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a  b  s  t  r  a  c  t

Experiments  were  conducted  on  a  Cu–0.1%  Zr  alloy  in order  to  examine  the  evolution  of hardness  and
microstructure  after  processing  by  high-pressure  torsion.  Disks  were  pressed  through  different  numbers
of revolutions  up to a maximum  of 10 turns  using  an  applied  pressure  of  6.0  GPa.  It is shown  that  there
is  a gradual  evolution  in both  the  hardness  and  the microstructure  with  increasing  numbers  of  turns.
After  5 and  10 turns  there  is  a high  degree  of  hardness  homogeneity  and  the  microstructure  consists
eywords:
opper alloy
ardness
igh-pressure torsion

of  well-defined  equiaxed  grains.  The  measured  grain  size  after  5  turns  was  ∼180  nm  in  the  peripheral
region  of  the  disk.  Tensile  testing  at 673  and  723  K after  processing  through  5 and  10  turns  showed  a
maximum  elongation  to failure  of  ∼280%  at 723  K using  a strain  rate  of  1.0 × 10−4 s−1.

© 2011 Elsevier B.V. All rights reserved.

omogeneity
ltrafine grains

. Introduction

Equal-channel angular pressing (ECAP) [1] and high-pressure
orsion (HPT) [2] are two processing techniques that are used to
ntroduce very significant grain refinement into bulk metals. Typ-
cally, the grain sizes produced by these techniques are within
he submicrometer (0.1–1.0 �m)  or even the nanometer (<100 nm)
ange. The experimental evidence available to date shows that pro-
essing by HPT leads to average grain sizes that are smaller than
hose produced by ECAP [3–5] and accordingly HPT is an especially
ttractive process for evaluating the development of highly refined
icrostructures.
Earlier experiments on aluminum-based alloys, conducted

sing ECAP, demonstrated that the addition of a small amount of Zr
as effective in inhibiting grain growth at elevated temperatures

6,7] and it was further shown that a Zr addition provides a poten-
ial for achieving superplastic elongations of up to >1000% when
onducting tensile tests at high temperatures [8]. Similar exper-
ments were also conducted on pure Cu and Cu alloys and it was
emonstrated that a Zr addition leads to a significant increase in the
ecrystallization temperature [9]. Nevertheless, although super-

lastic elongations were achieved with a Cu–30% Zn–0.13% Zr alloy
fter processing by ECAP and testing at a temperature of 673 K, sim-
lar experiments on a Cu–0.18% Zr alloy were less successful and the

∗ Corresponding author. Tel.: +1 213 740 4342; fax: +1 213 740 8071.
E-mail address: mkawasak@usc.edu (M.  Kawasaki).

921-5093/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2011.06.056
elongations to failure were consistently <100% over a range of strain
rates [9].

To date, there appear to be no similar experiments on Cu–Zr
alloys processed by HPT although it is well established that a Zr
addition is important in Cu because it improves the fatigue life
[10]. Accordingly the present research was  initiated with two  spe-
cific objectives. First, to apply HPT processing to samples of pure
Cu containing a minor addition of Zr in order to evaluate the con-
sequent microstructural evolution both throughout each disk and
with increasing torsional strain. Second, to evaluate the high tem-
perature mechanical properties after HPT processing and especially
to examine the feasibility of achieving a true superplastic behavior.

2. Experimental materials and procedures

The experiments were conducted using a commercial Cu151
alloy having a composition, in wt.%, of Cu–0.1% Zr. The alloy was
received from Olin Brass (East Alton, IL, USA) in the form of a
rolled strip with dimensions of 760 × 500 mm and a thickness of
1.5 mm.  Disks were punched from the strip with diameters of
10 mm and they were polished to final thicknesses of ∼0.83 mm.
In the as-received condition, the mean linear intercept grain size
was ∼20 �m.

The HPT processing was conducted under quasi-constrained

conditions [2] using a facility consisting of upper and lower anvils
having central depressions with diameters of 10 mm and depths of
0.25 mm:  these depressions were used to hold each disk in place
during torsional straining. The processing procedure was  described

dx.doi.org/10.1016/j.msea.2011.06.056
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:mkawasak@usc.edu
dx.doi.org/10.1016/j.msea.2011.06.056
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Fig. 1. Values of the Vickers microhardness versus distance from the center of the
716 J. Wongsa-Ngam et al. / Materials Scien

arlier [11] except that a lubricant was not placed around the
dges of the depressions on the upper and lower anvils. Each disk
as processed at room temperature by rotating the lower anvil at

 speed of 1 rpm under an applied load of ∼470 kN correspond-
ng to an imposed compressive pressure, P, of 6.0 GPa. Separate
isks were processed through totals of N = 1/4, 1/2, 1, 3, 5 and 10
urns.

Following HPT, the mechanical characteristics were evaluated
y measuring the microhardness and tensile properties. Each pro-
essed disk was mounted and polished to have a mirror-like surface
uality and microhardness measurements were taken using an
M-1e microhardness tester equipped with a Vickers indenter. All
easurements of the Vickers microhardness, Hv, were recorded

sing a load of 200 gf and a dwell time of 10 s. Two different proce-
ures were used for these measurements as described in an earlier
eport [11]. First, the average microhardness values were measured
long a randomly selected diameter of each disk. These measure-
ents were taken at intervals of 0.3 mm and at every point the

ocal value of Hv was taken as the average of four separate hardness
alues recorded at uniformly separated points displaced from the
elected point by a distance of 0.15 mm.  Using this procedure, it was
ossible to achieve a high accuracy in the individual values of Hv
nd for every position the error bars were estimated correspond-
ng to the 95% confidence limits. Second, the distribution of local
ardness was measured over the total surface of each individual
isk by recording the individual values of Hv following a recti-

inear grid pattern with an incremental spacing of 0.3 mm.  These
ndividual datum points were then used to construct color-coded
ontour maps to provide a simple visual display of the hardness
istributions within each disk.

The tensile properties were evaluated after HPT processing
hrough 5 and 10 turns. Two miniature tensile specimens were
ut from each disk using electro-discharge machining (EDM).
hese tensile specimens had gauge lengths and widths of 1 mm
nd they were cut from off-center positions in the HPT disks to
void any potential problems associated with microstructural inho-
ogeneities near the disk centers: an earlier report provided a

chematic illustration of a typical tensile specimen [12]. The ten-
ile samples were pulled to failure at temperatures of 673 and
23 K using a testing machine operating at a constant rate of
ross-head displacement with initial strain rates from 1.0 × 10−4

o 1.0 × 10−2 s−1.Specimens were prepared for examination by
ransmission electron microscopy (TEM) by punching 3 mm diam-
ter disks from the center and edge regions of selected disks,
echanically grinding to thicknesses of <50 �m and then dim-

ling from both sides to a thickness of ∼10 �m.  To achieve a
igh level of electrical transparency, further thinning was per-

ormed using a Gatan PIPS 691 ion milling system at a voltage
f 4 kV. Bright field images of each sample were taken on a
hilips CM12 TEM at a voltage of 100 kV. These observations were
sed to determine both the fractional distributions of different
rain sizes and the average grain size for each processing condi-
ion.

. Experimental results

.1. Microhardness measurements after HPT

The values of the Vickers microhardness were recorded across
he diameter of each disk after HPT processing and the results are

hown in Fig. 1 where the values of Hv are plotted along each linear
raverse: the lower dashed line denotes the hardness value in the
s-received condition prior to processing. For clarity, the individual
rror bars are not included on the individual points in Fig. 1.
Cu–0.1% Zr disks after HPT processing for various numbers of turns.

Inspection of Fig. 1 shows the hardness at the edge of the disk
increases significantly after 1/4 turn such that there is an increase
by a factor of >1.5 by comparison with the as-received condition. By
contrast, the hardness in the center of the disk increases only from
Hv ≈ 100 to Hv ≈ 120. Thereafter, the hardness values at the periph-
eries of all disks remain reasonably constant at Hv ≈ 160 and there
is no significant increase even up to N = 10 turns. By contrast, the
hardness values in the centers increase with increasing torsional
straining up to N = 3 turns and after 5 and 10 turns the hardness
values at the centers of the disks are essentially identical to those in
the peripheral regions. These results demonstrate the development
of a gradual hardness homogeneity across the disks with increas-
ing torsional straining. Detailed information on the values of Hv
and the associated error bars are summarized in Table 1 where the
error bars denote the 95% confidence limits based on the separate
measurements recorded around each point. Excluding the central
position at 0 mm,  it should be noted that each hardness value is
listed at distances from the center of 0.3–4.8 mm and this repre-
sents an average of the two  separate hardness values recorded on
either side of the center and plotted in Fig. 1.

It is apparent from Table 1 that the values of hardness in the
centers of the disks are significantly lower than at the edges for up
to 3 turns of HPT but thereafter, at 5 and 10 turns, all values of Hv
are reasonably consistent. In the early stages of processing, as at
N = 1/4 turn, the error bars tend to be large across the diameter of
the disk but at larger strains, as at N = 10 turns, the error bars are
consistently low and essentially negligible. These measurements
confirm the increasing stability and homogeneity of the hardness
distributions across the diameters of the disks.

Using the microhardness values recorded following a rectilin-
ear grid pattern, color-coded contour maps were constructed for
N = 1/4. 1, 5 and 10 turns: these maps are shown in Fig. 2 where
the external coordinates labeled X and Y denote two arbitrary and
randomly selected orthogonal axes that are superimposed on the
disks such that the center of each disk has a coordinate of (0,0). For
all maps, the individual values of Hv are presented as a set of unique
colors that cover hardness values from 110 to 170 in incremental
steps of 10: the significance of these colors is denoted by the color
key on the right in Fig. 2.

In the very early stages of HPT processing through N = 1/4 turn
in Fig. 2(a), there is a relatively large area of lower hardness con-
fined within the central region of the disk and extending outwards

through a diameter of ∼4 mm.  For this condition, the hardness val-
ues reveal significant inhomogeneity. Increasing the straining to
N = 1 turn decreases the diameter of the central region of lower
hardness to ∼2 mm as shown in Fig. 2(b) and this central region is
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Table  1
Microhardness values along the radii of Cu–0.1% Zr disks processed by HPT.

Distance from center (mm)  Hv

1/4 turn 1/2 turn 1 turn 3 turns 5 turns 10 turns

0 116.5 ± 4.6 124.8 ± 5.3 131.3 ± 8.2 143.0 ± 4.6 156.0 ± 4.2 157.0 ± 0.9
0.3  124.4 ± 4.4 129.9 ± 4.4 137.5 ± 4.9 153.5 ± 3.8 156.0 ± 2.4 155.8 ± 0.9
0.6  133.9 ± 4.1 136.1 ± 1.9 144.9 ± 3.3 156.8 ± 2.5 155.1 ± 2.0 154.8 ± 0.7
0.9  139.9 ± 2.7 140.6 ± 2.0 148.3 ± 2.7 156.1 ± 1.3 154.6 ± 2.5 157.0 ± 0.7
1.2  147.6 ± 3.0 144.4 ± 1.5 153.9 ± 1.6 156.6 ± 0.6 155.5 ± 2.0 157.8 ± 0.5
1.5  151.1 ± 1.8 147.3 ± 2.5 157.1 ± 2.0 156.4 ± 1.3 155.4 ± 1.2 157.8 ± 0.4
1.8  151.6 ± 2.3 149.8 ± 1.3 160.1 ± 1.7 156.3 ± 1.5 158.0 ± 1.4 159.3 ± 0.6
2.1  152.6 ± 1.5 150.5 ± 0.8 161.4 ± 1.7 156.5 ± 1.0 158.5 ± 1.2 161.0 ± 0.5
2.4  156.0 ± 1.9 152.9 ± 1.8 161.1 ± 1.4 156.8 ± 1.0 159.1 ± 1.3 161.5 ± 0.7
2.7  159.3 ± 1.0 155.0 ± 1.3 160.5 ± 1.8 156.9 ± 1.5 160.9 ± 0.9 162.5 ± 0.4
3.0  158.4 ± 1.8 155.0 ± 0.6 160.5 ± 1.2 157.9 ± 1.0 161.5 ± 0.7 163.5 ± 0.3
3.3  159.0 ± 2.7 156.3 ± 1.4 161.0 ± 1.6 159.6 ± 1.2 160.6 ± 2.5 163.3 ± 0.2
3.6  161.3 ± 2.7 158.6 ± 1.6 160.0 ± 2.0 161.0 ± 1.7 161.3 ± 2.3 163.3 ± 0.5
3.9  162.3 ± 2.1 159.5 ± 2.4 158.0 ± 2.1 162.3 ± 1.4 162.9 ± 1.5 164.5 ± 0.2
4.2  163.8 ± 2.0 159.6 ± 3.5 157.5 ± 1.2 163.0 ± 0.8 163.0 ± 1.2 164.0 ± 0.4
4.5  163.9 ± 2.6 158.3 ± 2.7 159.1 ± 1.5 163.1 ± 1.5 162.5 ± 2.3 163.0 ± 0.4
4.8  163.7 ± 5.1 155.5 ± 2.4 158.3 ± 1.5 162.4 ± 2.6 159.0 ± 2.0 163.0 ± 0.2

Fig. 2. Color-coded contour maps showing the distributions of the Vickers microhardness values over disks processed by HPT  at a pressure of 6.0 GPa for (a) 1/4 turn, (b) 1
turn,  (c) 5 turns and (d) 10 turns. (For interpretation of the references to color in this figure legend, the reader is referred to the web  version of the article.)
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Fig. 3. Plots of engineering stress versus engineering strain for the Cu–0.1% Zr alloy
processed through 5 and 10 turns of HPT and pulled to failure at different initial
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at four different positions: (a) at the peripheral region of the disk
after 1/4 turn, (b) at the peripheral region of the disk after 1 turn, (c)
at the central region of the disk after 5 turns and (d) at the peripheral
region of the disk after 5 turns. In the centers of the disks after 1/4
train rates at (a) 673 and (b) 723 K.

ssentially removed after HPT through 5 and 10 turns as shown in
ig. 2(c) and (d). Since the disks processed through 5 and 10 turns
how similar hardness distributions over the entire disk surfaces,
hese hardness measurements suggest that a reasonably homoge-
eous hardness may  be attained in the Cu–0.1% Zr alloy by HPT
rocessing at room temperature through N = 5 turns under a pres-
ure of P = 6.0 GPa. The present results were achieved using an anvil
otation speed of 1 rpm but earlier results with a magnesium AZ31
lloy show the rotation speed has only a minor effect on the pro-
essed microstructure [13].

.2. Mechanical properties at high temperatures

The hardness measurements indicate that HPT processing
hrough 5 or more turns is sufficient to achieve a reasonably uni-
orm hardness distribution throughout the disks of the Cu–0.1% Zr
lloy. The earlier results on the Cu–30% Zn–0.13% Zr alloy processed
y ECAP indicated a potential for achieving superplastic elongations

n Cu–Zr alloys at a testing temperature of 673 K and strains rates
f 10−4 and 10−3 s−1 [9].  Accordingly, Fig. 3 shows representative
tress–strain curves for specimens tested through 5 and 10 turns
nd tested at strain rates of 1.0 × 10−4 and 1.0 × 10−3 s−1 at temper-
tures of (a) 673 and (b) 723 K. These plots show the Cu–Zr alloy
xhibits typical high temperature behavior including little strain

ardening and reasonable ductility. It is also apparent that the
verall ductility increases with increasing temperature and with
ecreasing strain rate.
 Engineering A 528 (2011) 7715– 7722

Fig. 4 displays the variation of the elongation to failure with
strain rate for the Cu–Zr alloy processed by HPT for 5 and 10 turns
and tested at 673 and 723 K. The results are similar at both temper-
atures with an increase in the elongation to failure with decreasing
strain rate. The highest elongations of ∼280% were recorded in
these experiments for the two  specimens processed through N = 5
and 10 turns when testing at 723 K under an imposed initial strain
rate of 1.0 × 10−4 s−1.

It is apparent from Figs. 3 and 4 that the deformation behav-
ior of the specimens processed by HPT for 5 and 10 turns are
essentially identical under all testing conditions. This is consis-
tent with the hardness measurements in Figs. 1 and 2 which show
essentially identical hardness values after 5 and 10 turns. It is
also consistent with earlier studies demonstrating a close corre-
lation between the individual microhardness measurements and
the internal microstructures [14–20]

3.3. Microstructures after processing by HPT

The evolution of microstructure was examined using TEM with
disks of the Cu–0.1% Zr alloy processed through N = 1/4, 1 and 5
turns. Representative microstructures are shown in Fig. 5 for (a) 1/4
turn, (b) 1 turn and (c) 5 turns, where the upper row corresponds
to the centers of the disks and the lower row corresponds to the
peripheries of the disks, respectively.

Inspection shows the microstructures in the centers of the disks
are similar after 1/4 and 1 turn in the upper row of Fig. 5(a) and
(b) where there are indistinct (sub)grain boundaries but also a
clear dislocation cell structure. Large numbers of dislocations were
observed within the grains for these two  samples. At the edge of the
disk after 1/4 turn many of the (sub)grain boundaries are not clearly
defined but the grains are finer than in the central region. Continu-
ous straining through 1 turn produced reasonably equiaxed grains
with sharp boundaries although some larger grains also remained
at the edge of the disk as shown in the lower row in Fig. 5(b). There-
after, the microstructure becomes uniformly finer with equiaxed
grains having well-defined grain boundaries in both the central and
peripheral regions of the disk after processing through 5 turns of
HPT as shown in Fig. 5(c). The well-defined microstructure through-
out the disk after HPT for 5 turns is consistent with the hardness
measurements shown in Figs. 1 and 2.

Fig. 6 shows histograms of the grain size distributions measured
Fig. 4. Elongation to failure versus strain rate for the Cu–0.1% Zr alloy processed by
HPT for 5 and 10 turns and tested at 673 and 723 K.
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Fig. 5. Representative TEM micrographs of the Cu–0.1% Zr disks processed by HPT for (a) 1/4 turn, (b) 1 turn and (c) 5 turns: the upper row corresponds to the centers of the
disks  and the lower row corresponds to the edges of the disks.
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ig. 6. Histograms of the grain size distributions measured at (a) a peripheral regi
egion  of the disk after 5 turns and (d) a peripheral region of the disk after 5 turns: 

nd 1 turn, the grains were poorly defined and it was  not possible to

ake quantitative measurements. At the edges of the disks after 1/4
nd 1 turn, individual grain sizes were recorded over a wide range
rom ∼100 to ∼800 nm and the average grain sizes were measured
s ∼350–360 nm.  Despite the similarity in these two  average sizes,
the disk after 1/4 turn, (b) a peripheral region of the disk after 1 turn, (c) a central
dividual average grain sizes are indicated.

there were different peak fractions of ∼200 and ∼300 nm for the

disks processed through 1/4 and 1 turn, respectively, as shown in
Fig. 6(a) and (b). This difference arises because of the larger numbers
of dislocations observed at most of the grain boundaries at the edge
of the disk after 1/4 turn as shown in the lower row in Fig. 5(a).
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After 5 turns of HPT, the range of grain sizes was reduced to
0–670 nm with a peak fraction at ∼250 nm in the central region
nd 40–460 nm with a peak fraction at ∼100 nm in the peripheral
egion as shown in Fig. 6(c) and (d). A smaller average grain size of
180 nm was recorded at the edge of the disk compared with an
verage size of ∼310 nm at the center of the disk after 5 turns. Thus,
lthough the microstructure was reasonably consistent across the
isk after 5 turns as shown in the upper and lower rows in Fig. 5(c),
nd this is similar to the hardness homogeneity recorded in Fig. 2(c)
fter 5 turns, nevertheless there is a wider distribution of grain sizes
n the center of the disk and this leads both to a larger average grain
ize and, as shown in Table 1, to larger error bars on the hardness
easurements recorded in the central region of the disk after 5

urns.
It is evident from the hardness data in Fig. 1 that there is only a

mall variation in the values of Hv near the edges of the disks from
 = 1/4 to N = 5 turns although the average grain size is reduced
ith increasing N as shown in Fig. 6(a) and (d). The lack of any

ignificant change in Hv is due to an approximate balance with
ncreasing N between the increase in hardness due to the reduc-
ion in the average grain size and the decrease in hardness due to
he significant decrease in the dislocation densities at the periph-
ries of the disks as is apparent from inspection of Fig. 5(a) and
c).

. Discussion

.1. Hardness and microstructure evolution in HPT processing

The principle of HPT is relatively simple. When a disk is pro-
essed by HPT, the equivalent von Mises strain imposed on the disk,
eq, is given by a relationship of the form [21–23]:

eq = 2�Nr

h
√

3
(1)

here r and h are the radius and height (or thickness) of the disk,
espectively. It is apparent from Eq. (1) that the imposed strain
s a maximum around the edge of the disk whereas it becomes
qual to zero in the center of the disk where r = 0. In practice, how-
ver, Eq. (1) includes only the effect of torsional straining and there
s also an additional strain imposed by the compressive pressure,
. Recent experiments on an Al-6061 aluminum alloy showed the
nitial applied pressure leads to a significant increase in hardness
cross the disk diameter even in the absence of any torsional strain-
ng [24].

It is anticipated from Eq. (1) that the microstructures and
icrohardness values introduced by HPT will be extremely

nhomogeneous. Nevertheless, very early experiments demon-
trated a gradual evolution towards a homogeneous structure in
isks of Ni processed by HPT by increasing either the applied
ressure, P, and/or the total numbers of revolutions, N [4,14].
ubsequently, numerous reports confirmed this gradual evolu-
ion towards homogeneity [11,15–20,25–30] and the evolution
as successfully modeled using strain gradient plasticity theory

31].
The evolution in hardness values with increasing torsional

train, as shown in Fig. 1, is similar to earlier reports for pure Cu pro-
essed by HPT for up to 5–25 turns [26,32–39] and also to reports
or several Cu alloys [32,33,40,41].  The results from Cu–Zn alloys
32,33] suggest that the rate of hardness evolution is dependent
pon the stacking fault energy of the alloy and this is consistent

lso with other data suggesting a significant influence of stacking
ault energy on the development of an ultrafine-grained struc-
ure both in HPT processing [42–49] and in processing by ECAP
50–53].
 Engineering A 528 (2011) 7715– 7722

The gradual evolution towards homogeneity with increasing
numbers of turns is visible for the Cu–0.1% Zr alloy both in the
microhardness results and in the microstructural analysis. A lower
hardness was  introduced in the central region of the disk in the
early stages of processing, equivalent to N = 1/4 turn in the present
experiments, and this is attributed to the reduced shear strain in
the central area as predicted by Eq. (1).  Conversely, at the periph-
eral region the imposed strain is high and this leads to increased
values of Hv. Thereafter, the lower hardness in the central region
gradually sweeps outwards with increasing numbers of turns, as
proposed earlier [4],  until it occupies the total area of the disk as is
evident at N = 5 turns in Fig. 2(c). Extending the torsional straining
to N = 10 turns demonstrates complete homogenization and a con-
stant value of Hv throughout the disk surface as shown in Fig. 2(d).
Furthermore, these hardness values have negligible error bars as
shown in the right column of Table 1.

As discussed recently, the present results showing the variation
of hardness with the number of HPT turns, and therefore with the
equivalent strain expressed by Eq. (1),  depends in practice upon the
nature of recovery in the material [16,54]. Most of the commercial
purity metals and simple metallic alloys exhibit strain hardening
in the initial stages of HPT processing. These types of metals, such
as commercial purity Al and Al alloys [17,18,27,55] and Cu and Cu
alloys [26,29,32–34,37], demonstrate lower hardness values at the
centers of the disks in the early stages of deformation but with the
hardness increasing with strain until ultimately there is a satura-
tion value of Hv throughout each disk. This suggests the hardness
homogeneity is evolving in the absence of any recovery due to the
relatively low stacking fault energy. By contrast, a material such
as high-purity aluminum has a very high stacking fault energy and
this leads to easy cross-slip and rapid microstructural recovery [16]
so that higher values of hardness are then recorded in the centers
of the disks in the early stages of straining [16,56–58].  Moreover,
very recent experiments showed that the situation is different for
a material such as the Zn–Al eutectoid alloy where all of the mea-
sured hardness values were lower after HPT processing than the
hardness values recorded in the annealed condition prior to pro-
cessing [28,54]. This unique hardness distribution was attributed
to the significant reduction in the distribution of the Zn precipi-
tates in the Al-rich grains due to the high pressure applied to the
disks during HPT processing [28,54]. There is evidence also for the
development of local swirls and unusual shearing patterns in HPT
processing in materials such as a two-phase Cu–Ag alloy [41,59,60],
duplex stainless steel [61–63] and a magnesium AZ31 alloy [64].

The present results on the Cu–0.1% Zr alloy permit a direct com-
parison between the evolution of local hardness and the severely
deformed microstructures in a series of disks. It is observed in the
microhardness measurements that there are regions of lower hard-
ness in the centers of the disks after processing at lower numbers of
HPT revolutions and this is visible in the microstructures in the form
of both the larger grains at the centers and the smaller grains at the
edges of the disks after 1/4 and 1 turn as shown in Fig. 5(a) and (b). In
the present experiments, reasonably homogeneous hardness and
homogeneous microstructures were observed after 5 turns and the
average grain size was  then measured as ∼180 nm in the peripheral
region of the disk. These results are consistent with several other
experiments. For example, a recent report on pure (99.97%) Cu pro-
cessed at 6.0 GPa used electron backscatter diffraction (EBSD) to
show the average grain size in the central region decreased with
increasing numbers of turns and after 5 turns it was comparable to,
but slightly larger than, the grain size of ∼140 nm achieved in the
peripheral region [29]. An identical grain size of ∼140 nm was  mea-
sured in the outer region of a pure (99.96%) Cu disk processed by
HPT for 5 turns at 6.0 GPa [26] and a similar grain size of ∼150 nm

was reported in a Cu–1.49% Si alloy processed through 5 turns at
5.0 GPa [40].
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.2. Potential for achieving superplastic flow after HPT processing

The results in Fig. 4 show that the maximum tensile elongation
ecorded in these tests was ∼280% for specimens processed through

 and 10 turns of HPT and then tested at 723 K. This elongation is
ot within the regime of superplasticity which is formally defined
s tensile elongations of at least 400% [65]. Nevertheless, it is sig-
ificantly larger than the elongations of <100% recorded in tensile
esting of a Cu–0.18% Zr alloy at 673 K after processing by ECAP [9].
he larger elongations in the present experiments are consistent
ith the smaller grain size of ∼180 nm after HPT processing which

ompares with a grain size of ∼350 nm after ECAP [9].
In practice, it is well known that the measured elongations in

ensile testing are dependent upon the dimensions of the samples
66,67]. Specifically, tensile specimens having very small cross-
ections are generally less ductile than larger specimens. In the
resent experiments, the gauge widths were only 1 mm  and the
auge thicknesses were <0.8 mm after HPT processing so that the
auge sections were extremely small. By contrast, the earlier exper-
ment on samples of the Cu–0.18% Zr alloy processed by ECAP
sed much larger gauge sections of 2 mm × 3 mm [9].  Nevertheless,
espite the much larger size of the ECAP samples, the elongations
o failure were significantly higher in the present experiments after
rocessing by HPT. These higher elongations are due to the smaller
rain size attained in HPT processing.

Finally, the elongations in the present experiments after HPT
re much smaller than the record tensile elongation of ∼1800%
eported recently for a Zn–22% Al eutectoid alloy processed by HPT
68]. This confirm that, as concluded earlier for both Cu-based [9]
nd Al-based [69] alloys, the presence of a solid solution alloying
lement is an important prerequisite for achieving good superplas-
ic elongations in tensile testing.

. Summary and conclusions

. A Cu–0.1% Zr alloy was processed by high-pressure torsion
through up to a total of 10 turns under an applied pressure of
6.0 GPa. Experiments were conducted to examine the hardness
evolution, the development of an ultrafine-grained microstruc-
ture and the tensile properties at elevated temperatures.

. Processing by HPT reduces the grain size to ∼180 nm at the edge
of the disk after 5 turns. The measured hardness values are low in
the central regions of the disks in the early stages of processing
but there is a high level of hardness homogeneity after 5 and
10 turns. The hardness values are matched by microstructural
observations showing a gradual evolution into a well-defined
equiaxed grain structure.

. Tensile testing at 673 and 723 K after 5 and 10 turns reveals a
reasonable level of ductility but the alloy is not superplastic and
the maximum elongation to failure is ∼280% at 723 K using a
strain rate of 1.0 × 10−4 s−1.
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