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Carbon nanotube (CNT) reinforced Al-5Mg composites were prepared by combining ball milling, hot-
pressing and subsequent hot extrusion. CNT distribution during milling and strengthening mechanism
of the composites were investigated. A model based on the ratio of minimum necessary time for uni-
formly dispersing CNT to flattening time of composite powders was proposed to analyze the effect of
milling rotation rate on CNT distribution, and it indicated that both low and high milling rotation rates
are not beneficial to CNT distribution, due to small deformation ratio and severe cold-welding, respec-
tively. Under a milling rotation rate of 400 rpm, CNTs could be uniformly dispersed after 8 h of milling
and aligned along the extruding direction after extrusion. Elastic moduli and strengths of the composites
were significantly increased. Load transfer, grain refinement, and mismatch dislocation mechanisms
were determined to contribute to the strength increase of CNT/Al-5Mg composites.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The incorporating of reinforcements into structural materials is
an effective way of producing stronger materials with excellent
strength and stiffness [1]. As a new type of reinforcement, carbon
nanotubes (CNTs) are now considered as the ideal reinforcements
for composites due to their extremely high elastic modulus
(�1 TPa) and strength (>30 GPa) as well as good thermal and elec-
trical properties [2,3]. Thus, CNT reinforced metal (CNT/metal)
composites have attracted great attentions in aerospace industry.

Although some novelty methods, e.g., molecular level mixing
between functionalized CNTs and metal ions (Cu, Co, Ni) [4,5],
and in-situ growth of CNTs on metal powders [6], have been suc-
cessfully used to fabricate high-property CNT/metal composites,
it is difficult to transplant these methods to industrial applications.
Powder metallurgy (PM) is still the most common route for prepar-
ing CNT/metal composites. In the past few years, ball milling-PM
route has been widely used to fabricate the CNT/metal composites
due to its easy operation and mass production.

It was well documented that CNTs could be dispersed into met-
als by ball milling, thereby improving the mechanical properties of
metals, especially Al [7,8]. Many researchers investigated the evo-
lution of Al powder morphology during milling [9–11], however no
relationship among mill rotation rate, powder morphology evalua-
tion and CNT distribution has been established. As a result, choos-
ing principle of milling conditions is still not clear for well
dispersing CNTs. Furthermore, the reported studies were essen-
tially limited to pure Al matrix. Such matrix is usually not eligible
for engineering applications due to its low mechanical strength.

Strengthening mechanism is a significant guideline on compos-
ite design. The strengthening behavior of CNTs reinforced polymer
composites could be well reflected by analog simulation method
[12,13], however these methods are difficult to directly transport
to investigate strengthening of CNT/metal composites. Some
strengthening mechanisms have been reported to actually take
effect in CNT/metal composites, such as load transfer and grain
refinement mechanisms [2,4]. However, the other mechanisms,
such as mismatch dislocation, Orowan strengthening which are
commonly operative in metal matrix composites, have not been
deeply discussed.

In this study, CNT/Al-5Mg composites were prepared by ball
milling, hot-pressing and hot-deformation method. CNT distribu-
tion and strengthening mechanism were analyzed. The aim is (a)
to establish the optimum process parameters for fabricating CNT/
Al composites with uniform dispersed CNTs in milling-PM route,
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(b) to understand the key factors influencing the CNT distribution
during milling, and (c) elucidate the strengthening mechanism of
CNT/Al composites.
2. Experimental

2.1. Raw materials and composite fabrication

The matrix was Al-5wt.%Mg (Al-5Mg) alloy, a non age-
hardenable Al alloy. The as-received Al-5Mg powders had an aver-
age diameter of �10 lm (Fig. 1(a)). As-received CNTs (95–98% pur-
ity) were synthesized using chemical vapor deposition by Tsinghua
University. The CNTs had entangled morphologies with a length of
�5 lm and an outer diameter of about 10 nm (Fig. 1(b)). 1.5 and
3 vol.% CNTs were ball milled with Al-5Mg alloy powders, in an
attritor running at 300–450 rpm for 2–8 h with a 10:1 ball to pow-
der ratio. Hardened steel balls with 5 mm in diameter were used.
1.5 wt.% stearic acid was added for preventing serious cold-
welding.

The as-milled powders were cold-compacted in a cylinder die,
degassed and hot-pressed at 753 K for 1 h, into cylindrical billets.
The as-pressed billets were hot extruded at 723 K into bars with
an extrusion ratio of 25:1. For comparison, an Al-5Mg alloy was
also fabricated using the same routine. 3 vol.% CNT/Al-5Mg com-
posites was annealed at 753 K for 1–4 h to identify the thermal sta-
bilities of the grains, and the annealed samples were cooled from
753 K to room temperature gradually in the furnace.
2.2. Characterization of the composites

The powder morphologies were examined using scanning elec-
tron microscopy (SEM, Quanta 600). The microstructures of the
composites were examined using transmission electron micro-
scopy (TEM, Tecnai G2 20). The elastic modulus of the composites
was measured by the ultrasonic-resonance method using RFDA-
HTVP1750-C (IMCE). The specimens with dimensions of
40 � 4 � 1 mm3 were machined with the length parallel to the
extruding direction.

Tensile specimens with a gauge length of 5 mm, a width of
1.7 mm and a thickness of 1 mm were machined from the as-
extruded composites paralleled to the extruding direction. At least
5 tensile specimens were tested for each composite at a strain rate
of 1 � 10�3 s�1 at room temperature on using Instron 5848 tester.
Arithmetic average and mean square deviations were respectively
used for plotting average value and error bars. For comparison, the
Fig. 1. Morphology of as-received po
tensile test of the Al-5Mg alloy was also conducted under the same
conditions.

3. Results

3.1. CNT distributions under different milling rotation rates

The morphology evolutions of the CNT-Al powders with ball-
milling time at 300 rpm, 400 rpm and 450 rpm are presented in
Fig. 2. Both flattening and coarsening of the powders were
observed under different milling durations for these three milling
rotation rates. The flattening and coarsening corresponded to the
deformation and cold-welding stages of the mill process, respec-
tively [14,15]. At 300 rpm of milling, the flattening of Al powders
was slight at 2 h (Fig. 2(a)) and the powders were still coarse flaky
powders but not equiaxial powders even after 8 h of milling (Fig. 2
(c)), which could be attributed to relatively low energy input. At
400 rpm of milling, the flattening of Al powders was much severe
at 2 h (Fig. 2(d)), and powders began to be cold-welded at 6 h
(Fig. 2(e)) and finally changed to coarse equiaxial powders at 8 h
(Fig. 2(f)). By comparison, the coarsening of Al powders at
450 rpm was even severer. Powders began to coarsen at as early
as 4 h milling (Fig. 2(h)) and transferred to coarse powders at as
early as 5 h milling (Fig. 2(i)), which was the result of high energy
input.

Fig. 3 shows CNT distributions in extruded composites under
different milling conditions. CNT bundles could be observed for
the composite under 300 rpm milling for 8 h (Fig. 3(a)), and many
CNT clusters with a size of about 100 nm were dispersed in the
composite under 450 rpm milling for 5 h (Fig. 3(d)). By compar-
ison, CNTs were uniformly dispersed in the composite under
400 rpm milling for 8 h (Fig. 3(c)) but not for 6 h (Fig. 3(b)). In
the following parts, the milling conditions for the CNT/Al-5Mg
composites were all 400 rpm and 8 h if no special explanation
was provided.

3.2. Grain and CNT-Al interface structure

Fig. 4 shows the grain structures of the CNT/Al-5Mg composites.
Grain refinement could be observed with the addition of CNTs. The
average grain size of the Al-5Mg alloy was about 0.5 lm (Fig. 4(a)).
As the CNT concentration increased to 1.5 and 3 vol.%, the average
grain size decreased to about 0.3 and 0.2 lm (Fig. 4(b) and (c)),
respectively, which is believed to result from the effective pinning
effect of CNTs on the recrystallized grains. The grain refinement
phenomenon has also been found in other CNT/metal composites
wders: (a) Al-5Mg and (b) CNTs.



Fig. 2. Morphology of CNT/Al-5Mg powders at (a) 300 rpm, 2 h, (b) 300 rpm, 6 h, (c) 300 rpm, 8 h, and (d) 400 rpm, 2 h, (e) 400 rpm, 6 h, (f) 400 rpm, 8 h, and (g) 450 rpm, 2 h,
(h) 450 rpm, 4 h, (i) 450 rpm, 5 h.
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[4,5,16], e.g. the average grain sizes of 1.5, 3 and 4.5 vol.%
CNT/2009Al composites fabricated by friction stir processing [16]
were 3, 0.8 and 0.5 lm, respectively. The grains of the annealed
3 vol.% CNT/Al-5Mg composites are shown in Fig. 5. The grain size
of the annealed composites remained relatively stable even at
753 K (Fig. 5(a)–(c)), and this grain thermal stability was also
reported in a previous study at 773 K for 3 vol.% CNT/Al-11Zn-
2Mg-Cu [17].

Fig. 6(a) shows the fine microstructures of the composites. It
was observed that CNTs with a length of �200 nm were singly dis-
persed in Al matrix and approximately aligned along the extruding
direction. The CNT length became much shorter compared with
that of the as-received CNTs, which could be attributed to severe
shear effect during milling. Furthermore, a small amount of Al4C3

were detected to be close to or attached to CNTs in some local
zone. Ci et al. [18] also found that CNT-Al reaction could occur
due to the presence of defect sites and open-ends in CNTs, even
the fabrication temperature was below the Al melting point.

High resolution TEM images shown in Fig. 6(b) indicated that
most of CNT-Al interfaces were bonded well and the CNT structure
integrity was well retained. For some CNTs with local structure
defects, CNT-Al reaction occurred at the local sites and Al4C3 (5–
20 nm in size) were observed (Fig. 6(c)). TEM examination in
Fig. 6(d) revealed the existence of the dislocations at the CNT inter-
face of the composite and this would be discussed later. Fig. 7
shows the XRD diffraction pattern of 3 vol.% CNT/Al-5Mg compos-
ite. Only two peaks of Al4C3 with very weak peak intensity could be
identified. This indicates that the Al-CNT interface reaction was not
severe, which was in accordance with the TEM results shown in
Fig. 6.

For the reaction 4Alþ 3C ¼ Al3C3, the Gibbs free energy is:

DG ¼ �75;211þ 17:4T ð1Þ
where T is the temperature.

According to Eq. (1), at temperatures between room tempera-
ture and 4322 K, the Gibbs free energy is negative, indicating that
the Al4C3 formation is a spontaneous reaction. It is well known that
the presence of Al4C3 would result in degradation of the compos-
ites in the atmospheric moisture [19,21]. The Al4C3 formation is
mainly determined by atom diffusion. As the temperature
decreased, the atom diffusion rate was reduced and therefore the
Al4C3 formation was restrained. More importantly, the solidus
temperature for the Al-5Mg alloy is about 850 K, which means that
no liquid appeared for the composite hot-pressed at 753 K. Further,
the Al2O3 membranes between Al and CNTs could also inhibit the
CNT-Al reaction. As a result, the CNT-Al reaction could be greatly
inhibited and good bonding of CNT-Al could be obtained in this
work.

It should be mentioned that the minimal CNT-Al reaction with-
out much damage to CNT structure is desirable for the composites.
For example, Stein et al. [22] fabricated CNT/5083Al composites
by ball milling-PM route at a much lower hot-consolidation



Fig. 3. CNT distributions in CNT/Al-5Mg powders at: (a) 300 rpm, 8 h, (b) 400 rpm, 6 h, (c) 400 rpm, 8 h, (d) 450 rpm, 5 h.

Fig. 4. TEM images showing grains of CNT/Al-5Mg composites with CNT concentrations of (a) 0, (b) 1.5, and (c) 3 vol.%.

Fig. 5. Grain sizes of 3 vol.% CNT/Al-5Mg composites annealed for (a) 1 h, (b) 2 h, (c) 4 h.
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Fig. 6. TEM images showing microstructure in composites: (a) CNT distribution, (b) clean Al-CNT interface, (c) reacted Al-CNT interface and (d) dislocations near to CNTs.

Fig. 7. XRD diffraction pattern of 3 vol.% CNT/Al-5Mg composite.

Table 1
Tensile properties of Al-5Mg and CNT/Al-5Mg composites.

Sample E (GPa) YS (MPa) UTS (MPa) El. (%)

Al-5Mg alloy 73 ± 1 340 ± 5 410 ± 8 12 ± 2
1.5 vol.% CNT/Al-5Mg 80 ± 1 449 ± 8 506 ± 10 7 ± 1
3 vol.% CNT/Al-5Mg 86 ± 1 554 ± 9 610 ± 9 3 ± 1
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temperature of 623 K. They found that the strengths of the com-
posites were increased, however, the elongations were much lower
and the Young’s moduli were not increased compared with that of
the matrix alloy. As well-known, CNTs and Al had poor wetting
properties, low hot-consolidation temperature of 623 K led to
weak interface bonding due to the lack of reaction. As a result, poor
elongation and modulus were achieved.
3.3. Tensile properties of the composites

Table 1 shows the tensile properties of the Al-5Mg alloy and
CNT/Al-5Mg composites. The yield strength (YS) and the ultimate
tensile strength (UTS) of the composites were substantially
increased compared with those of the matrix alloy. Increasing
the CNT concentration from 1.5 to 3 vol.% led to increase in both
YS and UTS. The elastic modulus of the composites was also
increased due to the high modulus of CNTs, and the composite
with 3 vol.% CNTs reached to 86 GPa, much higher than that for
the Al-5Mg alloy (73 GPa).

The typical engineering stress-strain curves of the composites
are shown in Fig. 8(a). CNTs led to increased work-hardening and
greatly reduced elongation (El). CNT and Al matrix has great differ-
ent tensile properties, mismatch dislocation might be induced at
the interface during tension and the dislocation could hinder the
movement of other dislocations, which resulted in increased
work-hardening. The reduced El is attributed to the fracture mode
of the composite. Composite fracture is directly related to the
interfacial failure or reinforcement cracking. Micro-voids tend to
form at low strains during tension due to the stress concentration



Fig. 8. (a) Engineering strain-stress curves of CNT/Al-5Mg composites and matrix alloy, (b) fractograph of 3 vol.% CNT/Al-5Mg composite.

Table 2
YS of 3 vol.% CNT/Al-5Mg composites after different annealing durations at 753 K.

Annealing duration (h) 0 1 2 4

YS (MPa) 554 ± 9 521 ± 7 523 ± 7 516 ± 8
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at the CNT-Al interfaces, resulting in a low level of El. Fractograph
of 3 vol.% CNT/Al-5Mg composite is showing in Fig. 8(b). Many
CNTs with tips outside were observed at the bottom of the dimples,
which also indicated that the micro-voids originated at the zone
near CNTs.

The YS of the composite decreased by about 30 MPa after
annealing at 753 K for 1 h, and then remained stable for annealing
from 2 to 4 h (Table 2). It was reported that CNTs and Al did not
severely react at the temperature lower than solidus temperature
[18]. It means that CNTs would not suffer severe damage during
the annealing treatment whose temperature is much lower than
the solidus temperature of about 850 K. The grain size of the
annealed composites remained stable at 753 K (Fig. 5). Thus, the
YS decrease of the composites with annealing might be attributed
to the change in dislocation density during annealing. This would
be discussed later.

4. Discussion

4.1. CNT distribution model during milling

According to the milling mechanism, in the deformation stage,
the ductile powders were milled into flaky morphology, while
Fig. 9. Schematic of (a) CNT-Al powders captured by balls during milling
large CNT clusters were fractured into small ones and dispersed
along the boundaries of flaky powders (Fig. 9(a)). In the cold-
welding stage, the flaky powders were cold-welded into laminate
structure and the brittle particles were thus introduced into ductile
powders. This means that the uniformity of CNT distribution was
greatly determined by Al powder deformation and CNT dispersion
prior to the cold-welding stage.

According to the powder fraction changing theory during
milling proposed by Aikin et al. [23], as the milling duration
increases from 0 to t, the fraction of Al powders changes from
f Al;0 to f Al. The relationship between duration and powder fraction
can be expressed as:

f Al
1� f Al

¼ f Al;0
1� f Al;0

exp � at
s

� �
ð2Þ

where a is the probability of cold-welding, s is the time interval
between two different ball collisions, which can be expressed as:

s ¼ k=v ð3Þ
where k is the mean free path of balls during milling and m is the
mean velocity of balls before collision.

As the fraction of Al powders decreases to a certain value, cold-
welding can be considered to be dominant. The duration tflatten for
flattening of Al powders can be calculated as:

tflatten / s ¼ k=v ð4Þ
Evolution of CNT cluster sizes are (the derivation detail could be

found in Appendix A):
and (b) CNT distributions during milling at different rotation rates.



Fig. 10. Schematic of calculation for CNT concentration in the grain.
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D�3 � D�3
0 ¼ fet ð5Þ

where f is a coefficient, e is the imposed strain on the CNT/Al pow-
ders during milling.

As the cluster size decreases to some small value, CNT clusters
can be regarded to disappear. It means that the minimum neces-
sary time for dispersing CNTs should be:

tCNT�dispersion / e�1 ð6Þ
The e during milling has a relationship with velocity of balls

before collision m according to calculation proposed by Maurice
[24,25]:

e / v0:4 ð7Þ
Eq. (6) can be changed to:

tCNT�dispersion / v�0:4 ð8Þ
The ratio of minimum necessary time for dispersing CNTs to

flattening time of Al is:

tCNT�dispersion=tflatten / v0:6 ð9Þ
From Eq. (9), larger ball velocity corresponding to larger mill

rotation rate leads to larger ratio of minimum necessary time for
uniformly dispersing CNTs to flattening time of Al powders. That
is, dispersing time for CNTs might not be enough at higher milling
rotation rate, as cold-welding could be shifted to a much early
time.

The relationship between CNT distribution and rotation rate
could be indicated in Fig. 9(b). At a lower rotation rate of
300 rpm, CNTs had enough time to disperse as cold-welding was
delayed according to Eq. (9), but no enough specific surface areas
of Al powders could be provided for CNT distribution. As a result,
CNTs could not be singly dispersed (Fig. 3(a)). At a much higher
rotation rate of 450 rpm, the time for powder flattening was
greatly reduced compared with that for uniformly dispersing CNTs,
according to Eq. (9). Although flaky powders with thin thickness
could provide larger surface for CNT distribution, cold-welding
was severe and appeared at much earlier stage during milling
(Fig. 2(h)). Some small-sized CNT clusters were easily cold-
welded into Al powders, and as a result, many fine CNT clusters
could be observed in the composite (Fig. 3(d)).

For a medium rotation rate of 400 rpm, on one hand, enough
deformation of Al powders could be provided for producing flaky
Al powders with thinner thickness and larger surface for CNT dis-
persion (Fig. 2(d)). On the other hand, CNT clusters could be dis-
persed for longer duration as the cold-welding was not too
severe. As a result, CNTs could be singly dispersed in the compos-
ites under milling at 400 rpm for 8 h (Fig. 3(c)).

There are about three stages during milling: deformation, cold-
welding and balanced stage. During deformation stage, ductile Al
powders were flattened into flaky powders with larger specific sur-
face, and CNTs were fractured and then dispersed at the bound-
aries of flaky Al powders. At the cold-welding stage, flaky Al
powders were cold-welded into coarse flaky Al powders and CNTs
were fixed at the welded seams. Once CNTs were fixed, they were
hard to be further dispersed. Therefore, the minimum necessary
time for milling should be chosen at the final stage of cold-
welding to ensure enough deformation of Al powders and dispers-
ing of CNTs. That is why no CNT clusters were observed for com-
posites milled at 400 rpm for 8 h (Fig. 3(c)), but some CNT
clusters were observed for composites milled at 400 rpm for 6 h
(Fig. 3(b)).
4.2. Strengthening mechanism

4.2.1. Orowan strengthening
The motion of the dislocation might be inhibited by CNTs, lead-

ing to bending of dislocations between CNTs. It induces a back
stress, which will prevent further dislocation migration and result
in a strength increase. That is the well-known Orowan strengthen-
ing mechanism, which is greatly dependent on the mean free path
d0 of CNTs. For simplified calculation, d0 could be calculated from:

d0 ¼ dequ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð6Vf Þ�13

q
ð10Þ

where d0 is the mean free path of CNTs and dequ is the equivalent
diameter of CNTs.

The strength increase induced by Orowan mechanism DrOR

could be calculated by:

DrOR ¼ 2:43Gb

2pð1� tÞ0:5d0

ln

ffiffiffi
2
3

r
dequ

r0

 !
ð11Þ

where b is Burgers vector, G is Shear modulus of matrix, t is Poisson
ratio, r0 is the core radius of dislocation. It should be pointed out
that only the CNTs distributed in the grains could prevent disloca-
tion migration and result in a strength increase. Actually, ex-situ
reinforcements tend to be dispersed at grain boundaries, because
incoherent phase interfaces have much higher interface energy.
Eq. (11) changed to:

DrOR ¼ 2:43Gb

2pð1� tÞ0:5d0

VOR

Vf
ln

ffiffiffi
2
3

r
dequ

r0

 !
ð12Þ

where VOR
Vf

is the concentration ratio of CNTs in the grains to the

whole CNTs.
Assuming that CNTs were randomly dispersed at the grain

boundaries and in the grains, the calculation schematic for VOR
Vf

is

shown in Fig. 10 with two situations:
For composites with relatively large grain sizes:

VOR ¼ ðd� 2d0Þ3Vf

d3 ¼ Vf 1� 2d0

d

� �3

d > 2d0 ð13Þ

For composites with relatively fine grain sizes:

VOR ¼ 0 d 6 2d0 ð14Þ
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where d is the average grain size.
In this study, the length and diameter of CNTs were 200 nm and

10 nm, thus the equivalent diameter of CNTs dequ was �49 nm if
CNTs were equivalent to spherical particles. Thus, mean free path
of CNTs d0 were 160 and 111 nm for 1.5 and 3 vol.% CNT/Al-5Mg
composites, respectively. The grain sizes of 1.5 and 3 vol.% CNT/
Al-5Mg composites were about 300 and 200 nm, respectively,
which means that nearly all of CNTs were dispersed at the grain
boundaries according to Eq. (14). Thus, Orowan strengthening
could be ignored in this study.

4.2.2. Load transfer and grain refinement strengthening
The rule of mixtures cannot be applied to determine the elastic

modulus of CNT/Al composites because it is only valid for continu-
ous fiber reinforced composites. However, elastic modulus of short
whisker reinforced composites Ec can be estimated using Tsai-
Halpin equation [26]:

Ec ¼ Emð1þ ngVf Þ=ð1�gVf Þ ð15Þ
the parameter g being given by the following equation:

g ¼ ðEp=Em � 1Þ=ðEp=Em þ nÞ ð16Þ
the parameter n being given by the following equation:

n ¼ 2sþ 40V10
f ð17Þ

where Em and Ep are the elastic modulus of the matrix and CNTs,
respectively; Vf is the CNT volume fraction in the composite; s is
the aspect ratio of CNTs.

In this study, the length and diameter of CNTs were 200 nm and
10 nm, and thus s was about 20. Elastic modulus of the Al matrix
introduced in calculations was 73 GPa. The elastic moduli of CNTs
were reported to be 0.5–1 TPa [3], and the elastic modulus value of
0.5 and 1 TPa were respectively used for calculation. The measured
and predicted elastic moduli of composites are compared in Fig. 11
(a). The elastic moduli estimated from the rule of mixtures are also
shown only for the purpose of comparison. The experimental
values appear to be well fitted by the results calculated by Tsai-
Halpin equation, which reflects good load transfer efficiency of
CNTs.

For the short whisker reinforced metal matrix composites, the
tensile strength increases due to load transfer [27] and grain
refinement mechanisms are strongly related to the reinforcement
length and grain size, and can be estimated through the equation
given as [28]:

rc ¼ r0 þ kd�1=2
� �

V fuðsþ 2Þ=2þ ð1� V f Þ½ � ð18Þ
Fig. 11. Comparison between theoretically predicted and experimentally
where rc is the YS of the composite; u is efficient parameter of load
transfer, which could be considered as 1 in the condition of good
load transfer efficiency; r0 is rationalized as a frictional stress to
the motion of dislocation glide, and k is the Hall-Petch slope (for
annealed Al-Mg alloy, it is about 63 MPa lm1/2 [29]).

The measured and predicted YS of composites are compared in
Fig. 11(b). The YS estimated from the load transfer mechanism is
also shown for the purpose of comparison. It is noted that a com-
bination of load transfer and grain refinement mechanisms gives a
prediction closer to the experimental value. However, there were
still about 10% deviations between the predicted and measured
YS values. This means that besides the load transfer and grain
refinement, other strengthening mechanisms also contribute to
the strength increase.
4.2.3. Mismatch dislocation strengthening
George et al. [30] pointed out that thermal mismatch disloca-

tions would contribute to strengthening of the CNT/metal compos-
ites. Thermal mismatch dislocations are induced during cooling
after extrusion, because of the large difference in the coefficient
of thermal expansion between Al and CNTs. According to previous
investigations [31,32], the density of the thermal-mismatch dislo-
cations decreases greatly as the size of the reinforcement decreases
to nano-scale. In the present CNT/Al-5Mg composite, CNTs had an
average length of 200 nm and a diameter of �10 nm. Thus, the
thermal-mismatch dislocations were not dominant.

Lahiri et al. [33] found that CNTs resulted in extra increase in
dislocation density due to non-uniform deformation between CNTs
and the matrix. During extrusion, deformation mismatch disloca-
tions were induced at the CNT-Al interface. These dislocations
could be relaxed by recrystallization during extrusion. However,
the fine and dispersed CNTs in the CNT/Al-5Mg composite inhib-
ited the recrystallization of the matrix. Thus, many dislocations
would be retained near CNTs. As shown in Fig. 6(d), many disloca-
tions were observed near CNTs, which might be the extra disloca-
tions due to deformation mismatch between CNTs and Al. The
deformation mismatch dislocations induced during extrusion
could not be fully eliminated by the recrystallization. As a result,
the YS of composites predicted by Eq. (13) were lower than the
experimental values. Actually, the YS of the annealed 3 vol.%
CNT/Al-5Mg composite was 516 MPa, very close to the predicted
value of 510 MPa by Eq. (13). During annealing, the mismatch dis-
locations could gradually be relaxed as a result of dislocation reac-
tion, and the extra dislocation density could be reduced after
annealing. This means that the mismatch dislocations induced by
CNTs also contribute to the strength increase of the composites.
measured (a) elastic modulus and (b) YS for CNT/Al-5Mg composites.
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The strengthening contributes due to load transfer, grain refine-
ment and mismatch dislocation could be demonstrated in Fig. 11
(b). The good CNT-Al interface bonding could well transfer load
from Al to CNTs with relatively high aspect ratio, which made load
transfer the main strengthening mechanism. CNTs introduction
also induced severe grain refinement and mismatch dislocations,
and they also played important role in strengthening.

5. Conclusions

(1) Milling rotation rate had significant effect on deformation of
Al powders, fracture of CNT clusters and cold-welding of
composite powders. Both lower rotation rate of 300 rpm
and higher rotation rate of 450 rpm were not beneficial to
CNT distribution. Medium rotation rate of 400 rpm could
provide enough energy for Al powder deformation and avoid
too severe cold-welding, which led to single dispersion of
CNTs.

(2) A model based on the deformation of Al powders and the
ratio of minimum necessary time for dispersing CNTs to flat-
tening time of powders is proposed to evaluate the influence
of milling rotation rate on CNT distribution. At high milling
rotation rate, flattening time decreases much faster than
the minimum necessary time for dispersing CNTs, resulting
in that CNT clusters can be cold-welded into Al powders.
By comparison, low milling rotation rate leads to longer
minimum necessary time for dispersing CNTs and small
deformation of Al powders, which is also detrimental to
CNT distribution.

(3) The elastic modulus of the CNT/Al-5Mg composites
increased as CNT concentration increased, which can be pre-
dicted by the Tsai-Halpin equation. The tensile strength of
the composites showed a significant increase compared with
the matrix alloy, attributing to load transfer, grain refine-
ment and mismatch dislocation mechanisms due to the
addition of CNTs.
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Appendix A

CNT clusters tend to fracture into small parts during milling. In
order to describe the variation in the CNT cluster size, let us
assume that the fracture of clusters occurs due to the strain
imposed on the CNT/Al powders and that the probability of cluster
fracture is dependent on the cluster volume (for simplicity a lin-
earized Weibull model is used). With the above assumptions, the
probability of fracture of a cluster p is:

p ¼ kD3e ð19Þ
where k is a constant, D is the diameter of CNT clusters, and e is the
imposed strain on CNT/Al powders during milling.

An assumption is made as follows: if a CNT cluster particle by
diameter D fractures the two resultant particles are of approximate
size D=

ffiffiffi
23

p
. During an increment of strain de the change in diameter

is D� D=
ffiffiffi
23

p
. During an increment of strain de the change in the

CNT cluster size is KD3deðD� D=
ffiffiffi
23

p
Þ. That is,
dD=de ¼ �kD3ðD� D=
ffiffiffi
23

p
Þ ð20Þ

and hence, during a processing history, we can write:

D�3 � D�3
0 ¼ 3ð1� 1=

ffiffiffi
23

p
Þke ð21Þ

where D0 is the as-received CNT cluster size and D is the CNT cluster
size after milling with some duration time. If similar process is
repeated for duration of t, the cluster size can be expressed as:

D�3 � D�3
0 ¼ fet ð22Þ

where f is coefficient.
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