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Abstract Pure Cu and an Al-3 %Mg-0.2 %Sc alloy are
processed by high-pressure torsion with ring-shape samples
having an initial thickness of 4 mm. Microstructural ob-
servation across the thickness is carried out using optical
microscopy and transmission electron microscopy to cor-
relate with hardness variation. It is shown that the strain is
introduced more intensely in the center of thickness on the
cross sections for both pure Cu and the Al alloy. This area
expands with an increasing number of revolutions but the
expansion saturates before covering the entire cross sec-
tion. Softening occurs with straining in pure Cu but
saturation reaches without softening in the Al alloy. It is
suggested that imposed strain is estimated using the
thickness of severely deformed region.

Introduction

It is well known that torsional straining under high pres-
sures, so-called high-pressure torsion (HPT) [1], is effec-
tive to produce ultrafine grains in metallic materials [2—4].
It is applicable to hard and less ductile materials [5, 6] even
to intermetallics [7-9], ceramics [10-13], and semicon-
ductors [14—17]. The samples for the HPT are used in the
form of disk or ring and [18, 19], because the shear strain is
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introduced in proportion to the distance from the rotation
center [1], the ring sample is preferable to achieve a ho-
mogeneous structure throughout the sample [18, 19]. The
magnitude of the shear strain is also determined by the
sample thickness: thinner the sample, more the shear strain
is introduced as the shear strain is inversely proportional to
the thickness [1].

For the HPT processing, the sample is usually used in
disk shape with the thickness less than 1 mm but a few
studies were attempted on thicker samples [20-27]. By
changing the ratio of the thickness to the diameter of the
disk, Hohenwarter et al. [22] examined the effect of the
thickness on the microstructural homogeneity and report-
ed that there was a thickness limitation for achieving
homogeneous microstructure throughout the thickness di-
rection. Sakai et al. [20] used cylindrical samples with the
height almost similar to the diameter but reported that the
strain was rather centered around the cylinder height,
although this heterogeneity was less significant using an
incremental HPT process recently developed by Hohen-
warter [27]. The present authors adopted ring samples for
HPT processing [23, 24] but the strain was preferentially
introduced at the thickness center and the microstructural
homogeneity was not established when the sample thick-
ness is thicker. It appears that the microstructural
heterogeneity is not due to the sample types (i.e., disk or
ring). This earlier study employed pure Al which is
known to exhibit softening with intense straining because
dynamic recovery is more pronounced due to its high
stacking fault energy [28-31]. In this study, pure Cu and
the Al alloys are used because both materials did not
show softening with intense straining but reach directly to
saturation [19, 32]. Thus, this study aims to investigate
the effect of materials on the homogeneity in the thick
samples for the HPT processing.
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Experimental procedures

High-purity Cu (99.99 %) and an Al-3 %Mg-0.2 %Sc
alloy were used with a ring shape for the HPT samples.
The samples having outer and inner diameters of 20 and
14 mm with a thickness of 4 mm were cut from cold-
rolled plates using an electrical discharge machine. To
exclude any strain during compression before initiating
rotation in the HPT processing, the ring samples were
removed from the anvil after compression and subjected
to annealing at 873 K for 1 h in both materials followed
by cooling in the furnace for the pure Cu and quenched in
cold water for the Al alloy. The ring samples were pro-
cessed by HPT under a pressure of 2 GPa with a rotation
speed of 0.5 rpm for revolutions of 1/8, 1/4, 1/2, 1, 5, 10,
30, and 50 for the Cu samples and of 1/4, 1/2, and 1 for
the Al alloy samples.

Microstructures after the HPT processing were ob-
served by optical microscopy (OM) using a Nikon
ECLIPSE ME600 on the cross section illustrated in
Fig. 1. The cross sections for the OM were first polished
to mirror-like surfaces by emery papers and cloths con-
taining an alumina suspension, and they were subjected
to electropolishing using a solution of 10 %HCIO4—
20 %C5H5(OH)3-70 %C,HsOH for the pure Cu and
5 %HNO;-25 %C3;H5(OH)3-70 %C,HsOH for the Al
alloy. They were complimented with an aqueous solution
of 50 %HNO; and a Barker’s reagent for revealing grain
boundaries.

Vickers microhardness was measured on the same cross
sections with mirror-like surfaces as prepared for OM. A
load of 200 g was applied for duration of 15 s using an
Akashi MVK-E3 testing machine. Figure 1 shows posi-
tions of the hardness measurements at the cross marks on
the cross sections.

Results
Pure Cu

Figure 2 shows OM images of the Cu samples after pro-
cessing by HPT. Dark contrast areas appear at the thickness
center after N = 1/8 and they are replaced by bright con-
trast areas at the thickness center, while the dark contrast
areas remain at the outward edges of the bright contrast
areas and finally become invisible with the increasing
number of the revolutions. Areas of coarse grains exist at
outer edges of the cross sections and, although their frac-
tions become smaller, they are retained even after N = 50.
Figure 3 plots the change in the bright contrast width
against the number of revolutions. This plot indicates that
the width of the bright contrast continuously increases but
the increase becomes gradual after N = 10 and appears to
saturate to the total width of ~2 mm.

Figures 4 and 5 show TEM micrographs including se-
lected area electron diffraction (SAED) patters of the
samples after N = 1/4 and 10 revolutions, respectively.
The average grain size was measured to be 520 and
480 nm, respectively, from the dark-field images on the
right. The microstructure after N = 1/4 consists of sub-
grains with grain boundaries ill-defined, whereas the grain
boundaries after N = 10 are well defined. The evolution of
the microstructure is also recognized from the difference in
the SAED patterns: diffracted beams form a net after 1/4
revolution but they are scattered around rings. These fea-
tures suggest that the grain-boundary misorientation in-
creases to be higher with straining in consistent with earlier
reports [28].

The results of the hardness measurements are shown in
Fig. 6, where the magnitude of hardness is color-coded
according to the color scale as in the inset of the right-side
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Fig. 2 Cross-sectional images
of Cu rings observed by OM

bottom. The hardness at the thickness center is higher than
those at the upper and lower parts on the cross section. The
thickness center for the N = 1/4 sample has the highest
hardness but those of the samples processed for more than
N = 1/2 exhibit the hardnesses slightly lower than the ones
in the neighboring areas. Such lower hardness areas expand
toward the edges along the thickness direction with the
increasing number of revolutions. This trend is consistent
with the expanding behavior of the bright contrast area, and
thus it is suggested that the areas with the bright contrast

@ Springer

N=1/2

correspond to the slight softer areas and those of the dark
contrast areas to the higher hardness areas as shown in the
OM observation of Fig. 2. This decrease in hardness should
be due to the decrease in dislocation density.

Figure 7 shows the hardness variation along the thick-
ness direction at the width center. The softening at the
thickness center is clearly demonstrated in Fig. 7 with the
decrease in hardness by up to 10 Hv. This trend is similar
to the hardness change observed in pure Al [18, 28],
although the fraction of the decrease is rather small as
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Fig. 3 Widths of bright contrast areas of Cu rings plotted against
number of revolution

~8 % in pure Cu when compared with ~20 % in pure Al.
An earlier measurement of hardness in HPT-processed pure
Cu showed that the hardness increases and saturates to a
constant level without taking a hardness maximum. Thus,
the hardness variations observed in this study are conflict
with the hardness measurements reported earlier on pure
Cu [32]. It is considered that a temperature rise may be
significant during the HPT processing because the thick-
ness is thicker in the present study. This is also consistent
with the grain size of ~520 nm which is bigger than re-
ported earlier using thin disk samples where the grain size
is ~200 nm.

Al-Mg-Sc alloy

Figure 8 shows OM images of the Al-Mg-Sc alloy after
processing by HPT for (a) N = 1/4, (b) N = 1/2, and

4

Fig. 5 TEM bright-field image (left) and dark-field image (right) with SAED pattern (inset) at thickness center of Cu after processing for

N=10
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Fig. 6 Vickers microhardness on cross section of Cu rings color-coded according to color scale (Color figure online)

(c) N = 1 revolutions. A dark contrast area appears at the
thickness center and its width expands along the thickness
direction with the increasing number of revolution. How-
ever, the dark contrast area fails to cover the whole cross
section as for the bright contrast area of pure Cu described
above and for the dark contrast area of pure Al reported
earlier [23, 24]. Coarse grain areas are visible both in the
upper and lower parts on the cross section and remain
unvarnished as the pure Cu of this study and the pure Al
reported earlier [23, 24]. Figure 9 plots the maximum
width of the dark contrast area against the number of

@ Springer

revolution. The width saturates after almost N = 1/2 and
this saturation reaches quickly when compared with the
case of pure Cu shown in Fig. 3, although the saturated
level for the width seems fairly the same for both materials
(~2 mm). It should be noted that the ring sample of the
Al-Mg-Sc alloy broke at the thickness center into the
upper and lower halves when the HPT processing was at-
tempted for more than 1 revolution. This suggests that the
hardening was very intense in the AI-Mg-Sc alloy.

TEM micrographs of the Al-Mg-Sc alloy after N = 1
are shown in Fig. 10 with a bright-field image on the left, a
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Fig. 8 Cross-sectional images of Al-Mg—Sc rings observed by OM

dark-field image on the right, and an SAED pattern as an
inset. The observation was made at the thickness center
with the dark contrast. The grain size appears to be
~200 nm and this grain size is similar to 150-230 nm
obtained earlier after processing of thin disk and ring
samples by HPT [19, 33, 34].
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Fig. 9 Width of dark contrast area against number of revolution in
Al-Mg-Sc rings

The hardness variation throughout the cross section of the
Al-Mg-Sc alloy processed by HPT is shown in Fig. 11 for
N = 1/4, 1/2, and 1. The hardness at the thickness center is
highest and it decreases toward the upper and lower edges for
all numbers of revolutions. Thus, the area of higher hardness
corresponds to the dark contrast area and this higher hard-
ness area expands along the thickness direction. This hard-
ness change appears to be consistent with the expanding
behavior of the dark contrast shown in Fig. 8. Figure 12
confirms this hardness variation along the thickness direc-
tion, having a hardness maximum at the thickness center for
each number of revolutions. The hardness decreases mono-
tonically toward the upper and lower edges and this trend is
different from the hardness variation observed in pure Cu
shown in Fig. 7 and that in pure Al reported earlier [24].

Discussion

Softening with HPT processing was reported not only in
pure Al but also in metals and alloys with low melting
temperatures [18, 28-30, 35-38]. It was shown that this
softening occurs dynamically during the HPT processing
[39]. Because Cu has a higher melting temperature, soft-
ening was not observed during processing at room tem-
perature but it does occur when it was processed at elevated
temperature equivalent to room temperature of pure Al
[40]. However, softening occurred in this study in pure Cu
and it is considered that this is due to temperature rise
during HPT processing because the sample thickness is
thick in this study. It is likely that the heat generated in the
thick sample by plastic deformation during HPT processing
is less released through the anvils because of the reduction
in contacting area of the sample surface with respect to the
sample volume.

@ Springer
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Fig. 10 TEM bright-field image (leff) and dark-field image (right) with SAED pattern (inset) at thickness center of Al-Mg-Sc ring after

processing for N = 1
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Fig. 11 Vickers microhardness on cross section of Al-Mg—Sc rings
color-coded according to color scale (Color figure online)

This study has shown that, when the thickness is in-
creased, the strain is introduced heterogeneously on the
cross section: more at the thickness center but little at
both upper and lower edges. The width of the well-s-
trained regions is ~2 mm for both pure Cu and the Al
alloy. This width remains almost the same even if the
revolution for HPT is increased. Therefore, homogeneous
structure over the entire cross section may be obtained if
the sample thickness is less than 2 mm. The ratio of this
thickness to the outer diameter (2 mm/$20 mm) is very

@ Springer
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Fig. 12 Plots of Vickers microhardness along thickness direction at
width center of Al-Mg—Sc rings after HPT processing

similar to the ratio in the case of disk sample reported
by Hohenwarter et al. [22]. They used Armco iron disks
having various ratios of the thickness to the diameter and
concluded that the optimal ratio for obtaining homoge-
neous microstructure is ~1/13 or smaller. Additionally,
in our previous study, we used high-purity Al ring
samples having the outer and inner diameters of 30 and
24 mm with a thickness of 4 mm [23, 24]. Width of
strained region saturated to slightly less than 3 mm and
the ratio of this width to outer diameter (3 mm/¢$p30 mm)
is again similar. These results indicate that the optimal
ratio for achieving homogeneous microstructure depends
neither on the sample shape (i.e., disk or ring) nor on the
type of metals (i.e., softening occurs or not during HPT
processing).

It may be important to estimate how much strain is in-
troduced in the sample. The following equation is usually
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used to calculate the equivalent strain ¢ produced by HPT
processing [1, 41].

e =2nrN/t, (1)

where r is the distance from the rotation center, N is the

number of revolution, and 7 is the sample thickness. Be-
cause the strained region is concentrated around the
thickness center for thicker sample as in this study, it is
obvious that ¢ in Eq. (1) is no longer useful for the esti-
mation of the strain. An earlier study by Harai et al. showed
that the hardness increases monotonically with respect to
the equivalent strain in the AlI-Mg-Sc alloy. For this pur-
pose, an additional experiment was conducted using a disk
sample with a thin thickness (~0.65 mm) where the
straining occurs throughout the thickness. The results are
plotted in Fig. 13. Now, this plot can provide a unique
relation between the hardness and the equivalent strain as
in the study by Harai et al. [19].

Thus, the equivalent strain at the thickness center may
be estimated from the hardness given in Fig. 13. The
hardness and the corresponding equivalent strain are
documented in Table 1 together with the thickness esti-
mated through Eq. (1). Positions corresponding to the
thickness are marked in Fig. 14 of the OM image shown in
Fig. 8. It can be seen that the thickness calculated from
equation using experimental strain is well consistent with
thickness of intensely strained region observed in the OM
image. This estimation suggests that the equivalent strain
in thick sample imparted by HPT processing can be ap-
proximated through Eq. (1) with use of the thickness at the
intensely strained region instead of using the thickness of
the sample.
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Fig. 13 Vickers microhardness plotted against equivalent strain after
HPT processing of Al-Mg—Sc thin disk samples with thickness of
~0.65 mm

Table 1 Summary of equivalent strain at thickness center estimated
from Fig. 13 and thickness calculated through Eq. (1)

Distance (mm) 7.5 8.0 8.5 9.0 9.5

Hardness (Hv) 135 132 131 138 160
Estimated strain 5.05 4.66 4.56 5.48 8.69
Thickness (mm) 1.35 1.56 1.69 1.49 0.99

Fig. 14 Positions for thickness values estimated using hardness in
Fig. 13 and through Eq. (1) marked in OM image in Fig. 8 after
N=1/4

Conclusions

1. Softening occurs in a thicker sample of pure Cu with
intense straining by HPT processing and this is prob-
ably because of a temperature rise during the pro-
cessing. No softening occurs in the Al-Mg-Sc alloy.

2. Strained region is localized at the thickness center in
both pure Cu and the Al alloy. The width of the
intensely strained region increases with the number of
revolution and saturates to a width of ~2 mm.

3. Preferential straining at the thickness center is not
typical behavior of high-purity Al, where softening
occurs by intense strain but is common to any type of
materials.

Equivalent strain in a thick sample imposed by HPT
process can be estimated with use of the thickness at
the intensely strained region.
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