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A B S T R A C T

Carbon nanotubes (CNTs) were dispersed into Al matrix by multi-pass friction stir process-

ing (FSP) to fabricate 4.5 vol.% CNT/2009Al composites. The maximum strength of the com-

posites was obtained with three-pass FSP and was attributed to the combined effect of CNT

cluster reduction, grain refinement, and CNT shortening. A CNT shortening model is pro-

posed to describe the CNT length change with FSP passes. The model indicates that the

reciprocal of the CNT length has a linear relationship with the duration of the mechanical

effect, which was verified by our and other investigators’ experimental results on various

mechanical processes. Based on the concept of the load transfer efficiency of CNTs in

the Al matrix, a universal strength model considering the microstructural parameters –

the aspect ratio of CNTs, grain size, and concentration of CNT clusters and pores – is pro-

posed to predict the strengthening of the CNT/2009Al composites with and without CNT

clusters. The predictions are in good agreement with the experimental results.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

With extremely high strength (>30 GPa) and modulus (about

1 TPa) as well as low density and good physical properties

[1–5], carbon nanotubes (CNTs) are considered to be an ideal

reinforcement for metal matrix. However, it is very difficult

to disperse the CNTs in the metal matrix, not only because

of the entanglement or bundling of the CNT clusters as a re-

sult of their large aspect ratio and strong van der Waals’ force,

but also due to poor compatibility of the properties of CNTs

and metals [6–9].

In the past few years, many fabrication methods, for

example casting [10], spraying [11,12], powder metallurgy
(PM), and molecular level mixing [13], have been tried to dis-

perse CNTs into the metal matrix. Among the reported meth-

ods, the casting process encounters the problems related to

poor wetting and chemical reaction between the CNTs and

metal melt. The plasma spraying processing can easily pro-

duce CNT-Al powders, but CNT clusters appear at high CNT

concentration. The molecular-level mixing method can dis-

perse CNTs uniformly but it is hard to use this method to fab-

ricate CNT-reinforced Al composites. The PM route has been

commonly used to fabricate CNT/metal composites [14–16]

because it makes it easier to incorporate the CNTs into the

metal matrix. Ball milling is a commonly used technology

for dispersing reinforcement in the PM route.
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Ball milling can disperse nano-sized particles into the me-

tal matrix due to its repeated deformation, cold-welding, and

fracture processes [17]. Recently, ball milling was widely used

to fabricate CNT/metal composite powders [18–20]. Although

the ball-milling process is one of the most promising routes

for preparing CNT/metal composites, it would contaminate

the composite powders and cause severe damage to the CNTs

because of its large energy input as well as the lengthy treat-

ment time.

Friction stir processing (FSP), a development based on the

basic principles of friction stir welding, is a relatively new

metal-working technique. A schematic of FSP is shown in

Fig. 1. During FSP, the rotating threaded pin imposes severe

plastic deformation and material mixing, thereby uniformly

distributing the CNTs into the metal matrix [21]. Johannes

et al. [22] and Morisada et al. [23] fabricated CNT/aluminum

alloy and magnesium alloy surface composites, respectively,

by inserting the CNTs into the holes or grooves pre-ma-

chined on the alloy plates and then subjecting the plates

to FSP. They found that a good CNT dispersion was achieved

after FSP.

In our previous study [24], a new route was established to

fabricate the CNT/Al composites by combining the PM tech-

nique with four-pass FSP, where the composite billet with

clustered CNTs fabricated by PM was subjected to FSP to dis-

perse the CNTs. It was shown that the FSP CNT/2009Al com-

posites exhibited a uniform dispersion of CNTs and

considerably improved yield strength (YS).

Although increasing the number of FSP passes could im-

prove the CNT distribution in the composites, extended

mechanical processing would shorten the CNTs significantly,

and this reduces the efficiency of load transfer from the metal

matrix to the CNTs, which was considered as one of two

strengthening mechanisms for the CNT/Al composites [24].

Thus, predicting and controlling the CNT length variation dur-

ing FSP or other mechanical processes is of critical importance.

Grain refinement was commonly reported in FSP alumi-

num and magnesium alloys. In CNT/Al composites, the grain

refinement, which is another strengthening mechanism, was

related to the dispersed CNTs [24]. As the number of FSP

passes increased, the grains of the CNT/Al composites could

be further refined because more CNTs were uniformly
Fig. 1 – Schematic of friction stir processing.
dispersed into the Al matrix. CNT shortening and grain

refinement affect the composite strength in opposite ways.

A quantitative strengthening model is needed to describe

these complicated influences.

In our previous study [24], a strength model has been pro-

posed, considering the load transfer and grain refinement, to

predict the strengthening of the CNT/Al composites, and the

model prediction was in good agreement with the experimen-

tal results of the composites with individually dispersed

CNTs. However, the CNT clusters and resultant pores, which

were common problems in the CNT/Al composites fabricated

using various routes, were not considered. In this case, it is

important to establish a universal strength model to describe

the strengthening of the CNT/Al composites with or without

the CNT clusters.

In this study, 4.5 vol.% CNT/2009Al composites were fabri-

cated by a combination of PM and multi-pass FSP. The short-

ening of the CNT length during FSP was analyzed based on

the microstructural observations and linearized Weibull mod-

el. The relationships between the microstructural parame-

ters, that is, the aspect ratio of CNTs, grain size, porosity

ratio, and the YS of the composites, were discussed. The aims

are (a) to optimize the FSP passes to obtain the best mechan-

ical properties of the composites, (b) to propose a model to

predict the CNT shortening during mechanical processing,

and (c) to establish a universal model to describe the

strengthening of the CNT/Al composites with or without the

CNT clusters.

2. Experimental

2.1. Raw materials and composite fabrication

As-received CNTs (Fig. 2(a)) with an outer diameter of 10–

20 nm and a length of �5 lm were mixed with 2009Al pow-

ders, with an average diameter of 10 lm (Fig. 2(b)), in a bi-axis

rotary mixer at 60 rpm for 8 h with a 1:1 ball to powder ratio.

The volume fraction of CNTs in the mixed powders was 4.5%.

The as-mixed powders were cold-compacted in a cylinder die,

degassed, and then vacuum hot-pressed into cylindrical bil-

lets, with a diameter of 55 mm and a height of 50 mm, at

833 K for 1 h.

The as-pressed billets were then hot forged at 723 K into

disc plates with a thickness of about 10 mm. Then the plates

were subjected to in situ one- to five-pass FSP at a tool rota-

tion rate of 1200 rpm and a travel speed of 100 mm/min, using

a tool with a concave shoulder 20 mm in diameter and a

threaded cylindrical pin 6 mm in diameter and 4.2 mm in

length. The penetration depth of the pin was 4.5 mm. For

comparison, unreinforced 2009Al was also fabricated under

the same conditions. The as-FSP composites and the 2009Al

alloy were solutionized at 768 K for 2 h, water quenched,

and then naturally aged at room temperature for 96 h. The

aged composites were used for microstructure observation

and tensile testing.

2.2. Characterization of the composites

The CNT distribution in the matrix under various fabrication

conditions was examined using scanning electron microscopy



Fig. 2 – Morphologies of as-received (a) CNTs and (b) 2009Al powders.
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(SEM, Quanta 600), field emission scanning electron micros-

copy (Leo Supra), and transmission electron microscopy

(TEM, Tecnai G2 20). CNT clustering fractions were analyzed

using image analysis software (Image-Pro Plus 6.0). The CNTs

were extracted from the as-FSP composites by corroding the

aluminum matrix using dilute hydrochloric acid and followed

by using dilute ferric chloride aqueous solution. Then the res-

idues were rinsed with water and filtered. To avoid re-aggrega-

tion of the CNTs, the extracted CNTs were dispersed in

1.5 wt.% sodium dodecylbenzene sulfonate aqueous solution.

The dispersed solution was dropped on a Cu net coated with

carbon member. The Cu net was washed by dropping acetone

and then dried for TEM observation to estimate the CNT

length and diameter. At least 80 CNTs were counted. The den-

sities of the composites were determined using the Archime-

dean principle, with distilled water as the liquid for the

measurement. At least three samples were tested to obtain

accurate average values.

Tensile specimens with a gauge length of 2.5 mm, a width of

1.5 mm, and a thickness of 0.9 mm were electro-discharge

machined from the FSP composites perpendicular to the FSP

direction and polished using abrasive papers of meshes 800

and 2000. Tensile tests were conducted at a strain rate of

1 · 10�3 s�1 at room temperature using an Instron 5848 Microtest-

er. Forcomparison, thetensile testsof the2009Alandtheas-forged

composites were conducted under the same conditions.

3. Results

3.1. Microstructure of the composites

Fig. 3 shows the CNT distribution in the forged and FSP com-

posites. Obvious CNT clusters, aligned along the flow direc-

tion of the forging, with sizes from 1 to 6 lm could be

observed in the forged composite. Almost no aluminum was

found to be immersed in the clusters, mainly due to the

nano-sized pores and poor wetting property between CNT

and the aluminum matrix. By comparison, only a small num-

ber of small CNT clusters were detected in the one-pass and

two-pass FSP composites. In the three-pass FSP composite,

almost no CNT clusters could be found. This is similar to

the result reported by Morisada et al. [23], who also found that

one-pass FSP was insufficient to completely eliminate CNT
clustering. As the number of FSP passes increased to three

to five, even the small clusters could not be found using

SEM. This implies that the uniformity of the CNT distribution

could be greatly improved by increasing the number of FSP

passes.

Fig. 4 shows the morphology of the CNTs extracted from

various FSP composites. Two observations could be made.

Firstly, no obvious diameter change was observed as the num-

ber of FSP passes increased from one to five. The average

diameter of CNTs gradually changed from 11.8 to 10.6 nm as

the FSP pass increased from one to five, which implied that

the tube structure of the CNTs did not suffer severe damage

during FSP. Secondly, the length of the CNTs decreased con-

tinuously as the number of FSP passes increased from one

to five due to accumulated damage to the CNTs caused by

multiple-pass FSP. In the five-pass FSP composite, the average

CNT length decreased to about 250 nm.

Fig. 5 shows the CNT distribution and the high resolution

TEM (HRTEM) image of the CNTs dispersed in the three-pass

FSP composite. Fig. 5(a) indicates that CNTs were randomly

and relatively uniformly dispersed in the Al matrix. Due to

their random arrangement, the length of CNTs seemed to

be much smaller than that identified in Fig. 4. Fig. 5(b) and

(c) (d) shows that the tube structure of the CNTs was well re-

tained, the CNT/Al interfaces were bonded well, and no voids

were detected, which implied that good transfer load effi-

ciency could be obtained. The formation of Al4C3 has been de-

scribed and discussed in our previous investigation [24]. Al4C3

was observed to form in the locations of CNT damage in four-

pass FSP CNT/2009Al composites due to the reaction of Al and

C atoms. However, the content of the Al4C3 was very low and

did not exert a significant effect on the strength of the com-

posites [24].

In a previous work, Izadi et al. [21] showed that multi-

walled CNTs (MWCNTs) were entirely destroyed after 3 passes

of FSP. This is quite different from the present study. This dif-

ference is attributed to following two factors. Firstly, 4.5 vol.%

CNTs were pre-distributed into the Al matrix by PM in the

present study, while about 50 vol.% CNTs were simply pre-

set into the groove machined on the plate in Ref. [21]. This im-

plies that generally, indirect contact between CNTs and tool

would occur during FSP in this study. Secondly, a much faster

travel speed (�100 mm/min) was used in this investigation.



Fig. 3 – Backscatter SEM images showing CNT distribution in 4.5 vol.% CNT/2009Al composites: (a) forged, (b) one-pass FSP, (c)

two-pass FSP, (d) three-pass FSP, (e) four-pass FSP, and (f) five-pass FSP.

Fig. 4 – Morphologies and statistical lengths and diameters (inserts) of extracted CNTs at different numbers of FSP passes: (a)

one pass, (b) two passes, (c) three passes, (d) four passes, and (e) five passes.
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Fig. 5 – (a) Dispersed CNTs, (b) HRTEM image of the CNT-Al interface, and (c) (d) tube structure of CNT in three-pass FSP

4.5 vol.% CNT/2009Al composite.
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This means that a much lower mechanical energy input was

applied during FSP for this work. These two factors reduced

the damage to the CNTs significantly, thereby retaining the

tube structure.

Fig. 6 shows the grain structure of the forged and FSP com-

posites. In the forged composite, the CNT clusters were dis-

tributed along grain boundaries, and the average grain sizes

parallel and perpendicular to the forging direction were about

5 and 10 lm, respectively. In the FSP composites, the average

grain sizes were much finer. The one-pass FSP composite had

a mean grain size of about 2–3 lm. As the FSP pass increased,

the grain size decreased gradually. After three-pass FSP a sub-

micrometer grain size (�800 nm) was obtained.

It was documented that the grain sizes of aluminum alloys

after plastic deformation were determined by the Zener–Hol-

loman parameters [25]. In this case, similar FSP parameters

should lead to similar grain sizes in the aluminum alloys.

However, this study indicated that the grain size of the com-

posites decreased as the number of FSP passes increased.

This should be attributed to the effective pinning of CNTs

on the grain boundaries. According to Zener’ theory [26], the

pinning force is given by:

F ¼ 3
2

c
f
r

ð1Þ

where F is the pinning force, c is the grain boundary energy, f

is the volume fraction of the particle and r is the radius of the

particle.

Firstly, the CNT clusters were significantly reduced and

more CNTs were dispersed into the aluminum matrix as
the number of FSP passes increased, resulting in more uni-

form CNT distribution. Secondly, the CNTs were cut shorter

by the FSP pass, producing a more effective pinning effect.

This means that larger concentration and smaller size of

the CNTs were achieved as the number of FSP passes in-

creased, which led to increased pinning effect according to

Eq. (1). Thus, unlike in the matrix alloy, the grain size in

the composites decreased as the number of FSP passes

increased.
3.2. Tensile properties

Table 1 shows the densities and tensile properties of the ma-

trix alloys and composites under forging and different FSP

conditions. The densities and tensile properties of the forged

2009Al alloy and FSP 2009Al alloys with different FSP passes

were fundamentally identical, indicating that FSP did not im-

prove the density and mechanical properties of the 2009Al al-

loy. However, for the 4.5 vol.% CNT/2009Al composites, the

situation is quite different.

The forged composite had the lowest densities and tensile

properties because the CNTs were mostly distributed as clus-

ters. The CNT clusters without filling of aluminum matrix

definitely caused the strength and ductility of the composite

to deteriorate because the clusters could not bear the load

and it was easy to induce stress concentration and micro-void

nucleation. This could also be reflected in the tensile curve in

Fig. 7 that the forged composite quickly fractured after

elastic stage. The density and tensile properties of the FSP



Fig. 6 – Grain microstructure of 4.5 vol.% CNT/2009Al composites: (a) forged, (b) one-pass FSP, (c) two-pass FSP, (d) three-pass

FSP, (e) four-pass FSP, and (f) five-pass FSP.

Table 1 – Densities and tensile properties of 2009Al and CNT/2009Al composites.

Material Density (g/cm3) YS (MPa) UTS (MPa) El. (%)

2009Al alloy Forged 2.757 ± 0.002 299 ± 7 411 ± 10 12 ± 2
1-pass FSP 2.755 ± 0.002 297 ± 5 421 ± 8 13 ± 1
3-pass FSP 2.754 ± 0.001 305 ± 3 416 ± 3 12 ± 2
5-pass FSP 2.759 ± 0.001 305 ± 5 417 ± 4 15 ± 1

4.5 vol.% CNT/2009Al Forged 2.642 ± 0.004 273 ± 10 298 ± 11 1 ± 0.5
1-pass FSP 2.679 ± 0.003 406 ± 11 417 ± 9 2 ± 0.5
2-pass FSP 2.695 ± 0.001 426 ± 8 437 ± 8 2 ± 1
3-pass FSP 2.708 ± 0.001 451 ± 6 478 ± 8 3 ± 1
4-pass FSP 2.704 ± 0.001 435 ± 8 466 ± 4 4 ± 1
5-pass FSP 2.705 ± 0.002 420 ± 7 442 ± 5 4 ± 0.5

aTheoretical density of 2009Al �2.750 g/cm3 and that of MWCNTs is �1.8 g/cm3 [27].
bTheoretical density of 4.5 vol.% CNT/2009Al �2.705 g/cm3.
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composites were significantly enhanced due to reduced CNT

clustering and improved CNT distribution compared to those

of the forged composite and increased continuously as the

number of FSP passes increased to three. The elongation

change of the composites was obvious, as shown in Fig. 7.

The composites exhibited the work-hardening as the number

of FSP passes increased to 3 to 5, and as a result the ductility

of the composite was increased.

It should be pointed out that the engineering stress–strain

curves in Fig. 7 were obtained without using extensometer,

thus the slopes of various stress–strain curves exhibit much

lower values compared with the Young’s modulus of alumi-

num (�70 GPa). However, it does not influence the determina-

tion of the strength of the composites.
The maximum strength was obtained with three-pass FSP

due to the elimination of CNT clustering and more uniform

CNT distribution. The YS of the three-pass FSP composite in-

creased by about 64% compared to that of the forged compos-

ite. When the number of FSP passes increased further from

three to five, the densities of the composites remained un-

changed due to the similar CNT dispersion. However, both

the YS and the ultimate tensile strength (UTS) of the five-pass

FSP composite decreased due to reduced CNT length (this will

be discussed in detail in the Section 4).

Three typical fractographs of 4.5 vol.% CNT/2009Al com-

posites are shown in Fig. 8. For the forged composite

(Fig. 8(a)), CNT clusters were frequently observed on the frac-

ture surface. This is because that the CNT clusters resulted in



Fig. 7 – Tensile curves of 4.5 vol.% CNT/2009Al composites

with different FSP passes.
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stress concentration, inducing micro-void nucleation in the

aluminum matrix nearby. For the one-pass FSP composite

(Fig. 8(b)), both CNT clusters and dispersed CNTs could be

found on the fracture surface, which was in accordance

with the CNT distribution style in Fig. 3(b). When more than

three FSP passes were applied, no CNT clustering was

detected and the CNTs with a short pulled-out length

were observed to be homogeneously distributed on the

fracture surfaces (as shown by black arrows in Fig. 8(c)). This

is consistent with the CNT distribution, as shown in Figs. 3(c)

and 5(a).

Pulled-out CNTs with a short length have also been re-

ported by other researchers. Jiang et al. [28] fabricated CNT/

Al composites with uniformly dispersed CNTs. Although the

CNTs had a length of about 0.5–2 lm, only the CNTs with a

short pulled-out length could be observed on the fracture sur-

face. This has been attributed to two reasons. On one hand,

the interface of the CNT tip and Al was subjected to large ten-

sile stress during tension. The micro-pores tended to aggre-

gate near the tips and to initiate cracks. On the other hand,

the CNT tube–Al interface was strongly bonded. It was diffi-

cult for the cracks to propagate along the CNT interface, and
Fig. 8 – Fractographs of 4.5 vol.% CNT/2009Al composite
thus the CNTs on the fracture surfaces showed a short

pulled-out length.

4. Discussion

4.1. CNT shortening

As shown in Fig. 4, the CNTs were shortened during FSP. Sim-

ilarly, CNT shortening was also observed during other dis-

persing processes, such as ball-mill processing [19]. The

length of CNTs affects the mechanical properties of CNT/me-

tal composites greatly. Therefore, it is necessary to control the

processes of dispersion and fabrication to reduce the CNT

shortening. Furthermore, the CNTs were also artificially cut

short by ball milling or shear mixing processing for special

use in hydrogen storage [29,30] and molecular sieves [31].

The length of CNTs affects their physical properties greatly.

In this case, it is important to predict the CNT length variation

to optimize the fracture processes.

In this study, a model is proposed to describe CNT shorten-

ing and it is expected to provide guidance for CNT dispersion

processing or CNT cut processing. The decrease in CNT length

is mainly due to large plastic strains during processing. In or-

der to describe the variation in the CNT length, let us assume

that the fracture of CNTs occurs due to the flow of the matrix

around the CNTs or the shear strain imposed on the CNTs

and that the probability of CNT fracture is dependent on the

CNT volume (for simplicity a linearized Weibull model [32]

is used). With the above assumptions, the probability of frac-

ture of a CNT p is:

p ¼ kD2Le ð2Þ

where k is a constant that is related to CNT ultimate strain

and could be considered as a constant for a given CNT, D is

the CNT diameter, L is the CNT length, and e is the imposed

strain on a CNT during processing.

An assumption is made as follows: if a CNTwith a length L

fractures under an increment of strain de, it changes into two
s: (a) forged, (b) one-pass FSP, and (c) three-pass FSP.



Fig. 10 – Variation of L�1 with the number of FSP passes.

(Adj. R-Square is the correlation coefficient of the equation).
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CNTs rather than three or more CNTs. This is acceptable be-

cause the strain increment of de is so small. As a result, the

two resultant short CNTs have an average length of L=2

(Fig. 9). Thus during an increment of strain de the change in

the CNT length is KD2LdeðL� L=2Þ
That is,

dL
de
¼ �kD2LðL� L=2Þ ð3Þ

and hence, during a processing history with equivalent strain

of e, we can write:

1
L
� 1

L0
¼ 1

2
kD2e ð4Þ

where L0 is the CNT length before this processing and L is the

CNT length after this processing.

If similar processing is repeated for n cycles, the CNT

length can be expressed as:

1
Ln
� 1

L0
¼ n

2
kD2e ð5Þ

where Ln is the length of CNTs after n cycles of similar pro-

cessing. The CNT concentration is not considered as it was

unchanged or varied little during the processing.

Multi-pass FSP could be considered as such a repeated pro-

cessing, and Eq. (5) implies that the reciprocal of CNT length

should exhibit a linear relationship with the FSP pass if the

flow strain e during different FSP passes is considered con-

stant. Actually, the assumption of constant flow strain during

different FSP passes is reasonable because the rotation rate

and the travel speed were unchanged. Fig. 10 shows that the

variation in the CNT length is in reasonable agreement with

the prediction by Eq. (5); that is, L�1 has an approximately lin-

ear relationship with the FSP pass, with a correlation coeffi-

cient of 0.96.

In order to prove the wide suitability of Eq. (5), the experi-

mental results of CNT shortening from previous investiga-

tions [33–37] were analyzed. Fig. 11 shows the variation of

the CNT length with the duration of ball milling. Clearly, a lin-

ear relationship could be found for either single-walled CNTs

(SWCNTs) or MWCNTs. Fig. 12 shows the relationship of the

CNT length with the high speed shear count from [38]. The re-

ciprocal of the CNT length increased linearly with the pro-

cessing count. These analyses indicate that Eq. (5) could

describe the CNT length evolution during CNT cut processing

well.
Fig. 9 – Schematic of CNT shortening model: CNT fractured

into two short parts under an increment of strain de .
Based on the experimental data of the CNT length in the

present study and the previous investigations, the CNT short-

ening during mechanical processing can be described well by

Eq. (5). As a result of the different facilities and the different

process parameters, the actual strain e in the mechanical pro-

cessing is complicated. Furthermore, it is difficult to obtain

the parameter k due to different CNT fabrication routes and

CNT sources. Fortunately, the CNT length variation can be

predicted well if the original CNT length and the CNT length

after some durations or passes of the processing are obtained.

This provides a robust basis for predicting and controlling the

CNT shortening during the CNT/Al composite fabrication and

the mechanical cut processing of CNTs.

4.2. Change in strength of composites

The variation in the tensile strength, relative density, grain

size, and aspect ratio with increasing FSP passes can be ex-

plained by the following two reasons. Firstly, CNT clustering

decreased with the number of FSP passes and thus the densi-

ties of the composites increased because CNT clustering re-

sulted in the formation of pores in the composites, as

shown in Fig. 3(a). Secondly, the CNTs were cut shorter and

the grain size of the matrix gradually became finer. Thus

the strengthening by CNT incorporation varied as the number

of FSP passes increased.

Bakshi et al. [39] analyzed the strength results of the previ-

ous researchers and found that the load-transferring mecha-

nism contributed to the strength increase if the CNTs were

uniformly dispersed. Our previous investigation [24] proposed

a strength equation based on the grain refinement and the

load transfer. The YS of the CNT/Al composites with individ-

ually dispersed CNTs at room temperature could be expressed

by:

rc ¼ ðr0 þ kd�1=2Þ½Vfðsþ 4Þ=4þ ð1� VfÞ� ð6Þ

where r0 is rationalized as a frictional stress, which could be

simply considered as the strength of the alloy with coarse

grains, d is the matrix grain size in the composite, k is the

Hall–Petch slope and for Al-Cu-Mg alloy it is about



Fig. 11 – Variation of L�1 during CNT cutting with ball-milling duration for (a) MWCNTs from [33] and (b) SWCNTs from [34]

(some data were discarded because the CNT length became longer as the duration of ball milling increased), (c) MWCNTs from

[35], (d) MWCNTs from [36], and (e) MWCNTs from [37].

Fig. 12 – Variation of L�1 during CNT cutting with high speed

shear count for MWCNTs from [38].
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0.1 MPa m1/2 [24], rc is the YS of the composite, s is the aspect

ratio of the CNTs, and Vf is the volume fraction of the CNTs.

Because of the existence of CNT clustering, the effective

CNT volume fraction Ve that could actually transfer load is

changed to:
Ve ¼ Vf � Vcluster ð7Þ

where Vcluster is the volume fraction of CNT clusters.

Furthermore, the pores with irregular shapes led to high

stress concentrations and the pores located at the CNT/Al

interfaces reduced the bonded area at the interfaces, thereby

decreasing the efficiency of load transfer from Al to CNTs. All

of these factors could result in decreased strength of the com-

posites. Several empirical expressions for the relationship be-

tween the strength and porosity of PM-processed materials

have been proposed, assuming that the strength is a function

of sintered density, as proposed by Squire [40]. The relation-

ship between the strength and porosity is generally expressed

as:

rL ¼ rc expð�khÞ ð8Þ

where rL is the strength of composite with pores, h is the vol-

ume fraction of porosity, and k is a constant for material with

porosity. For 2009Al alloy, k is about 15.5 [41,42].

The volume fraction of porosity can be estimated by den-

sity measurement as follows:

h ¼ 1� q
qAlð1� VfÞ þ qCNTVf

ð9Þ

where q is the measured density of the composite, qAl is the

theoretical density of the matrix alloy, and qCNT is the



Fig. 13 – (a) Variation of clustering and porosity fractions as well as aspect ratio with number of FSP passes; (b) comparison of

experimental and calculated YS.
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theoretical density of the CNTs and is �1.8 g/cm3 [27]. After

FSP, the CNT density could be deemed to be changed little

because the CNTs were tube shape and the diameters were

well retained, although the CNTs were cut shorter. Thus,

the theoretical density of �1.8 g/cm3 for CNTs was still used

in Eq. (9) for calculation.

Combining the effects of the above microstructural param-

eters, that is, the aspect ratio of CNTs and the grain size and

porosity volume fraction of the composites, an equation is

proposed to estimate the tensile strength of CNT/2009Al

composites:

rL ¼ ðr0 þ kd�1=2Þ½ðVf � VclusterÞðsþ 4Þ=4
þ ð1� ðVf � VclusterÞÞ�expð�khÞ ð10Þ

As the number of FSP passes increased, the volume frac-

tion of the clusters and pores and the aspect ratio of CNTs

in the multi-pass FSP composites decreased, as shown in

Fig. 13(a). The YS values calculated by Eq. (10) using the

parameters in Fig. 13(a) are shown in Fig. 13(b). The calculated

values of YS are in good agreement with the experimental re-

sults. For the composites with zero to two FSP passes, weak

load transfer efficiency and stress concentration due to the

CNT clusters led to the lower strength of the CNT/Al compos-

ites. As the number of FSP passes increased to more than

three, the shorter CNTs reduced the strengthening effect of

the CNTs significantly. Thus, as a compromise, the maximum

strength was obtained with three-pass FSP.

It should be pointed out that the concentration of CNT

clusters used in Eq. (10) was a little overestimated, because

not all black zones in Fig. 3 were CNT clusters. Porosity might

exist around or inside the clusters. As a result, the predicted

strength of the composites with clustering should be a little

underestimated. However, the calculated strengths are in

good agreement with the experimental results. This implies

that this model somewhat overestimates the strength of the

composites with clustering. This means that the constant k

in Eq. (10) for the CNT/2009Al composites was a little smaller

than that for the 2009Al alloy. k is known to be related to the

shape and size of pores [42]. The smaller value of k indicates

that the strength is less sensitive to the pores for the CNT/

2009Al composites. It is believed that the pores within the

CNT clusters in the CNT/2009Al composites would lead to less

stress concentration. Thus a smaller value of k was induced

compared with that in the 2009Al alloy. Clearly, for the CNT/

Al composites both with individually dispersed CNTs and
with CNT clusters and pores, the strengths of the composites

could be predicted by Eq. (10).

5. Conclusions

4.5 vol.% CNT/2009Al were fabricated by a combination of PM

and FSP. As the number of FSP passes increased, the CNT

clustering fraction decreased and the CNTs were dispersed

into the aluminum matrix. The homogeneously distributed

CNTs resulted in a finer grain size of the matrix. The mechan-

ical strengths of the CNT/2009Al composites were improved

significantly after FSP and the maximum strength increase

was obtained with three-pass FSP.

The CNTs were cut short after FSP due to the shear effect.

The CNT length decreased as the number of FSP passes in-

creased. A CNT shortening model is proposed to describe

the evolution of CNT length during mechanical processing.

The model predicts that the reciprocal of CNT length has a

linear relationship with the number of processing cycles,

which is in good agreement with the experimental results

for FSP of CNT/metal composites and the CNT shortening in

ball-mill or processing involving fracture or shear-cutting.

A universal strength model is proposed to describe the

strengthening of the CNT/Al composites with or without the

CNT clusters, based on the grain size of the matrix, the aspect

ratio of the CNTs, and the volume fraction of the CNT clusters

and pores. The model predictions are in good agreement with

the experimental results.
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