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Processing through the use of high-pressure torsion is attracting much attention at the present time because
of the potential for achieving exceptional grain renement. In principle, it appears that the thin disks used for
high-pressure torsion processing should exhibit signicant heterogeneity in the as-processed condition. However,
experiments show that the development of homogeneity or heterogeneity is dependent upon the crystalline
structure of the material. For high-purity aluminum the as-processed microstructure is very homogeneous after
ve or more revolutions of torsional straining but for the magnesium AZ31 alloy there is a considerable degree of
heterogeneity in the as-processed disks.
PACS: 61.66.Bi, 61.66.Dk
1. Introduction

imposed in HPT may be estimated using the schematic

A reduction in grain size leads to higher strength in
polycrystalline metals.

Therefore, thermo-mechanical

treatments are used in the industrial processing of metals

so that the shear strain,

in order to achieve signicant grain renement in com-

and

mercial alloys. However, there is a limitation with these

tively. Putting

procedures because they generally produce grain sizes of

von Mises strain,

the order of a few micrometers and it is dicult or im-

form [68]:

h

εeq =

sizes within the submicrometer range. As a consequence
the last decade in the alternative procedure of processing
metals through the application of severe plastic deformation (SPD).
Two typical SPD processing methods currently available are equal-channel angular pressing (ECAP) [1] and
high-pressure torsion (HPT) [2] where these techniques
are designed to impose very high strains in the processing operation without introducing any signicant change

where

dℓ,

dγ ,

it follows that

is given by

are the radius and thickness of the disk, respec-

possible to use this approach to achieve average grain
of these limitations, considerable interest has arisen over

dθ, corredℓ = r dθ
r dθ/h where r

illustration in Fig. 1 [4]. For a small rotation,
sponding to a displacement

N

θ = 2πN , it follows that the equivalent
εeq , is given by an expression of the

2πN r
√ ,
h 3

(1)

is the number of turns of the anvil. Inspection

of Eq. (1) shows that the strain imposed in HPT varies
with the position on the disk. Specically, it reaches a
maximum at the edge of the disk whereas the strain is
reduced to zero at the center where

r = 0.

This suggests

that the microstructures introduced in HPT processing
will be extremely inhomogeneous and they will vary as a
function of the radial position within each disk.

in the overall dimensions of the samples. The processing
procedures of ECAP and HPT are eective in producing submicrometer arrays of grains or, in some metals,
grains within the true nanometer (<

100

nm) range. It

was shown through experiments that the grains produced
by HPT are generally smaller than those achieved using
ECAP [35] and, accordingly, HPT processing is therefore advancing rapidly to become a signicant processing

Fig. 1. Parameters used in estimating the total strain
in HPT [4].

procedure.
Processing by HPT is generally conducted using a thin
disk which is placed between anvils, subjected to a high
applied pressure, and then processed by torsional straining through rotation of one of the anvils.

The strain

Despite the implications of inhomogeneity through
Eq. (1), in early experiments where HPT was applied to
pure nickel it was reported that there was a gradual evolution in structure, as recorded through microhardness
measurements, towards a reasonable level of homogene-
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ity throughout the disks.

(425)

Furthermore, this evolution
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occurred with either increasing applied pressure,

P,

or

Hv ≈ 40

around the edge but an increase to

Hv ≈ 40

increasing numbers of revolutions in the processing oper-

in the center and smaller peaks in the hardness values

ation [4, 9]. Later experiments conrmed this evolution

between the center and the edge but with similar maxi-

towards homogeneity [1017] and the evolution process

mum values of

was successfully modeled using strain gradient plasticity

hardness values between 1/4 and 1/2 turn is consistent

theory [18].

with an evolution towards a reasonable level of homo-

Hv ≈ 50.

The change in the distribution of

The development of homogeneity in HPT disks may

geneity. Further information on the processing of high-

be demonstrated most easily by taking a series of hard-

-purity aluminum in the early stages of HPT is given in

ness measurements across each disk. Nevertheless, these

an earlier report [22].

measurements provide information only on the radial distributions of the hardness values on the disk surfaces and
they provide no direct information on any variations that
may exist within the thickness of each disk. This question
has been examined recently in experiments conducted on
high-purity aluminum [19] and a magnesium AZ31 alloy
[20, 21]. The results from these experiments are discussed
in the following two sections and Sect. 4 provides a direct
comparison between these two materials.

2. HPT processing of high-purity aluminum
Annealed high-purity (99.99 wt%) aluminum was used
for these tests where the initial grain size was

≈1

mm.

A series of disks was prepared from the annealed metal
having diameters of 10 mm and thicknesses of

≈ 0.81 mm

and these disks were processed by HPT under quasi-constrained conditions [2] at room temperature using
an applied pressure of

P = 6.0 GPa.

The disks were pro-

cessed for dierent numbers of turns ranging from 1/4
to 20 revolutions and then the values of the Vickers microhardness were recorded both along diameters of the
disks and over the total surfaces. Further details of the
experimental procedures were given earlier [19]. To provide comprehensive information on the variation of the
hardness values with depth within the disks, three disks
were prepared for each of 1/4 and 1/2 turn and hardness

Fig. 2. Variation of the average Vickers microhardness
recorded at the upper, center and lower positions with
distance from the center of the pure Al disks after processing by HPT through (a) 1/4 and (b) 1/2 turn [19].

measurements were recorded on polished surfaces in the
central plane of each disk and at planes within

≈ 200 µm

of the upper and lower surfaces after HPT processing.
The results are shown in Fig. 2 for hardness measurements taken along the disk diameters after

N = 1/4

and

1/2 turn where the upper points are the experimental
readings and the lower broken line corresponds to the
measured hardness in the annealed condition prior to
HPT processing [19].

There are two important conclu-

sions from inspection of Fig. 2. First, all three sets of experimental data are in excellent agreement thereby showing there is no signicant variation in hardness through
the thickness of each disk. Second, the variations in hardness are symmetrical with respect to the centers of the
disks.

For all three disks taken through

N = 1/4

turn

in Fig. 2a, the hardness increases at the outer edge from

Hv ≈ 20

in the annealed condition to

Hv ≈ 40.

At the

center of each disk the hardness also increases but only
to

Hv ≈ 30,

and at intermediate distances between the

centers and the edges the measurements show the hardness values increase up to a maximum of

Hv ≈ 50.

There

is also excellent consistency between all three planes after

N = 1/2

Fig. 3. Color-coded contour maps showing the distributions of the Vickers microhardness values at the upper
(U), the center (C), and the lower (L) positions of the
pure Al (99.99%) disk surfaces after processing by HPT
(6.0 GPa, RT) through (a)(c) 1/4 turn and (d)(f) 1/2
turn, respectively [19].
The symmetry in hardness values with respect to the

turn but the distribution of hardness values

center of each disk is demonstrated in greater detail in the

is then dierent. Specically, there is the same value of

color-coded maps shown in Fig. 3 where the upper row

427

An Evaluation of Homogeneity and Heterogeneity in Metals . . .

mogeneity throughout the thicknesses of the disks after
processing through more than

≈5

revolutions.

3. HPT processing of a magnesium AZ31 alloy
It is well known that the processing of magnesium
is more dicult than aluminum because the hexagonal
crystal structure leads to a limited number of slip systems.

The diculty in processing magnesium by SPD

was demonstrated in early experiments using ECAP conducted on pure magnesium and a magnesium alloy [24].
Accordingly, these metals with limited slip systems are
termed dicult-to-work

materials and special tech-

niques are needed in order to successfully process these
materials using ECAP [25, 26].
The present experiments were conducted on an extruded commercial AZ31 magnesium alloy containing
3% Al and 1% Zn.
initial grain size was

In the unprocessed condition, the

≈ 9.4 µm.

Disks were prepared as

for high-purity aluminum and these disks were also processed under quasi-constrained HPT conditions [2] at a
temperature of 463 K and with an applied pressure of
6.0 GPa. Further details of these experiments are given

Fig. 4. Variation of the average Vickers microhardness
recorded at the upper and lower positions with distance
from the center of the pure Al disk after processing by
HPT through (a) 1, (b) 5, and (c) 20 turns [19].

elsewhere [20, 21]. Separate disks were processed through
1/4, 1 and 5 turns and these disks were then sectioned
perpendicular to the upper surfaces for microstructural
observations and detailed hardness measurements.

corresponds to the disks processed through 1/4 turn and
the lower row corresponds to the disks processed through
1/2 turn:

the signicance of the colors is given in the

color key on the right [19]. From these measurements, it
is concluded that there is no signicant variation between
the dierent sectional planes for disks of high-purity aluminum processed through the early stages of HPT. Furthermore, the general consistency between each plane of
sectioning provides a clear conrmation that the HPT
processing was conducted without incurring any signicant slippage of the disks [23].
The variation in the hardness values across the diameters of disks after larger numbers of revolutions is shown

N = 1 turn,
N = 20 turns, respectively,
Hv ≈ 20 again denote the initial

in Fig. 4 where data are presented for (a)
(b)

N = 5

turns and (c)

and the lower lines at
annealed condition:

for each disk, measurements were

taken along linear traverses at

≈ 200 µm

from the upper

Fig. 5. Flow patterns in the cross-sectional planes of
AZ31 samples after processing by HPT (6 GPa, 463 K)
through (a) 1/4, (b) 1, and (c) 5 turns at 463 K [21].

and lower surfaces after HPT processing [19]. The plot in
the periphery of the disk after

processed at 463 K through totals of (a) 1/4 turn, (b)

are higher hardness values in

Hv ≈ 40 around
N = 1 turn but there
the center up to Hv ≈ 50.

1 turn, and (c) 5 turns, respectively [21]. It is important

This higher hardness in the central region of the disk is

to note that the processing temperature of 463 K is su-

consistent with earlier measurements on high-purity alu-

ciently high that grain renement will occur by dynamic

minum processed by HPT through 1 turn [12]. After 5

recrystallization where new grains are nucleated along

turns, shown in Fig. 4b, there is only a very small area

grain boundaries and twin boundaries in a necklace-like

of slightly higher hardness within a region at the center

appearance and these ner grains will gradually spread

Fig. 4a shows the hardness remains at

of the disk having a diameter of

< 1

Figure 5 shows vertical sections cut through the disks

mm and after 20

across the larger grains of the original structure [27, 28].

turns, shown in Fig. 4c, all values of hardness are es-

This means that the distribution of grain sizes will be

sentially identical with

dependent upon the nature of the deformation associ-

Hv ≈ 40.

Thus, the processing

of high-purity aluminum by HPT leads to excellent ho-

ated with the HPT processing.

Thus, the occurrence
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of ow localization will be associated with faster deformation rates and with a more rened grain structure.

4. A direct comparison of high-purity Al
and the AZ31 Mg alloy

Variations in the grain structure are clearly visible in the

These results show that the ability to develop homo-

vertical cross-sections shown in Fig. 5. Inspection shows

geneity in the processing of metals by HPT is depen-

there are fully-rened grain structures between the mid-

dent upon the crystalline structure of the material.

-plane of the section and the bottom surface of the disk

aluminum where slip processes are easy, the material

processed by 1/4 turn in Fig. 5a, near the midplane of

exhibits excellent homogeneity after processing through

the disk processed by 1 turn in Fig. 5b and near the bot-

more than

tom surface of the disk processed by 5 turns in Fig. 5c.

nesium AZ31 alloy the numbers of slip systems are lim-

These observations show, therefore, the development of

ited and there is a high degree of heterogeneity in the

heterogeneities within the microstructure after process-

processed material. These results are important in view

ing of the AZ31 alloy by HPT at a temperature of 463 K.

of the current interest in evaluating the degree of struc-

≈5

In

revolutions of HPT, whereas in the mag-

tural homogeneity after HPT [29, 30] and especially in
the demonstrated potential for using hardness data to
correlate a universal plot for HPT processing [31].

Fig. 7. Distribution of the Vickers microhardness as a
function of the location along the half-cross-section of
the pure Al disks after processing by HPT (6.0 GPa,
RT) through (a) 1/4 turn and (b) 1/2 turn.

Fig. 6. Microhardness values at various radii as a function of the distance from the bottom of the AZ31 disks
after HPT through (a) 1/4, (b) 1, and (c) 5 turns at
463 K [21].
Hardness measurements were recorded on the vertical planes of the three specimens shown in Fig. 5 and
the results are given in Fig. 6 for the samples processed
through (a) 1/4 turn, (b) 1 turn and (c) 5 turns, respectively [21]. The results are presented as the Vickers
microhardness versus the distance from the bottom sur-

Fig. 8. Distribution of the Vickers microhardness as a
function of the location along the half-cross-section of
AZ31 disks after processing by HPT (6 GPa, 463 K)
through (a) 1/4 turn, (b) 1 turn, and (c) 5 turns [20].

face with individual lines denoting dierent fractions of

For the present results, the two metals used in these

the radial distances from the centers of each disk. These

experiments are most readily compared by constructing

plots show signicant variations between the dierent

color-coded contour maps showing the variations in the

disks although within each disk the results are reasonably

local hardness on planes cut perpendicular to the disk

consistent for dierent radial fractions from the centers.

surfaces. Examples of these maps are shown in Fig. 7 for

Thus, the hardness values are

high-purity Al and in Fig. 8 for the magnesium AZ31 al-

turn,

loy [20]. For aluminum it is apparent that there is no sig-

≈ 80

to 100 after 1

Hv ≈ 70 to 90 after 1/4
turn and ≈ 70 to 95 after 5

turns. The results provide clear evidence for signicant

nicant hardness variations between the upper and lower

heterogeneity in the disks of the AZ31 alloy processed by

surfaces of the disks after processing through 1/4 and

HPT with the development of lower hardness values, and

1/2 turn whereas for the AZ31 alloy there are major dif-

therefore larger grain sizes, in the vicinity of the upper

ferences between the two surfaces with a general trend

surface after higher numbers of turns.

towards higher hardness values near the bottom surfaces
of the disks and lower hardness values at the top surfaces.
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These plots show that aluminum and magnesium represent two extremes in terms of microstructural development, with homogeneity developing readily in aluminum
but with a high degree of heterogeneity in the magnesium
alloy.
Finally, it should be noted there is very recent experimental evidence for the development of unusual shearing patterns in HPT processing including local swirls
and vortices that suggest the presence of shear velocity gradients between adjacent positions within the disks
[3235]. More experiments are now needed both to delineate the precise signicance of these shearing patterns
and to place them within the context of the potential for
achieving homogeneity.

5. Summary and conclusions
1. Experiments were conducted to evaluate the potential for achieving microstructural homogeneity in high-purity aluminum and a commercial magnesium AZ31 alloy when processing by high-pressure torsion. The degree
of homogeneity was evaluated by taking extensive measurements of the Vickers microhardness on planes both
parallel to the surfaces of the disks and cut perpendicular
to the disk surfaces.
2. The results show that high-purity aluminum develops excellent homogeneity when processed by more than
5 revolutions in HPT. By contrast, for the magnesium
alloy where the number of slip systems is limited, the
processed structures show extensive heterogeneity with
a tendency for the occurrence of higher hardness values,
corresponding to smaller grain sizes, adjacent to the lower
surfaces of the disks.
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