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otubes. Microscopy by SEM and TEM indicates that the nanotubes are embedded into Al-alloy matrix
produced in the stir zone, and their multi-walled microstructure survived the thermo-mechanical con-
ditions imposed during processing. Increasing the tool rotation speed from 1500 and 2500 rpm and
increasing the tool shoulder penetration depth improved homogeneity of nanotubes in the Al-alloy
matrix, however a fully uniform distribution could not be achieved when regularly tangled nanotubes
were used.
luminium

. Introduction

The addition of carbon nanotubes (CNT) into various materials
s a reinforcing fibre is a topic of much recent interest. In addi-
ion to good chemical and thermal stability, CNTs demonstrate high
ield strength and elastic modulus values [1–6]. For example, single
alled and multi-walled carbon nanotubes have elastic modulus
f up to 1 TPa, and a yield strengths as high as 50 GPa [2,5]. As a
esult, these materials offer great potential as a reinforcing fibre in
omposite materials. Some success has already been achieved in
ncorporating CNTs into polymer and ceramic matrices [3], and a
ew studies have focused on the preparation of metal matrix com-
osites (MMC) reinforced with CNTs [7–10]. In these composites
here is evidence of poor interfacial bonding between the CNTs and
he metal matrix [7], and this may be detrimental to the mechan-
cal properties of these composites. Furthermore, agglomeration
f the CNTs may produce an uneven dispersion within the matrix
hich reduces their effectiveness [8]. Potential damage of the nan-

tube structure, and chemical reactions with the matrix may also
educe the mechanical properties of these composites [7,9], as well
s their orientation within the matrix [10]. These are all challenges
hat need to be addressed in optimizing the synthesis of CNT metal
atrix composites.
With this in mind, a range of methods have been explored in

revious research, including equal channel angular pressing (ECAP)
11], shockwave consolidation [12], and mechanical alloying [13],
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however some drawbacks have been revealed when each of these
techniques are applied. Shockwave consolidation was found to pro-
duce a two-phase system liable to fail at stresses lower than bulk
metal strength due to intergranular delamination [12]. Morsi and
Esawi report that increased ball milling time improves the distri-
bution of CNTs in the matrix, but also damages their structure [13].
Nanoscale dispersion, and molten methods involving squeeze cast-
ing provide slightly improved nanotube dispersion and mechanical
properties, however a limited number of materials may be used for
the matrix using these methods [14,15].

Friction stir processing (FSP) is a solid-state joining and
microstructural modification process [16,17], where a rotating tool
pin is plunged into the surface of the metals to be processed and
traversed along its surface. The friction and plastic deformation
imposed by the tool heats and softens the workpiece, and the tool
pin promotes intermixing of material in a local region. When rein-
forcing particles are introduced into a hole or groove on the surface
of the material in the path of the tool, they are dispersed throughout
the stirred zone [18]. In contrast to other methods of producing CNT
composites, FSP does not require multiple processing steps, rely
on precursor metal powders, or involve melting [16–18]. FSP also
has the added benefit of refining the grain size in the alloy matrix,
and this effect is enhanced with the addition of CNTs as noted by
Morisada et al. [8]. Single walled nanotubes have also been incor-
porated into Al 7075 alloy, however there was some evidence of

broken nanotubes in the composite produced [19].

The present work focuses on using FSP as synthesis method for
producing composite of Al alloys with multi-walled CNTs. The effect
of the processing parameters of plunge depth and rotational speed
on the microstructures and distribution of CNTs in the compos-
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Fig. 1. Schematic of base material layout prior to friction stir processing.

Table 1
Base material compositions, in wt%.
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lloy Al Cr Cu Fe Mg Mn Si Zn

l 6111–T4 Balance <0.01 0.75 0.25 0.75 0.20 0.69 0.02
l 7075–T6 Balance 0.21 1.27 0.12 2.34 <0.01 0.07 5.41

te material are examined. To examine the effectiveness of friction
tir process in dispersing the CNTs throughout the matrix, regu-
arly tangled CNTs were used in this study without applying any
rior agitation to disentangle them.

. Experimental procedure

The composite materials were synthesized by encasing the
ulti-walled CNT powder in a 0.3 mm × 2.3 mm groove in a lower

late which was covered by a top sheet before friction stir process-
ng, as shown in Fig. 1. A sheet of 1.1 mm thick Al 6111–T4 alloy
as used as cover plate to contain the CNT material within the

roove during processing, and the lower plate was 6.35 mm thick Al
075–T6 alloy. The Al 6111–T4 and Al 7075–T6 base materials have
n average microhardness of 95 HV and 180 HV, respectively. Table 1
ndicates the base metal compositions of the plates used in the
reparation of all four samples. These two alloys were employed to
eveal the flow patterns created by the tool during processing when

xamined by optical microscopy following etching. The CNT base
aterial had outer diameters of 30–50 nm, and were 10–20 �m in

ength, see Fig. 2. The CNT material used in this study was regu-
arly tangled in order to determine the effectiveness of friction stir
rocessing in dispersing the CNTs throughout the Al-alloy matrix.

Fig. 2. TEM micrograph of the multi-walled CNT material.
Fig. 3. Optical micrographs of friction stir processed regions processed with (a)
1500 rpm and 0.03 mm of shoulder penetration, (b) 1500 rpm and 0.24 mm of shoul-
der penetration and (c) 2500 rpm and 0.24 mm of shoulder penetration.

All samples were processed using a tool consisting of a cylindri-
cal 10 mm diameter shoulder and a 4 mm diameter, 2.2 mm long
pin with an M4 metric thread profile. The tool was rotated counter-
clockwise when viewed from above to promote downward flow of
material in the sheets, and linearly traversed at 2.5 mm/s. The rota-
tional speeds were 1500–2500 rpm, and the shoulder penetrated
into the upper sheet of Al 6111 by 0.03–0.24 mm. It should be noted
that although a simple threaded tool does not produce an opti-
mum bond between overlapping sheets [20], this geometry was
selected in order to simplify the analysis of the complex material
flow produced during friction stir welding [21].

Transverse sections were examined by optical and electron
microscopy and etched using Keller’s reagent (1 ml 48% HF, 1.5 ml
HCl and 10 ml nitric acid in 87.5 ml distilled water) for 30 s. Scanning
electron microscopy with a Hitachi S-2700 SEM and a JEOL 6301F
FESEM was used to examine the cross-sections. The structure of the
CNT base material as well as those embedded within the Al-alloy
matrix was examined using a JEOL 2010 TEM operating at 200 keV.
TEM samples were prepared by twin-jet electropolishing in a solu-
tion of 25 vol.% of HNO3 and 75 vol.% of methanol at a temperature
of −30 ◦C and a voltage of 12 V. The Vickers microhardness of the
material was measured with a Mitutoyo MVK-H1 indenter using a
50 or 100 g load and 10 s loading time.

3. Results and discussion

3.1. Effect of processing parameters

Optical micrographs of the friction stir processed materials are

shown in Fig. 3. Contrast between the Al 6111 and Al 7075 material
is clearly evident within the stir zones following etching, revealing
complex flow patterns produced by intermixing of the upper and
lower sheets. When a tool rotation speed of 1500 rpm and shoulder
penetration of 0.03 mm was used, extensive voids were produced
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n the stir zone with negligible intermixing of the two alloys, with
nly some of the Al 6111 being transferred downwards into the Al
075 plate, see Fig. 3(a).

When a tool rotation speed of 1500 rpm is used and the shoul-
er penetration depth is increased to 0.24 mm, the stir zone is free
f voids, see Fig. 3(b). The stir zone comprised lamellae of inter-
ixed layers of Al 6111 and Al 7075 material. Although increasing

he shoulder penetration depth prevented void formation in the stir
one, unbonded regions or fissures could still be observed between
amellae in the central region of the stir zone.

Increasing the tool rotation speed to 2500 rpm and the shoul-
er penetration depth to 0.24 mm reduced the thickness of the

amellae, making individual layers difficult to resolve as shown in
ig. 3(c). The bonding between the upper and lower sheet materials
as incomplete for all processing parameters examined, as may be

xpected when joining overlapping sheets using a simple threaded
ool [20]. The advancing side corresponds with the side where the
irection of tool rotation is the same as the linear direction, which

s the left side of the stir zones shown in Fig. 3, and bonding was
ainly produced in this location of the weld.
In each of the welds in Fig. 3, a dark region was apparent at

entral lower region of each friction stir zone, which had a maxi-
um thickness of 0.3 mm at the weld centreline. This region has

een referred to as the vortex swirl zone [22], and is produced by
he material flow immediately adjacent to the bottom surface of
he tool pin. In the micrographs shown in Fig. 3, this region con-
istently occurs 2.2 mm below the top surface, which corresponds
ith the 2.2 mm pin length of the tool used in this study. It has been

hown that a dynamically quiescent layer of material is established
n this region immediately below the pin [23]. It was found that
ynamically recrystallized grains are formed in this region, how-
ver material flow in the radial direction is only on the order of
icrometers per second. As a result, no intermixed lamellae are

roduced below the pin.
The complex intermixing in the friction stir processed material

as been widely observed during friction stir welding of dissimi-
ar materials [24–26], and is more pronounced when higher tool
otation speeds are used [26–30]. It has been shown that the inter-
ixing of dissimilar alloys during friction stir welding occurs as a

esult of the downward flow of material produced by the threads
23,30]. It has also been shown that alternating lamellae of the
wo materials are produced by a helical flow upwards when the

aterial exits the thread feature on the bottom of the rotating pin

24,30]. Since a ribbon of dissimilar Al 6111 and Al 7075 lamellae
s discharged with each tool rotation, the thickness of the lamel-
ae will decrease with tool rotation speed if the stir zone volume
emains constant [29]. This accounts for the increase in the num-
er of lamellae and decrease in their thickness when the tool

ig. 5. SEM micrograph of a fissure located in the stir zone of seam weld produced using
aterial found within the fissure.
Fig. 4. SEM backscattered electron micrograph lamellae in the stir zone of seam
weld produced using 2500 rpm and tool penetration of 0.24 mm. EDX analysis from
location A was 86.2% Al, 9.5% Zn, 2.8% Cu, 1.5% Mg, and location B was 97.2% Al, 1.7%
Cu, 0.6% Zn, 0.5% Mg, all in wt%.

rotation speed was increased from 1500 to 2500 rpm in Fig. 3(b)
and (c).

The lamellae formed within the stir zone produced during inter-
mixing via the pin threads are shown in Fig. 4. The EDX results
indicate that the light regions (see location A in Fig. 4) correspond
with Zn-rich regions originating from the Al 7075 base material,
and dark regions corresponding with Al 6111 which were depleted
in Zn. These results also indicate that limited inter-diffusion of the
top and bottom alloy sheets occurred during friction stir processing,
and that the lamellae were produced by mechanical intermixing of
the two alloys via the threads on the tool pin [30].

3.2. CNT distribution and survivability

Fissures or unbonded regions were produced at the interface
between some of the intermixed lamellae in Fig. 4. These fissures
contained a large number of tangled CNTs which were not embed-
ded in the Al-alloy matrix, see Fig. 5. In contrast the CNTs located
within lamellae produced in the stir zone were embedded within
the matrix, however their structure could only be clearly revealed
following etching, see Fig. 6. The regions adjacent to the lamellae

in Fig. 6 contained a higher concentration of CNT material, which
was revealed more clearly following preferential etching of the dis-
similar Al-alloy matrix. These results indicate that the long and
entangled CNTs are not uniformly dispersed throughout the fric-

2500 rpm and tool penetration of 0.24 mm, and high magnification image of CNT
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ig. 6. SEM micrograph of lamellae located in the stir zone of seam weld produced u
lloy matrix shown at high magnification.

ion stir processed region using parameters examined in the present
tudy. Considering the nominal length of the nanotubes in the CNT
ase material was 10–20 �m, the significant number of open ends
hown in Figs. 5 and 6 suggest that nanotubes may have fractured.
owever, this may have occurred during sample preparation.

TEM micrographs of the composite material in the stir zone
ndicate that the CNTs embedded within the Al-alloy matrix main-
ained their structure, see Fig. 7. The CNTs observed in the TEM

icrograph are highly agglomerated, similar to those observed by
EM. The measured d-spacing values for the electron diffraction
ings shown in Fig. 7 were 3.39, 2.07, and 1.19 Å, respectively. The
iller indices in Fig. 7 have been determined based on the hexag-

nal unit cell suggested by Keller et al. [31]. The first and most
ntense ring corresponds well with the reflection observed for the
nterlayer spacing found in multi-walled CNTs (3.478 Å) [31], and is
lose to the interplanar spacing found in graphite (3.35 Å) [32,33].
hese results indicate that the multi-walled structure of the CNTs
emained intact during the thermo-mechanical cycle imposed by
riction stir processing.

.3. Microhardness measurements

The highest microhardness values were observed when a tool
otation speed of 1500 rpm was used with 0.24 mm of shoulder

enetration, in the location below the Al 6111 sheet interface. In Al
111–T4 alloy, the average hardness in the stir zone following nat-
ral aging was 95 HV, which is similar to the base material which
as also in a naturally aged condition. In the Al 7075–T6 alloy the

ypical hardness was 140 HV, which is much lower than the initial

Fig. 7. (a) TEM image of CNTs embedded in Al matrix and (b) corr
500 rpm and tool penetration of 0.24 mm, with CNT material embedded within the

hardness in the peak-aged condition. This reduction already been
explained by dissolution of precipitates in the stir zone [34]. For
example, Al 7075 material friction stir processed using tool rota-
tion speeds of 1500–3000 rpm had similar hardness values [35].
The location where the peak hardness value was obtained is shown
in Fig. 8(a) and corresponded with value of 213 HV. This increase
in hardness is accounted for by the presence of CNTs embedded
in the Al-alloy matrix. The microhardness values in the bound-
ary between the stir zone and the thermo-mechanically affected
zone (TMAZ) the retreating side of the stir zone in all samples were
also higher than the values within the intermixed material adja-
cent to this region, see Fig. 8(b). This suggests that the CNTs were
not uniformly dispersed during friction stir processing.

Due to the tendency for CNT material to segregate along the
lamellae regions in the stir zone, non-uniform hardness values were
observed across the stir zone. The tendency for reinforcing particles
to segregate preferentially in different locations in the stir zone
has also been observed when friction stir processing Al-alloy/SiC
composite materials [36]. It was observed that at higher rotation
speeds, the SiC was distributed more preferentially along the outer
edge of the stir zone and that the uniformity of the distribution
was improved when multiple passes are applied. In contrast, fric-
tion stir processing of the Al with CNTs improved homogeneity
when the rotation speed increased from 1500 to 2500 rpm due

to the increase in the number of lamellae produced when fric-
tion stir processing using a single pass. It is likely that a more
homogeneous distribution could be achieved with repeated passes
without significantly degrading the multi-walled structure of the
CNTs.

esponding diffraction pattern along the Al {3 1 1} zone axis.
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ig. 8. Optical micrographs and hardness values in (a) Region I and (b) Region II in
sample produced using 1500 rpm, and a 0.24 mm plunge depth.

The microhardness values produced in a sample friction stir
rocessed using 2500 rpm and a shoulder penetration depth of
.24 mm is shown in Fig. 9. Since the stir zone consists of intermixed
l 6111 and Al 7075 alloys, one may expect that hardness values in

he stir zone should be comparable to those produced in friction stir
elded material of each of the alloys, ranging from 95 to 140 HV.
owever, regions in the stir zone are found where the microhard-

ess exceeds these values, which suggests reinforcement by CNT
aterial. Areas with values lower than 140 HV in Fig. 9 correspond
ith lamellae rich in Al 6111 material transferred downwards by

he pin. The hardness across the bottom central region of the stir

ig. 9. Hardness measurements in a sample produced using 2500 rpm, and a
.24 mm plunge depth.
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zone (line C–C) had a more uniform hardness compared to the bulk
of the stir zone, with an average value around 170 HV, see Fig. 9. It is
suggested that CNTs transferred downwards to this bottom region
of the stir zone by the pin threads and was concentrated there due
to the dynamically quiescent layer present under the pin [23], and
this produces hardness values that are higher than those observed
in friction stir processed Al 7075 material.

4. Conclusion

The effects of processing parameters on particle dispersion,
and hardness were investigated in Al-alloy reinforced with multi-
walled carbon nanotubes by friction stir processing. SEM and TEM
confirmed that nanotubes were embedded in the lamellae regions
of the Al-alloy stir zone and their multi-walled was retained, how-
ever evidence was observed that the nanotubes may have fractured
during friction stir processing. It was found that increasing the
tool rotation speed from 1500 and 2500 rpm and increasing the
tool shoulder penetration depth improved the distribution of nan-
otubes in the Al-alloy matrix. A completely uniform distribution
could not be achieved when regularly tangled nanotubes were used
as the base material, and it is suggested that multiple passes may
be required to further improve the dispersion of nanotubes in the
matrix.
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