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Disks of coarse-grained pure Cu were processed by high-pressure torsion (HPT) and the microhardness and microstructural param-
eters were used to reveal the evolution of homogeneity. It is shown that the microstructures at the centers of the disks are significantly
refined by HPT and an essentially homogeneous microstructure is achieved at strains above�15. An analysis demonstrates that micro-
structural homogeneity is achieved most readily in materials having either high or low, rather than intermediate, stacking fault energies.
� 2010 Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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Severe plastic deformation (SPD) has been widely
applied to synthesize bulk materials with ultrafine-
grained structures [1]. Various SPD techniques are avail-
able including equal-channel angular pressing (ECAP)
[2], high-pressure torsion (HPT) [3], accumulative roll-
bonding [4] and dynamic plastic deformation [5]. How-
ever, processing by HPT is especially attractive because
it generally produces significantly smaller grains and a
higher fraction of high-angle grain boundaries (HAGBs).

An important limitation in HPT is that the imposed
strain varies across the sample. The shear strain in
HPT, cHPT, is given by the relationship [6,7]:

cHPT ¼
2pNr

h
; ð1Þ

where r and h are the radius and height (or thickness) of
the disk, respectively, and N is the number of revolutions.
Following from Eq. (1), the shear strain in the center of
the disk is zero and the strain increases linearly with ra-
dius. Several investigations have used microhardness
measurements to evaluate the extent of any microstruc-
tural evolution occurring in HPT, and the results from
these experiments are mutually consistent [8–15]. All re-
sults reveal a gradual evolution towards a reasonably
homogeneous distribution of microhardness values with

increasing pressure and/or increasing strain. This evolu-
tion has been effectively modeled using strain gradient
plasticity [16]. Nevertheless, no information is available
to date concerning the significance of the stacking fault
energy (SFE), although it is reasonable to anticipate the
SFE plays a critical role because it influences the rate of
recovery within the material.

The present investigation was initiated to provide infor-
mation on the microstructural evolution occurring in
coarse-grained pure Cu during processing by HPT. The
objectives of the investigation are twofold. First, to provide
comprehensive information on the hardness and micro-
structures for pure Cu processed by HPT. Second, to com-
pare the results with earlier data for various face-centered
cubic (fcc) materials processed by HPT and to seek a
correlation by incorporating the SFE into the analysis.

The investigation used Cu of 99.97% purity with an
initial average grain size of �57 lm; detailed informa-
tion about this material was provided previously [17].
Disks were prepared with diameters of 10 mm and thick-
nesses of �0.85 mm, and these disks were processed by
HPT using the experimental facility and procedure de-
scribed previously [18,19]. The disks were processed
through one, two and five revolutions under an imposed
pressure of 6.0 GPa. Following HPT, all samples were
mechanically ground and electropolished as described
earlier [17] and Vickers microhardness (Hv) measure-
ments were taken with a load of 0.98 N maintained for
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10 s using an LM247AT microhardness tester. As de-
picted schematically in Figure 1a, measurements across
the diameter were taken at positions separated by 0.3
mm up to a distance of 2.1 mm on either side of the cen-
ter and at separations of 0.5 mm thereafter. Using
electron backscatter diffraction (EBSD), detailed micro-
structural observations were undertaken at the centers,
at the half-radius positions ((1/2)R) and near the edges
(1R) of each HPT disk, where R is the disk radius.
The EBSD investigations were undertaken using a
LEO SUPRA35 scanning electron microscope with
map step sizes of 0.5 lm for the central regions of the
disks after one and two revolutions, 0.08 lm for the cen-
tral region after five revolutions and 0.05 lm for the (1/
2)R and 1R positions after one revolution. At least three
maps were scanned in the selected regions for each con-
dition to provide a high level of accuracy. The micro-
structural evolution was recorded using Channel 5
software (HKL Technology) [20] and analyzed to give
the average grain size, the fraction of HAGBs having
misorientation angles of >15� and the average misorien-
tation angle, hav.

The average values of Hv across the diameters of
each disk are shown in Figure 1b, where CG denotes
the initially unprocessed hardness. Several trends are
visible from inspection of Figure 1b. First, the microh-

ardness increases by a factor of approximately 2 after
one-revolution HPT. The increased Hv in the central re-
gions can be attributed to the gradient in hardness, since
the ideal center of the sample with non-zero strain is
only an infinitesimal point [21]. Second, there is a signif-
icant variation in the size of the error bars across the
disk diameters: specifically, the error bars are larger in
the central region and decrease with increasing numbers
of revolutions, thereby indicating a gradual transition to
microstructural uniformity after larger numbers of revo-
lutions. Third, the low values of Hv in the central region
increase in subsequent strains and ultimately, after five
revolutions, all Hv values are reasonably uniform across
the disk. Fourth, the Hv values at the outer periphery
undergo no significant change with increasing numbers
of revolutions, which is similar to earlier data for an
Al-6061 alloy [12]. Moreover, the relationship between
the equivalent von Mises strain eVM in HPT and the flow
stress is shown in Figure 1c. It is apparent that signifi-
cant strain hardening takes place only at the lower
strains and, as shown in the inset, the flow stress is essen-
tially constant at equivalent strains larger than about 15.

The distribution of crystallographic orientations may be
readily evaluated through inverse pole figures by using
EBSD as shown in Figure 2a–e and the colors correspond
to different orientations in the inverse pole figure as shown
in Figure 2f. Inspection of Figure 2a shows that the original
grains are clearly discernible in the center after one revolu-
tion and the density of low-angle boundaries (LAGBs) is
very high. There are fluctuations in the orientations within
the grains and there are larger changes in the orientations
adjacent to the grain boundaries and near the triple junc-
tions. These orientation fluctuations are more obvious in
the central region after two revolutions, as shown in Figure
2b, although many of the coarse original grains are visible.
These distorted crystallographic orientations originate from
dislocation activities which lead to the formation of LAGBs
[22]. After five revolutions in Figure 2c, the microstructure
at the center is significantly refined; the original coarse
grains are invisible but the density of LAGBs remains high.

It is well documented that grain refinement of pure Cu in
SPD processing, as in ECAP, is dominated by the accumu-
lation, interaction, tangling and spatial rearrangement of
dislocations [23]. It is apparent also from Figure 2 that
microstructural evolution occurs differently outside of the
central region. At the (1/2)R position after one revolution
where the equivalent strain is�15, as shown in Figure 2d,
the microstructure is fairly homogeneous and well refined
with an average grain size of �140 nm. This grain size is
smaller than the grain sizes measured by transmission elec-
tron microscopy in pure Cu processed by ECAP (�270 nm
after 10 passes [24] and �180 nm after 12 and 16 passes
[23]) and by HPT at the lower pressure of 2.0 GPa
(�200 nm after one revolution [25]). However, it is identi-
cal to the grain size of�140 nm reported in the outer region
of a disk of Cu processed by HPT for five revolutions under
the same pressure [26] and it is similar to the grain size of
�150 nm reported in Cu after five revolutions at 5.0 GPa
[27]. A similar structure is visible in Figure 2e at the 1R po-
sition after one revolution, thereby suggesting that a satu-
ration grain size is achieved at a strain of eVM� 15. The
microstructures at the (1/2)R and 1R positions after two
and five revolutions are similar to those in Figure 2d and e.

Figure 1. (a) Schematic illustration of the procedure for microhardness
measurements across the diameters of disks after HPT; (b) the average
Vickers microhardness, Hv, versus the distance from the center of the
disk and (c) the stress–strain relationship of Cu after HPT: the inset
shows the stabilization at a strain of �15.
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Figure 3 presents a detailed summary of the micro-
structural parameters including (a) the average grain size,
(b) the relative fraction of HAGBs and (c) the hav. The
average grain size in the central region decreases with
increasing numbers of revolutions and after five revolu-
tions it is comparable to, but higher than, the grain size
of�140 nm achieved at the (1/2)R and 1R positions after
one revolution. Concurrently, the fraction of HAGBs and
the values of hav in the central regions increase with
increasing numbers of revolutions. Although the grain
sizes are fairly similar at the three selected positions after
five revolutions, the fraction of HAGBs and the hav re-
main significantly lower in the central region. This implies
that microstructural evolution is not complete even after
five revolutions of HPT despite the very significant grain
refinement. The values of the HAGB fraction (�75%) and
hav (�33�) at the (1/2)R and 1R positions are essentially
constant from one to five revolutions and the former va-
lue is higher than the fraction of �62% of HAGBs in Cu
processed by 24 passes of ECAP [28].

The presence of inhomogeneity within the Cu disk is dif-
ferent from the homogeneity achieved in high-purity Al
after processing by HPT through five revolutions [9]. This
suggests that the development of homogeneity is dependent
upon the rate of recovery within the material and therefore
upon the SFE. In practice, the SFE determines not only the
recovery rate but also the deformation mechanisms which
influence the homogeneity evolution within fcc materials
[29–33]. In order to evaluate the level of microstructural
homogeneity achieved in fcc materials, it is convenient to
define a hardening parameter ((HVR � HVC)/HVR), where
HVR and HVC represent the values of Hv at the 1R position
and near the central region, respectively. Using the experi-
mental data obtained after five-revolutions HPT at RT in
the present investigation and other reports for different
fcc materials [9,10], Figure 4a plots the hardness parameter
against the normalized SFE, c/Gb, where G is the shear
modulus and b is the Burgers vector, and Figure 4b shows
an additional plot where the von Mises equivalent strain
for an apparently homogeneous microstructure in HPT is
also plotted against c/Gb [9,10,22,34]. The two plots in
Figure 4a and b signal that a uniform microstructure is
attained more easily in fcc materials that have either a high

or a low SFE. This conclusion is also consistent with recent
investigations using ECAP [30–33].

In addition, it is known that increasing the deforma-
tion temperature may achieve a uniform microstructure
more readily [22]. In the present analysis the HPT process-
ing was conducted at RT where the homologous temper-
atures are in the same range for all selected fcc materials
shown in Figure 4 (from �0.3Tm for Al to �0.2Tm for
Ni where Tm is the melting temperature). Thus, although
the homologous temperature may slightly influence the
microstructural evolution [35], the SFE appears to be
the most important factor influencing the development
of microstructural homogeneity.

Figure 3. Evolution of microstructure parameters with increasing
numbers of revolutions: (a) the average grain size; (b) the fraction of
HAGBs and (c) the hav.

Figure 2. Microstructures in the disks at selected positions after different numbers of revolutions: (a–c) central areas of the disk after one, two and
five revolutions, respectively; (d and e) (1/2)R position and 1R position, respectively, after one revolution and (f) the inverse pole figure.
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The reason for the apparent dichotomy between high,
low and intermediate SFE materials lies in the nature of
the dominant deformation process in achieving grain
refinement. In the materials with high SFE there is a high
rate of recovery and a rapid evolution into a uniform micro-
structure [9], whereas in the materials with low SFE the
recovery occurs slowly because of the significant difficulty
of cross-slip, but deformation twinning transforms the
homogeneously deformed metals into a fine laminar struc-
ture and this is readily fragmented to refine grains [30]. The
intersection of twins, secondary twins and shear bands
accelerates the formation of a reasonably uniform distribu-
tion of nanostructured grains [30–33,36]. Consequently, it
appears that the formation of a uniform ultrafine micro-
structure is most challenging in materials where the rate
of recovery is relatively slow and, in addition, the formation
of a homogeneously twinned structure is difficult [17,31].

In summary, experiments on pure Cu demonstrate an
evolution in microstructure and microstructural param-
eters during processing by HPT which is consistent with
expectations inferred indirectly from microhardness
measurements. Although the microstructures in the cen-
tral regions are significantly refined with increasing
numbers of revolutions, and reach an essentially homo-
geneous condition at strains above �15, the fraction of
HAGBs and the hav lag behind the evolution achieved in
the outer regions of the disks. A comparison with other
experimental data suggests that microstructural homo-
geneity is achieved most readily in the fcc materials hav-
ing high or low, rather than intermediate, SFEs.
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