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a b s t r a c t

Blends of Cu powders and 3 vol.% carbon nanotubes (CNTs) were consolidated by High Pressure Torsion
(HPT) at room temperature (RT) and 373 K. The grain size, the lattice defect densities as well as the
hardness of the composite samples were determined. It was found that the Cu–CNT composite processed
at RT exhibited a half as large mean grain size and a three times higher dislocation density than those
observed in the specimens either consolidated from pure Cu powder or processed from bulk Cu by HPT.
eywords:
-ray diffraction
ardness measurement
omposites
anostructured materials
owder metallurgy
islocations

The small grain size and the pinning effect of CNT fragments on dislocations led to significant twin
boundary formation during HPT. The increase of the temperature of HPT-processing to 373 K resulted in
a slight increase of the grain size, and a strong decrease of the dislocation density and the twin boundary
frequency in the composite. The correlation between the microstructural parameters and the flow stress
calculated from the hardness was discussed.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Ultrafine-grained (UFG) materials are in the focus of materials
cience due to their unique physical and mechanical properties.
ulk UFG metallic materials are frequently processed by severe
lastic deformation (SPD) [1–3]. Previous studies have shown that
he grain size and the density of lattice defects (e.g. dislocations)
etermining the strength of pure materials depend strongly on the
oute of SPD-processing (e.g. [4]). It was revealed that for a given
aterial and temperature, the smallest grain size and the high-

st dislocation density can be achieved by High Pressure Torsion
HPT) among the frequently used SPD procedures [4]. This method
pplies very high hydrostatic pressure (2–8 GPa) during straining
f bulk samples, that hinders vacancy migration during deforma-
ion thereby retarding the annihilation mechanisms (e.g. climb) of
islocations. The microstructure and mechanical properties of HPT-
rocessed metals have been examined in details in previous papers

5–11]. The high pressure applied in HPT also enables this method
or consolidating metallic powders [12–14]. In this case, the start-
ng powder particles may be nanosized in order to achieve very
mall grain size after consolidation [15,16], but even if the powder

∗ Corresponding author. Tel.: +36 1 372 2876; fax: +36 1 372 2811.
E-mail address: gubicza@metal.elte.hu (J. Gubicza).

921-5093/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2011.02.066
is coarse-grained, the high imposed strain during HPT guarantees
the achievement of UFG microstructure in the compacted sample
(e.g. [12]).

Besides single phase metals, HPT has been also used to fabricate
metal–matrix nanocomposites [12,13,16–20]. Carbon nanotubes
(CNTs) are promising disperse phase in these composites because
their high aspect ratio results in an increase of both strength and
ductility of the UFG matrix processed by HPT [16]. It has been
shown that only several volume percents of CNTs can yield mani-
fold increments in strength and fracture toughness of the Al matrix
[16,20,21]. The improvement of the strength in Al and Cu was
attributed mainly to the smaller grain size caused by the pinning
effect of CNTs on grain boundaries [17–19]. However, the introduc-
tion of CNTs into Cu matrix led to a larger increase in strength than
the effect of grain-refinement [19]. Although, this higher strength
increment might be caused by the larger density of lattice defects
(e.g. dislocations) in Cu–CNT composites, the defects type (dis-
locations or twin faults) and density have been not investigated
yet.

In this paper, the grain structure as well as the type and den-

sity of lattice defects was investigated in composites consolidated
from blends of Cu powders and CNTs by HPT. The effect of CNTs
on the grain size, dislocation density and twin boundary fre-
quency was studied by comparing samples processed with and
without CNTs. The hardness was determined along the radius of

dx.doi.org/10.1016/j.msea.2011.02.066
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:gubicza@metal.elte.hu
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theoretical densities for pure Cu sample indicating the negligible
porosity in the consolidated sample. In the case of the composite
specimens, the calculated density was obtained as an average of the
theoretical densities of Cu (8.95 g/cm3) and graphite (2.16 g/cm3)

Table 1
The measured and the calculated mass densities for samples Cu, Cu–CNT-RT and
Cu–CNT-373.
P. Jenei et al. / Materials Science an

he HPT-processed disks and correlated to the parameters of the
icrostructure.

. Experimental procedures

.1. Sample preparation

Copper powder having 99.5% purity and particle sizes less than
4 �m (325 mesh, manufacturer: Chang Sung Co., Korea) and
vol.% multi-walled CNTs (MWCNTs) were mixed by high-energy
illing (manufacturer: Applied Carbon Nano Co., Korea). The diam-

ter and the length of CNTs produced by Catalytic Chemical Vapor
eposition (CCVD) were 5–20 nm and 1–10 �m, respectively. The
owder blend was pre-compacted by cold isostatic pressing. The
re-compacted disks having a diameter of 19 mm and a height
f 3 mm were consolidated by HPT at RT and 373 K. The applied
ressure and the number of revolutions were 2.5 GPa and 10,
espectively, for all the three samples. The HPT-processed disks
ere 20 mm in diameter and 0.7 mm in thickness. In order to study

he effect of CNTs on microstructure, an additional sample was con-
olidated solely from the Cu powder at RT by the same way as in
he case of the composite specimen. The mass density of the con-
olidated samples was determined using Archimedes’ principle. In
he following, the samples processed from pure Cu, the blend of
u and CNTs at RT and 373 K are denoted as Cu, Cu–CNT-RT and
u–CNT-373, respectively.

.2. Microstructure characterization

The microstructure of the HPT-processed samples was stud-
ed by X-ray line profile analysis. The diffraction profiles were

easured by a high-resolution rotating anode diffractometer (Non-
us, FR591) using Cu K�1 (� = 0.15406 nm) radiation. The peak
rofiles were evaluated by the extended Convolutional Multiple
hole Profile (eCMWP) fitting method [22,23]. In this method,

he diffraction pattern is fitted by the sum of a background spline
nd the convolution of the instrumental pattern and the the-
retical line profiles related to the crystallite size, dislocations
nd twin faults. The details of the eCMWP procedure can be
ound in Refs. [22,23]. This method gives the area-weighted mean
rystallite size, the dislocation density and the twin-boundary fre-
uency with good statistics, where the twin-boundary frequency

s defined as the fraction of twin boundaries among the {1 1 1}
attice planes. The area-weighted mean crystallite size (〈x〉area)

as calculated from the median and the variance of the assumed
og-normal crystallite size distribution as: 〈x〉area = m·exp(2.5�2).
he grain structure was examined using a JEOL-200EX trans-
ission electron microscope (TEM) operating at 200 kV. The
orphology of CNTs after HPT was studied by high resolution

EM (HRTEM) carried out by JEOL-3010 transmission electron
icroscope operating at 300 kV. The TEM foils were prepared

t the half-radius of the HPT-processed disks and thinned by
echanical grinding and then by twin-jet electropolishing till

erforation.

.3. Microhardness measurements
The microhardness of the consolidated samples was measured
long their radius using a Vickers indenter. The spacing between the
eighboring indents was 1 mm. The applied load was 500 g with a
olding time of 10 s. The test was conducted at RT and 350 K.
Fig. 1. HRTEM image taken at the half-radius of the Cu–CNT-RT disk. The arrows
indicate fragments of CNTs.

3. Results and discussion

3.1. Phase composition and porosity in the consolidated samples

The phase composition of the samples was investigated on the
X-ray diffractograms taken for line profile analysis. In the initial
Cu powder and in the specimens consolidated from this powder
additional phase beside Cu was not detected. At the same time, in
the center of the disks processed from the blend of Cu powder and
CNTs at both RT and 373 K a small amount of Cu2O with a relative
intensity of 1% was observed. At the half radius and the periph-
ery of these disks oxide phase was not detected. Most probably,
the Cu2O phase was formed by surface oxidation of the Cu parti-
cles during the high-energy mixing process of the Cu powder and
CNTs and the subsequent compaction. This oxide phase may be
decayed due to severe plastic deformation by HPT, that can explain
its absence at the half-radius and the periphery of the disks where
the imposed strain is much higher than in the center. It is noted that
in the Cu–CNT composites peaks of CNTs were not detected most
probably due to their fragmentation during high-energy milling
and HPT as well as the very small amount of this phase. Indeed, com-
plete MWCNTs were not observed in the TEM images taken on the
consolidated samples. At the same time, small graphite-like frag-
ments were revealed from the interlayer spacings (about 0.34 nm)
determined in the HRTEM images. As an example, Fig. 1 shows a
HRTEM image taken at the half-radius of the disk Cu–CNT-RT. Both
straight and curved CNT fragments were observed as indicated by
the arrows in Fig. 1.

The experimental mass densities for the three samples are listed
in Table 1. There is a good agreement between the measured and
Sample Measured (g/cm3) Calculated (g/cm3)

Cu 8.99 ± 0.09 8.95
Cu–CNT-RT 8.5 ± 0.09 8.74
Cu–CNT-373 8.51 ± 0.09 8.74
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ig. 2. The microhardness (HV) as a function of the distance from the center of
he HPT-processed Cu, Cu–CNT-RT and Cu–CNT-373 disks (a). The hardness values
etermined at the half-radius of the disks at RT and 350 K (b).

eighted by their volume fraction (97 and 3%, respectively). The
alculated density for the composite samples (8.74 g/cm3) is higher
han the measured value (about 8.5 g/cm3) most probably due to
he remaining porosity. From the difference between the two den-
ities, an average porosity of about 3 vol.% was determined for both
pecimens Cu–CNT-RT and Cu–CNT-373.

.2. Hardness of the HPT-processed disks

The microhardness as a function of the distance from the disk
enter is plotted in Fig. 2a. It can be revealed that the hardness
ncreases with increasing the distance from the center and gets
aturated already at about 20% of the radius for all the three sam-
les. The smaller hardness in the center can be explained by the
maller strain imposed during HPT compared to the other locations
long the radius of the disk. Despite the linear dependence of the
train on the distance from the center, the hardness varies in a non-
inear manner due to decreasing work hardening with strain that
s in agreement with previous observations [17,19]. It is noted that
lthough the saturation hardness values of the Cu–CNT composites
re higher than that for the pure Cu sample, close to the disk cen-
er this relation is reversed (see Fig. 2a). In Section 3.3, X-ray line
rofile analysis shows that in the three samples near the center the
islocation density values are close to each other, therefore they
ave similar hardening effects. At the same time, the significant
emaining porosity in the composite samples results in hardness
eduction. Far from the center, the hardening effect of the much

arger dislocation density in the composites overwhelmes the influ-
nce of porosity leading to higher hardness than for the pure Cu
ample. The hardness measured at 350 K also saturated already at
bout 20% of the radius for all the three samples (not shown here).
he saturation values determined at the half-radius of the disks for
Fig. 3. eCMWP fitting of the X-ray diffraction pattern taken at the half-radius of
sample Cu–CNT-RT. The open circles and the solid line represent the measured and
the fitted X-ray diffraction patterns, respectively.

RT and 350 K are plotted in Fig. 2b. For all the three specimens the
hardness reduced by about 20% when the temperature increased
from RT to 350 K. This means that the relative hardening effect of
CNTs was maintained at least till 350 K.

3.3. Microstructure of the samples consolidated by HPT

The microstructure of the HPT-processed samples was investi-
gated at the center, half-radius and periphery by X-ray line profile
analysis. As an example, the eCMWP fitting carried out at the half-
radius of sample Cu–CNT-RT is shown in logarithmic intensity scale
in Fig. 3. The area-weighted mean crystallite size (〈x〉area), the dis-
location density (�) and the twin boundary frequency (ˇ) were
plotted in Fig. 4a–c, respectively. Usually, the crystallite size is
larger while the dislocation density and the twin boundary fre-
quency are smaller in the center than at the half-radius or periphery
due to the smaller imposed torsional strain. The curves lying on
the measured data points in Fig. 4a–c are only guides for eyes.
They reach the saturation values of the microstructural parame-
ters between the center and the half-radius as suggested by the
hardness investigations. For comparing the three samples, it is
reasonable to use the values of the microstructural parameters
determined at the half-radius. The crystallite size (60 ± 6 nm), the
dislocation density (43 ± 4 × 1014 m−2) and the twin boundary fre-
quency (0.0 ± 0.1%) measured at the half-radius in sample Cu agree
well with the values (〈x〉area ≈ 70 nm, � ≈ 40 × 1014 m−2, ˇ ≈ 0.1%)
obtained by HPT-processing of bulk coarse-grained Cu disk under
2–8 GPa [4,11]. The dark-field TEM image in Fig. 5a shows some
grains in sample Cu. The average grain size of this specimen
obtained by TEM is 173 nm that is close to the value determined
for bulk Cu processed by HPT (160 nm [4]). These observations sug-
gest that the saturation values of the microstructural parameters
in pure Cu obtained by HPT-processing of coarse-grained materi-
als are not very sensitive to whether the initial material is bulk or
powder. As a consequence, the hardness at the half-radius of the
sample processed from pure Cu powder (1.73 ± 0.03 GPa) agrees
well with the value (1.69 ± 0.06 GPa [4]) obtained for bulk Cu pro-
cessed by HPT till saturation. It is noted that in the case of sample
Cu, the parameters of the microstructure only slightly change along
the radius of the disk, indicating that the microstructure achieved

the near saturation state in all locations of the sample. It is also
worth to note that the crystallite size determined by X-ray line
profile analysis is smaller than the grain size observed by TEM. This
phenomenon has been usually observed for plastically deformed
metals [24] and it can be attributed to the fact that the crystallite
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he HPT-processed Cu, Cu–CNT-RT and Cu–CNT-373 disks.
ize determined from X-ray line profiles corresponds essentially to
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ethods [25,26].

ig. 5. Dark-field TEM images for samples (a) Cu, (b) Cu–CNT-RT and (c) Cu–CNT-373. So
and the twin boundary frequency, ˇ (c) at the center, half-radius and periphery of
The mean crystallite size of the composite sample Cu–CNT-RT
(36 ± 4 nm) is half as large as that of pure Cu (60 ± 6 nm), while the
dislocation density (111 ± 10 × 1014 m−2) is three times higher in
the former sample at the half-radius of the disks (see Fig. 4a and

me twin boundaries in sample Cu–CNT-RT are indicated by white arrows in (d).
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). Fig. 5b shows a dark-field TEM image of the grain structure of
ample Cu–CNT-RT. The average grain size in this specimen is 74 nm
hat is about half of the value obtained for pure Cu. The smaller crys-
allite and grain sizes as well as the much higher dislocation density
n sample Cu–CNT-RT can be explained by the pinning effect of CNT
ragments on lattice defects (dislocations and grain boundaries)
uring HPT that is especially significant where the imposed strain

s higher, i.e. at the half-radius and the periphery of the disk. Fig. 4c
hows that in contrast with the lack of observable twin boundaries
n pure Cu, in sample Cu–CNT-RT the twin boundary frequency is
igh (1.1 ± 0.1%) as determined by X-ray line profile analysis. The
inning effect of CNT fragments in sample Cu–CNT-RT hinders the
scape of dislocations from pile-ups during HPT resulting in high
tresses at glide obstacles such as Lomer-Cottrel barriers and grain
oundaries. If the local stresses at these obstacles exceed the criti-
al stress for twin nucleation, deformation twins are formed. Most
robably, the small grain size has also contributed to the evolu-
ion of the very high twin boundary frequency. As it was shown
n previous papers (e.g. [23]), the reduction of grain size in Cu
esulted in an increasing contribution of twinning to plasticity at
he expense of dislocation activity. Some twin boundaries in sample
u–CNT-RT are shown in Fig. 5d. The smaller grain size as well as
he larger dislocation and twin boundary densities may explain the

uch higher hardness of specimen Cu–CNT-RT compared to pure
u. The relationship between the parameters of the microstructure
nd hardness is discussed in Section 3.4.

Fig. 4a–c reveals that when the Cu–CNT composite was pro-
essed by HPT at 373 K the crystallite size (49 ± 5 nm) is larger by
6%, while the dislocation density (66 ± 8 × 1014 m−2) and the twin
oundary frequency (0.3 ± 0.1%) are one-half and one-third of the
alues obtained after processing at RT, respectively. This can be
xplained by the higher mobility of lattice defects at 373 K, yielding
heir easier annihilation during HPT-straining. Fig. 5c shows a dark-
eld TEM image of the microstructure in sample Cu–CNT-373. The
verage grain size is 83 nm that is larger than the value determined
or sample Cu–CNT-RT. The smaller defect densities and larger grain
ize in sample Cu–CNT-373 may yield smaller hardness compared
ith specimen Cu–CNT-RT (see Fig. 2a).

.4. Correlation between the microstructural parameters and the
ow stress

The parameters of the microstructure and the flow stress are
sually correlated using the Taylor and/or Hall-Petch formulas.
he former and the latter equations express the hardening effects
aused by dislocations and boundaries, respectively. The flow stress
alues of the samples Cu, Cu–CNT-RT and Cu–CNT-373 were deter-
ined at the center, half-radius and periphery as one-third of the

ardness determined at RT. These values are compared with the
ow stress calculated from the dislocation density using the Taylor-
quation and corrected for the porosity as [27]:

= (�0 + ˛MT Gb�1/2) exp(−0.05P) (1)

here �0 is the friction stress (35 MPa [3]), ˛ is a constant (0.22
28]), G is the shear modulus (47 GPa [29]), b is the length of the
urgers vector (0.256 nm), MT is the Taylor factor (3.06 was selected
s strong texture was not observed in the samples) and P is the
orosity in percents (0% for Cu and 3% for Cu–CNT-RT and Cu–CNT-
73). The measured and the calculated flow stress values are in good
greement as shown in Fig. 6. The flow stress was also calculated
t the half-radius of the disks from the grain size (d) determined by

EM using the Hall-Petch formula corrected for the porosity:

= (�0 + kd−1/2) exp(−0.05P) (2)

here k is the Hall-Petch slope (0.13 MPa m1/2 [30]). Fig. 6 demon-
trates that the flow stress determined from the grain size is much
Fig. 6. The calculated flow stress versus the measured values obtained as HV/3. The
flow stress was calculated from the grain size obtained by TEM using the Hall-Petch
formula and also from the dislocation density measured by X-ray line profile analysis
using the Taylor-equation.

less than the experimental values in agreement with previous stud-
ies on Cu–CNT composites [19].

It seems that although the Taylor-equation takes only the
interaction between dislocations into account, it is capable solely
to estimate the strength of the microstructure in the HPT-
consolidated Cu and Cu–CNT composites. This can be explained by
the severely deformed microstructures in these samples contain-
ing extremely high dislocation densities (in the order of 1016 m−2).
First, in severely deformed structures the majority of grain and
subgrain boundaries are built up from dislocations, therefore their
strengthening contributions can be described by a Taylor-type
equation as pointed out theoretically by Hughes and Hansen [31].
Secondly, the stress needed for passing a dislocation through the
high density dislocation structure is so large that it is also enough
for crossing the twin boundaries therefore they have no additional
strengthening contribution. It is also interesting to note that the
graphite-like fragments would be expected to have an additional
dispersion strengthening contribution to the flow stress but this
effect cannot be detected since the flow stress determined by the
Taylor-formula agrees well with the measured values. This obser-
vation can be explained by the severe plastic deformation during
sample production as follows. In HPT-processing, a very large num-
ber of dislocation passed through the CNT fragments, resulting
in Orowan loops around them. When the consolidated samples
are deformed subsequently in hardness testing, the gliding dis-
locations interact directly with these loops instead of the CNT
fragments, therefore this strengthening effect is included in the
Taylor-equation. Therefore, the CNT fragments in Cu have no direct
strengthening effect but rather they harden via the increase of the
dislocation density.

4. Summary

1. Blends of coarse Cu powder and MWCNTs were consolidated
by HPT at RT and 373 K. It was revealed that CNTs were broken
into graphite-like fragments during processing. An additional
sample was consolidated from pure Cu powder. Hardness mea-
surements along the radius of the HPT-processed disks suggest
that departing from the center towards the periphery, the
microstructure is homogeneous from about 20% of the radius.

Therefore, the hardness and the microstructural parameters
determined at the half-radius of the disks were used to reveal
the effect of CNTs on the microstructure and the hardness of Cu.

2. The Cu–CNT composite processed at RT exhibited very high hard-
ness (2.31 GPa) due to the extremely high dislocation density
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(111 ± 10 × 1014 m−2). Due to the pinning effect of CNTs, the dis-
location density is about three times larger, while the grain size is
about half of that obtained in the sample consolidated from pure
Cu powder at RT. Both the high stresses at glide obstacles and the
small grain size may contribute to the significant twinning in the
composite that was not observed in the pure Cu sample.

. The increase of the HPT-processing temperature from RT to 373 K
resulted in only a slight increase of the grain size in the Cu–CNT
composite while the dislocation density and the twin boundary
frequency were reduced to one-half and one-third of the values
determined at RT, respectively.

. The grain size, the dislocation density and the hardness achieved
in pure Cu samples by HPT-processing up to high strains are not
sensitive to the powder or bulk form of the initial coarse grained
material.

. The flow stress obtained experimentally agrees well with the
value calculated by the Taylor-formula indicating that the
strength in both pure Cu and Cu–CNT composites is determined
mainly by the interaction between dislocations. This agreement
also reveals that the CNT fragments strengthen the composite
rather indirectly via the increase of the dislocation density.
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