearing patterns in the form of double-swirls,

formed around the center of each disk, with the presence of

Fig. 11 a Optical micrograph showing the polished and etched

surface of a pure aluminum disk processed by HPT for 1 turn using a

pressure of 6.0 GPa and b the magnified appearance of the central

region of the disk [14]

Fig. 12 a Optical micrograph showing the polished and etched

surface of a pure aluminum disk processed by HPT through one

forward turn (1A) and one reverse turn (1B) using a pressure of

6.0 GPa and b the magnified appearance of the central region of the

disk [14]

J Mater Sci (2010) 45:4545–4553 4551

123



much turbulence and many local shear vortices. These

patterns are not due to slippage of the disk within the HPT

facility because care was exercised to ensure there was no

slippage during the processing [20] and, in addition,

slippage will not produce symmetrical patterns as in the

double-swirls. These unusual results are also matched by

observations on high-purity aluminum and a Zn–22%Al

eutectoid alloy. The generality of these observations sug-

gests that the formation of a complex shear patterning is a

characteristic feature of the processing of disks by HPT.

Although these effects were not incorporated directly into

the strain gradient plasticity modeling developed recently

to explain the gradual evolution of homogeneity in disks

processed by HPT [11], the effect is included indirectly

through the reaction stresses that are incorporated in the

model to account for the plastic strain incompatibilities

between adjacent grains.

It is interesting to note that vortex microstructures have

been reported in other areas of materials science including

in the weld zones after friction stir welding [21] and in the

shear patterns of metals deformed at very rapid strain rates

[22]. It is well known that local vortices occur in contin-

uous fluids having velocity variations and in situations

where there are two fluids having a sufficient velocity

difference across their mutual interface. These differences

give rise to the Kelvin–Helmholtz instability which is a

well-established phenomenon in many areas of physics

including in fluid flow [23–25], in plasma physics [26–28],

in atmospheric physics [29, 30], and in oceanography [31].

Although the present observations on HPT disks require

additional experiments to provide a complete understand-

ing of the nature of the flow processes in HPT, it appears

nevertheless that there are local shear velocity differences

between adjacent positions within the HPT disks and this

leads, at 3 or more revolutions of HPT, to local vortices and

gross turbulence which spread over wide areas.

It is readily apparent from these observations that Eq. 1,

which derives directly from a rigid-body analysis, is not

strictly followed in processing by HPT and instead there

are local variations and protuberances within the flow

patterns which occur at all positions within the HPT disks.

This suggests that a better representation of microstructural

evolution may be attained at the local scale by using the

strain gradient plasticity model. Nevertheless, it was

demonstrated in very early experiments on HPT that

hardness measurements recorded across the disk diameters

may be correlated directly by plotting the individual

hardness values against the equivalent strain calculated

from Eq. 1 [32]. Furthermore, the approach of plotting

hardness against equivalent strain has been used success-

fully in numerous subsequent HPT experiments [17, 18, 33,

34]. The success of this approach suggests that the vortices

and turbulence visible in the macroscopic images in this

report are restricted primarily to local perturbations so that,

when considering strains over a much longer length scale,

the rigid-body analysis and Eq. 1 remains a reasonable

representation of the strain introduced in HPT.

Summary and conclusions

1. Experiments on a duplex stainless steel processed by

HPT reveal unusual flow patterns including double-swirl

strains, shear vortices, and the presence of significant local

turbulence. These results are supported by observations on

high-purity aluminum and a Zn–22%Al eutectoid alloy.

2. The results show that, at the local level, there is a

significant deviation from the rigid-body analysis which is

generally used to estimate the strain in HPT. The complex

flow patterns and the presence of double-swirls observed

after HPT are consistent with a Kelvin–Helmholtz insta-

bility which may arise if there are local shear velocity

gradients between adjacent positions within the HPT disks.
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