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Abstract A copper alloy, Cu-0.1 %Zr, was subjected to
severe plastic deformation at room temperature using quasi-
constrained high-pressure torsion. Disks were strained through
different numbers of revolutions up to a maximum of ten turns
under an applied pressure of 6.0 GPa and then examined to
evaluate the evolution in the Vickers microhardness, Hv, and
the microstructure. The results show lower values of Hv in the
center regions of the disks in the early stages of processing but a
gradual evolution to a high degree of hardness homogeneity
after five and ten turns. Under conditions of hardness homo-
geneity, the distributions of the grain boundary misorientations
are essentially identical at the center and the periphery of the
sample. Homogeneity was further confirmed by conducting
tensile testing at elevated temperatures where similar stress—
strain curves and similar elongations to failure were recorded
after processing through five and ten turns of HPT.

Introduction

The fabrication of bulk ultrafine-grained (UFG) materi-
als has become important because of the potential for
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producing materials having both high strength and a
superplastic forming capability. These UFG metals may be
produced through the application of severe plastic defor-
mation as in processes such as equal-channel angular
pressing (ECAP) [1] and high-pressure torsion (HPT) [2].

Extensive investigations of aluminum-based alloys
showed that the addition of a small amount of zirconium
restricts grain growth in UFG materials processed by ECAP
and this provides an opportunity for achieving excellent
superplastic properties with elongations up to >1000 % at
elevated temperatures [3]. By contrast, there are only lim-
ited results showing the effect of adding Zr to Cu-based
alloys. In earlier experiments, superplastic elongations were
achieved in a Cu-30 %Zn-0.13 %Zr alloy processed by
ECAP when testing in tension at 673 K but experiments on
a Cu-0.18 %Zr alloy gave elongations to failure of <100 %
[4]. The present investigation was initiated to evaluate the
effect of a Zr addition on the properties of Cu after pro-
cessing by HPT. This information is needed because it is
well known that a Zr addition improves the fatigue prop-
erties of copper [5]. An earlier report described some of the
preliminary results from this investigation [6] and this paper
provides additional information on the microstructural
evolution and the tensile properties. Specifically, the
objectives of this investigation were to evaluate the char-
acteristics of the microstructural development and to pro-
vide information on the mechanical properties of the alloy
both at room temperature and at elevated temperatures after
processing by HPT.

Experimental materials and procedures

The material used in these experiments was a commercial
Cul51 alloy with a composition, in wt%, of Cu-0.1 %Zr.
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The alloy was received from Olin Brass (East Alton, IL,
USA) in the form of a rolled strip with dimensions of
760 x 500 mm and a thickness of 1.5 mm. Disks for HPT,
having diameters of 10 mm, were punched from the sheet
and then polished to give a final thickness of ~0.83 mm.
In the as-received condition, the mean linear intercept grain
size was measured as ~20 pm with a slightly elongated
grain structure due to the rolling.

All of the HPT processing was conducted under quasi-
constrained conditions [2] using an HPT facility consisting
of two massive upper and lower anvils having central
depressions with diameters of 10 mm and depths of
0.25 mm. For HPT processing, a disk was placed in the
central depression of the lower anvil, the anvil was then
brought into a position so that a pressure was imposed on the
disk and torsional straining was achieved by rotation of the
lower anvil. This procedure was described in more detail in
an earlier report [7] except that a lubricant was not placed
around the edges of the depressions on the upper and lower
anvils. All processing by HPT was conducted at room
temperature (RT) using an applied load of 470 kN corre-
sponding to an imposed pressure, P, of 6.0 GPa, a rotational
speed for the lower anvil of 1 rpm and with different
numbers of turns, N, ranging through 1/4, 1/2, 1,3, 5, and 10
turns.

After HPT, each processed disk was mounted and
carefully polished to a mirror-like surface in order to take
microhardness measurements. These measurements were
taken using an FM-1e microhardness tester equipped with a
Vickers indenter using a load of 200 gf and a dwell time of
10 s. For each disk, the average microhardness values were
measured along randomly selected diameters of each disk.
These measurements were taken at intervals of 0.3 mm and
at every point the average microhardness value was cal-
culated from four separate points uniformly positioned
around the selected position by a distance of 0.15 mm. The
distance between adjacent indentations was at least three
times the indentation size to avoid any interactions. The
advantage of this procedure is that it provides the hardness
values with a high degree of accuracy for each selected
measurement point. The error bars were calculated at each
point corresponding to the 95 % confidence limits. Addi-
tional hardness measurements were also taken over the
total surface areas of each disk following a rectilinear grid
pattern and the results from these measurements were
presented earlier in the form of color-coded hardness maps
[6].

Detailed microstructural analysis was conducted on
sample processed through one and five turns using an
electron-backscatter diffraction (EBSD) technique and
orientation imaging microscopy (OIM). These observations
were performed separately at the central and edge regions
of the processed disks. The EBSD analysis was undertaken

using a JSM 7001F scanning electron microscope (SEM)
operating at an accelerating voltage of 15 kV and the
EBSD patterns were collected with TSL OIM software at
the center and edge regions: the step sizes were taken as
0.08 um except at the center of the disk processed through
one turn where the step size was 0.1 pm. The average grain
sizes and the average misorientation angles of the grain
boundaries were analyzed using this software in which
high-angle grain boundaries (HAGBs) are defined as mis-
orientations between adjacent measurement points of more
than 15°. The clean-up procedure was performed in an
OIM-TSL analyzer and included grain dilation (GD) with a
grain tolerance angle (GTA) equal to 5° and a minimum
grain size of 2 pixels and a grain confidence index stan-
dardization with a GTA of 5° and a minimum grain size of
2 pixels. The average confidence index of each condition
was about 0.9 or more whereas the change of datum point
was less than 10 % after the clean-up procedure. Average
grain sizes were determined directly from the OIM images
using more than 500 individual grains in each material.

To investigate the mechanical properties, tensile speci-
mens were prepared from the disks both in the as-received
condition and after processing through 1, 5, and 10 turns.
Two miniature tensile specimens, having both gauge
lengths and widths of 1 mm, were cut from each disk using
electro-discharge machining (EDM). A schematic illustra-
tion of typical tensile specimens is given in another report
[8]. To avoid any potential problems associated with
microstructural inhomogeneities near the centers of the
disks, these specimens were cut from two off-center posi-
tions on either side and equidistant from the center of each
HPT disk. Earlier research showed that higher elongations
are generally achieved in specimens machined from the
off-center positions in HPT processing [9]. These tensile
specimens were pulled to failure at temperatures of 673 and
723 K using an Instron testing machine operating at a
constant rate of cross-head displacement and with initial
strain rates from 1.0 x 107*to 1.0 x 1072 s7".

Experimental results
Microhardness measurements after HPT

The values of the Vickers microhardness, Hv, are shown in
Fig. 1 plotted as a function of the position within the disk:
the lower dashed line denotes the hardness value of
Hv =~ 95 in the as-received condition prior to processing
by HPT. These measurements demonstrate that the hard-
ness increases significantly even after only 1/4 turn with a
value of Hv ~ 160 at the periphery of the disk but a much
lower value of Hv ~ 110 in the central region. Thereafter,
there is little or no change in the hardness at the edge of the

@ Springer



7784

J Mater Sci (2012) 47:7782-7788

200 T T T T T T T
180 .

160 =

=

=

@ 140

2

5 120

£ 100

5

‘£ 8of

i quurns;

o 6f0r —e— 114 7

S 40 — 1 A

Cu-0.1wt.% Zr — 3

o | Moo +~— 5 |

| HPT: 6.0 GPa, RT

0 i L 1 'S 1 ' 1 ' 1
-4 -3 -2 -1 0 1 2 3 4

Distance from center (mm)

Fig. 1 Values of the Vickers microhardness versus distance from the
center of the Cu-0.1 %Zr disks after HPT processing for various
numbers of turns

disk but the hardness values recorded in the centers of the
disks gradually increase with increasing numbers of turns
and after five and ten turns there is essentially a hardness
homogeneity with Hv ~ 160 throughout each disk. This
gradual development of hardness homogeneity is consistent
both with other experimental reports for materials pro-
cessed by HPT [10-18] and with strain gradient plasticity
modeling of the HPT process [19].

Detailed information on the values of Hv and the asso-
ciated error bars are summarized in Table 1 where the error
bars denote the 95 % confidence limits based on the sep-
arate measurements recorded around each point. It is

apparent from Table 1 that the error bars tend to be higher
in the central region of the disk where initially there are
significant inhomogeneities. However, the error bars in the
central regions decrease with increasing torsional straining
so that ultimately, after ten turns, the error bars are rea-
sonably consistent across the disk diameter.

Microstructure after HPT processing

Figure 2 shows representative OIM images taken after
(a) one turn and (b) five turns, where the upper row cor-
responds to the centers of the disks and the lower row
corresponds to the peripheries: the individual colors cor-
respond to different orientations of each grain as depicted
in the unit triangle. Inspection of Fig. 2a reveals the
inhomogeneous microstructure and elongated grains that
are present after processing through one turn. Measure-
ments showed the grain sizes were different in these two
regions with an average grain size of ~580 nm in the
central region and ~410 nm in the edge region. After five
turns in Fig. 2b, the microstructure became very well-
defined, the grains were more equiaxed and measurements
gave average grain sizes of ~500 nm at the center
and ~410 nm at the periphery. Thus, consistent with the
hardness measurements shown in Fig. 1, the average grain
size remains constant at the edge of the disk with additional
HPT processing whereas the average grain size decreases
in the central region.

Figure 3 shows the distributions of the misorientation
angles of grain boundaries at the centers and edges of the

Table 1 Microhardness values along the radii of Cu—0.1 %Zr disks processed by HPT

Distance from center (mm) Hv

No HPT 1/4 turn 1/2 turn 1 turn 3 turns 5 turns 10 turns
0.0 954 + 1.7 116.8 £ 4.7 1246 £ 5.1 131.0 £ 8.0 143.1 £ 4.8 156.2 £ 4.5 157.0 £ 1.8
0.3 955 £ 1.1 127.3 £ 5.0 129.7 £ 4.4 137.4 £ 49 1534 + 3.7 1562 + 2.4 155.1 £ 24
0.6 955+ 14 133.8 £ 4.2 136.2 £ 2.0 145.1 £ 3.3 156.8 + 2.4 155.0 £ 2.1 1559 £ 2.0
0.9 95.6 +£ 0.9 1399 £ 2.7 140.6 £+ 2.0 148.2 + 2.7 1562 + 1.2 154.8 + 2.5 158.1 £ 1.9
1.2 96.1 + 1.2 148.0 £ 3.0 1443 + 14 154.0 £ 1.6 1569 £ 04 155.6 £ 2.0 1594 £ 1.3
1.5 96.3 + 1.0 1514 £ 19 1475 £ 25 1571 £ 1.9 156.4 £ 1.2 155.6 £ 1.1 1583 + 1.2
1.8 94.8 + 1.1 1520 £ 2.3 1498 £ 1.2 160.1 £ 1.5 157.0 £ 2.3 1579 £ 1.3 158.4 £ 1.7
2.1 95.5+ 0.5 1529 £ 1.5 150.5 £ 0.8 1613 £ 1.7 156.4 £ 1.0 159.0 £ 1.0 160.0 £ 1.3
24 95.8 £ 1.0 156.5 £ 2.0 153.1 £ 1.8 1612 £ 1.5 156.7 + 0.8 159.0 £ 1.3 160.5 + 2.0
2.7 947 £ 1.0 159.1 £ 1.1 155.1 £ 1.3 160.5 + 1.7 1574 £ 1.3 160.8 + 1.0 1619 + 1.3
3.0 953+ 0.8 1583 £ 1.7 1552 £ 0.5 160.5 £ 1.1 158.0 £ 1.1 161.0 £ 1.6 163.3 £ 0.9
33 959 + 0.8 159.1 £ 2.5 156.4 £ 1.1 161.0 £ 1.6 1593 £ 0.8 160.5 £ 2.5 163.8 £ 0.6
3.6 96.5 + 0.9 1614 £ 2.7 158.6 £ 1.5 1599 £ 2.0 1609 £+ 1.6 1614 £ 1.3 1634 £ 1.3
3.9 96.5 + 0.9 1622 £ 2.2 160.0 £ 2.6 1579 £ 2.2 162.1 £ 14 1629 £ 1.6 1644 £ 0.5
42 96.1 + 14 163.8 £ 2.0 159.5 £ 3.3 1574 £ 1.2 163.1 £ 1.0 1632 £ 14 163.8 £ 1.2
4.5 959 + 1.1 164.0 £ 2.5 1593 £ 2.6 159.1 £ 1.6 163.3 £ 1.5 162.7 £ 2.3 163.6 £ 1.1
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Fig. 2 EBSD orientation

Cu-0.1 wt.% Zr

images of the Cu—0.1 %Zr disks
processed by HPT for a one turn
and b five turns; the upper row
corresponds to the centers of the
disks and the lower row
corresponds to the edges of the
disks

disks processed by HPT through (a) one turn and (b) five
turns: information is given also for the total percentage of
high-angle boundaries for each condition. These measure-
ments show there is a relatively low fraction (46 %) of
HAGBS in the center of the disk after HPT through one
turn and this fraction is significantly higher (68 %) in the
edge region. After five turns, as shown in Fig. 3b, the
number fractions of grain boundary misorientations are
essentially identical at both the center and the edge posi-
tions and measurements showed the percentages of HAGBs
were 70 % at both positions.

Tensile properties at high temperatures

Figure 4 shows representative stress—strain curves for the
specimens after HPT processing through one, five, and
ten turns and in the as-received condition without HPT:
these experiments were conducted using an initial strain
rate of 1.0 x 1073 s7! at temperatures of (a) 673 and
(b) 723 K. The plots show the Cu-Zr alloy exhibits
typical high temperature behavior including little strain
hardening and reasonable ductility. Detailed inspection
of Fig. 4 shows the maximum yield stresses recorded
after HPT for one turn are slightly lower than for the

HPT: 6.0 GPa, RT

111

215"

— )15.

as-received material where this is attributed to the
microstructural inhomogeneities produced in the early
stages of torsional straining. Nevertheless, the yield
strengths increase with increasing numbers of turns with
the highest values recorded after five and ten turns. This
is consistent with data reported for several materials
processed by HPT including Fe [20] and an Al-7034
alloy [21].

The results in Fig. 4 demonstrate that, at a strain rate of
1.0 x 1073 sfl, the maximum elongations achieved in
tension are ~175 % at 673 K and ~205 % at 723 K.
However, to provide a more comprehensive display of
tensile data over a range of strain rates, Fig. 5 plots the
measured elongations to failure versus strain rate for
samples in the as-received condition and after processing
through one, five, and ten turns at (a) 673 and (b) 723 K.
The results given in Fig. 5 cover initial strain rates from
1.0 x 107%to 1.0 x 1072 s™', respectively.

Inspection of Fig. 5 leads to three important conclu-
sions. First, the ductility increases significantly after HPT
for five and ten turns whereas the samples processed
through only one turn show similar elongations to speci-
mens without HPT. This lower ductility in the samples
after HPT for one turn is a direct consequence of the high

@ Springer
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Fig. 3 Distributions of the number fraction of the misorientation
angles of the grain boundaries at the centers and edges of the disks
processed by HPT through a one turn and b five turns

degree of microstructural inhomogeneity as demonstrated
earlier by the larger error bars associated with the hardness
measurements in the early stages of HPT processing [6].
Second, after five and ten turns the measured elongations to
failure consistently increase with decreasing strain rate and
both processing conditions show almost identical results.
The similarity between the samples processed through
five and ten turns matches the hardness measurements
shown in Fig. 1 where essentially identical hardness values
are recorded after processing through five and ten turns.
Furthermore, as in earlier experiments [11, 22-27],
this confirms the close correlation between the hardness
measurements and the microstructures produced by HPT.
Third, the highest elongations recorded in these experi-
ments were ~280 % for the two specimens processed
through five and ten turns when testing at 723 K using a
strain rate of 1.0 x 10~* s~'. This elongation does not
fulfill the requirements for true superplastic flow where the
measured elongation in tension should be at least 400 %
[28].
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Fig. 4 Plots of engineering stress versus engineering strain for the
Cu-0.1 %Zr alloy in an as-received specimen and after HPT
processing through one, five, and ten turns at an initial strain rate
of 1.0 x 1073 s~! and at temperatures of a 673 and b 723 K

Discussion

The results of this investigation show there is a gradual
evolution toward hardness homogeneity across the disks of
the Cu-0.1 %Zr alloy after five or more turns of HPT
processing. This is consistent with earlier reports for pure
Cu processed by HPT [12, 29-36] and for various Cu
alloys [30, 31, 37, 38]. Several recent results on Cu alloys
indicate also that the microstructural development in HPT
processing is dependent upon the stacking fault energy of
the alloy [39-43].

Using EBSD and OIM, the results in Fig. 2 provide a
direct demonstration of the microstructural evolution that
parallels the evolution in hardness: this evolution occurs
both with additional torsional straining and between the
center and edge of each HPT disk. It is important to note
that the distributions of the grain boundary misorientation
angles in Fig. 3b provide a direct confirmation of the
microstructural homogeneity, in addition to the hardness
homogeneity, that is attained after a relatively small
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Fig. 5 Elongation to failure versus strain rate for the Cu-0.1 %Zr
alloy in an as-received condition and after HPT processing through
one, five, and ten turns and testing at temperatures of a 673 and
b 723 K

number of turns. These results show, therefore, that HPT
processing is especially effective in both refining the grains
to the submicrometer level and in producing a homoge-
neous microstructure throughout each disk.

The equilibrium grain size recorded in this investigation
was ~410 nm and this is larger than the grain sizes of
~310 nm at the center and ~ 180 nm at the edge of a disk
for the same alloy processed by HPT through five turns
when taking measurements using transmission electron
microscopy (TEM) [6]. This difference arises because in
practice lower grain sizes may be recorded using TEM both
because of a tendency to directly measure the smaller
grains and because of the limitations imposed in EBSD
because of the size of the scanning step.

The results in Fig. 3b show that the percentage of
HAGB: after five turns of HPT was about 70 % at both the
center and the periphery of the disk. This is similar to the
percentages of HAGBs recorded after processing by ECAP
through a number of passes: for example, there are reports

of 74 % of HAGBs in pure Al after 12 ECAP passes at
room temperature [44] and 65 % of HAGBs in an Al-
1 %Mg alloy after 8 ECAP passes at room temperature
[45].

The highest elongations recorded in tensile testing in
these experiments were only ~280 % after processing
through five and ten turns and then testing in tension at
723 K. This elongation does not fulfill the requirement for
superplastic flow which is defined as tensile elongations of
at least 400 % and with measured strain rate sensitivities
close to ~0.5 [28]. Nevertheless this value is significantly
larger than the elongations of <100 % recorded for a Cu—
0.18 %Zr alloy processed by ECAP and tested in tension at
the lower temperature of 673 K [4]. It should be noted that
the addition of a small amount of Zr increases the recrys-
tallization temperature and inhibits grain growth [4]
thereby leading to grain size stability at elevated temper-
atures. In practice, this grain stability may produce superior
tensile properties such as high strength and reasonable
tensile ductility.

In practice, it is now well-established that the ductilities
achieved in tensile testing are dependent upon the dimen-
sions of the tensile specimens [46, 47]. Specifically, higher
elongations are achieved when using specimens with larger
cross-sectional areas. In the present experiments, the ten-
sile specimens had widths of 1 mm and thicknesses of
<0.8 mm after HPT processing so that their cross-sectional
areas were extremely small. This contributes in part to the
relatively low elongations although it should be noted that
a tensile elongation of ~ 1800 % was recorded recently in
a tensile specimen cut from a highly superplastic Zn—
22 %Al eutectoid alloy after processing by HPT [48]. More
experiments are now needed to determine the requirements
for achieving superplastic elongations in very dilute Cu-
based alloys.

Summary and conclusions

1. Disks of a Cu-0.1 %Zr alloy were processed by quasi-
constrained HPT through up to ten turns under an applied
pressure of 6.0 GPa. Following HPT processing, the disks
were examined to determine the evolution in hardness and
microstructure with torsional straining and the tensile prop-
erties of the processed specimens at elevated temperatures.
2. The results show that homogeneity is achieved in this
alloy after processing by HPT through five or more turns.
This homogeneity is confirmed in three ways. First, hard-
ness measurements show similar values across each disk
after five or more turns. Second, the measured percentages
of high-angle grain boundaries are identical in the center
and at the edge of a disk processed for five turns.
Third, tensile testing after HPT processing leads to similar
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stress—strain curves and elongations to failure for samples
processed through five and ten turns.
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