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Abstract: The carbon nanotubes (CNTs) reinforced Al−Cu matrix composites were prepared by hot pressing sintering 
and hot rolling, and the effects of Cu content on the interfacial reaction between Al and CNTs, the precipitation 
behavior of Cu-containing precipitates, and the resultant mechanical properties of the composites were systematically 
investigated. The results showed that the increase of Cu content can not only increase the number and size of 
Cu-containing precipitate generated during the composite fabrication processes, but also promote the interfacial reaction 
between CNTs and Al matrix, leading to the intensified conversion of CNTs into Al4C3. As a result, the composite 
containing 1 wt.% Cu possesses the highest strength, elastic modulus and hardness among all composites, due to the 
maintenance of the original structure of CNTs. Moreover, the increase of Cu content can change the dominant 
strengthening mechanisms for the enhanced strength of the fabricated composites. 
Key words: Al matrix composites; Al−Cu precipitates; carbon nanotubes; interfacial reaction; strengthening 
mechanism 
                                                                                                             
 
 
1 Introduction 
 

The demand for metal matrix composites with 
good comprehensive mechanical properties and 
lightweight is ever-increasing, due to the rapid 
development of advanced industries [1]. Among 
these, aluminum (Al) matrix composites have 
drawn much more attention from material 
researchers and engineers due to their low density, 
excellent deformation ability, high thermal shock 
resistance, high elastic modulus, high fatigue 
strength, and desired creep and wear resistance [2]. 

In particular, carbon nanotubes (CNTs) reinforced 
Al matrix composites (CNTs/Al) have been 
regarded as the promising structural composites 
because CNTs exhibit excellent strength 
(~110 GPa), ultra-high elastic modulus (~1 TPa), 
large aspect ratio (>1000), low density (2.1 g/cm3) 
and low coefficient of thermal expansion (~0) [3], 
which are more effective in achieving high 
mechanical properties of the fabricated composites 
than the traditional ceramic particles. 

However, although lots of effective approaches 
have been developed to ameliorate the dispersion 
state of CNTs in the Al matrix and strengthen the  
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Al−CNTs interfacial bonding. The reported strength 
of CNTs/Al composites is generally below  
450 MPa [4]. The limited strength of CNTs/Al 
composites can be mostly attributed to the fact that 
pure Al rather than Al alloy was primarily used as 
the matrix [5], due to its simple system and ease of 
analysis. To the best of our knowledge, in 
comparison to pure Al matrix, taking Al alloy as  
the matrix can produce precipitates during the 
composite fabrication processes, which can play a 
synergic strengthening role with CNTs to improve 
the mechanical properties of the obtained CNTs/Al 
composites [6,7]. The synergic strengthening effects 
of the precipitates in the Al alloy matrix have   
also been demonstrated by SHIN and BAE [8]. 
According to their research, compared to the 
graphene reinforced pure Al matrix composite, 
using 2024 Al alloy as the matrix can improve the 
tensile strength of the fabricated composite to 
around 280 MPa. This previous study reveals that 
the Al alloy matrix is superior to the pure Al matrix 
in achieving higher strength of CNTs/Al composites. 
Thus, it is valuable to systematically investigate the 
microstructures and resultant mechanical properties 
of CNTs reinforced Al alloy matrix composites, 
especially for the application of high-strength Al 
alloy (AA2xxx and AA7xxx) as the matrix. 

Unlike the CNTs reinforced pure Al matrix 
composite, the CNTs/Al−Cu system is much more 
complex due to the existence of the Cu element. 
With alloying with the Al matrix, the microstructure 
evolution during the composite fabrication process 
will be complicated. In other words, the original 
structure of CNTs is easier to be destroyed in 
CNTs/Al−Cu composites due to the in-situ 
interfacial reaction. Hence, to fully exploit the 
synergic strengthening effects of CNTs and 
precipitates for much better mechanical properties, 
it is necessary to investigate the unclear 
characteristics of microstructures and mechanical 
properties of CNTs/Al−Cu composites, such as the 
effects of the Cu content on the Al4C3 formation, 
Al−Cu precipitation and mechanical properties of 
such composites. 

In this work, we systematically investigated 
the effects of Cu content on the interfacial reaction 
of Al matrix and CNTs, the precipitation behavior 
of the Cu-containing precipitates, and the resultant 
mechanical properties of the CNTs/Al−Cu 
composites. The fundamental relationship between 

the microstructure characteristics and mechanical 
properties was deeply examined. The present 
findings can guide the matrix composition design of 
CNTs reinforced Al alloy matrix composites for 
better mechanical properties. 
 
2 Experimental 
 
2.1 Fabrication of composites 

The Al−Cu alloy powders were fabricated 
from the gas atomized pure Al powders and pure Cu 
powders using the mechanical alloying method. The 
ball/powder mass ratio, ball milling time, and 
rotation speed were 8:1, 5 h, and 300 r/min, 
respectively. To reduce the agglomeration of CNTs 
and promote the dispersion of CNTs in Al powders, 
the CNTs supplied by Sigma-Aldrich Co., Ltd.  
were oxidized with the same oxidization method  
as that in our previous study [9]. Subsequently, the 
synthesized Al−Cu alloy powders were added to the 
suspension of oxidized CNTs and ball-milled for 
3 h with a ball/powder mass ratio of 5:1 and a 
rotation speed of 300 r/min, and a 0.5 wt.% zinc 
stearate was used as a process control agent. The 
resulting mixed suspension was thoroughly dried in 
a vacuum oven at 60 °C after vacuum filtration. The 
dried powders were further dry ball milled with the 
same ball-milling parameters as those in the 
previous solution-assisted mixing process, which 
can not only eliminate the possible CNTs clusters 
on the surface of flaky Al−Cu powders, but also 
promote the embedding of CNTs into the Al−Cu 
powders. The mixed powders were sintered at 
600 °C for 30 min with a heating rate of 10 °C/min 
in a quick hot pressing sintering furnace (HFAS− 
0304D). Mechanical pressure of 40 MPa was 
applied to the samples throughout the sintering 
process. The mass of each sintered specimen is 
about 46 g, and the diameter and height are 40 mm 
and 8 mm, respectively. To further densify the 
sintered composites, these samples were hot-  
rolled with the same processes and parameters as 
elsewhere [10]. Three batches of composites with 
the same CNTs content (0.75 vol.%) and different 
Cu contents (1, 3, and 7 wt.%) were fabricated  
and denoted as Al−1Cu@CNTs, Al−3Cu@CNTs, 
and Al−7Cu@CNTs, respectively. The detailed 
fabrication processes for the desired composites are 
illustrated in Fig. 1. 
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Fig. 1 Schematic diagram of preparation process of Al−Cu@CNTs composites 
 
2.2 Characterization 

FEI Nova Nano230 and Phenom XL scanning 
electron microscopes (SEM) and JEOL−2100F 
transmission electron microscope (TEM) were used 
to examine the microstructures of the starting 
powders (Al, Cu, CNTs), mixed powders, and the 
fabricated bulk composites. The number and 
average size of the precipitates were statistically 
analyzed based on the obtained SEM images using 
ImageJ analysis software. The phase compositions 
of the powder mixture and the prepared composites 
were identified by X-ray diffraction (XRD, Ultima 
IV) using a Cu Kα radiation source with a scanning 
rate of 5 (°)/min. The measured bulk density of the 
three composites was measured by an MI−120 
MITR metal density tester (the density resolution: 
0.001 g/cm3) based on Archimedes principle, and 
the density values recorded from 3 independent 
measurements for each sample were averaged. The 
microhardness of the composites was measured 
using an HDX−1000 TMC microhardness tester. 
The applied load was 50 g and the holding time  
was 15 s. The recorded microhardness values for 
each sample were averaged from 10 independent 
measurements. To obtain compressive mechanical 
properties of the prepared composites, the 
specimens with a cross-section of 2 mm × 2 mm 
and a length of 3 mm were cut from the rolled sheet 
along the rolling direction. Compression tests were 
performed on an Instron 3369 universal testing 
machine at a speed of 1.0 mm/min. The average 
compression strength of the composites was 

measured from three samples. The reduced elastic 
modulus was measured by the Berkovich indenter 
on a TI950 TRIBO nanoindentation. During the 
nanoindentation measurement, 20 load-unload 
circles were used until reaching the maximum load 
of 80 mN, and the exerted force was subsequently 
unloaded without holding time. The recorded elastic 
modulus was obtained from the Oliver−Pharr  
model [11] and averaged from the measured values 
of 20 independent tests. 
 
3 Results 
 
3.1 Microstructure of powders and fabricated 

composites 
Figures 2(a−c) show the morphologies of   

the raw Al powders, Cu powders, and CNTs, 
respectively. Spherical Al powders (Fig. 2(a)) and 
irregular Cu powders (Fig. 2(b)) can be observed, 
which are the typical shapes of powders fabricated 
by gas atomization and electrolysis. The CNTs 
present a high aspect ratio and the residual 
impurities cannot be seen, such as the catalyst 
particles. Moreover, as shown in the high-resolution 
TEM image (Fig. 2(d)), the (002) plane of CNTs 
with the interplanar spacing of 0.34 nm can be 
detected, demonstrating that the used CNTs have 
high crystallinity [12]. Figure 2(e) shows the SEM 
image of the mixed powders of CNTs and Al−Cu 
alloy powders. It can be seen that the CNTs are 
singly attached on the surface of Al flakes, and the 
agglomeration of CNTs is rarely detected, which 
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confirms that the applied pretreatment process of 
CNTs and mixing process for mixed powders are 
capable of realizing the uniform dispersion of CNTs 
in Al powers. 

Figure 3(a) reveals the XRD patterns of the 
three types of mixed powders. In addition to the Al 
diffraction peaks, the weak peaks belonging to the 
AlCu phase can be detected, indicating that the 
reaction between Al and Cu should be initiated due 
to the energy input by the ball milling process. 
Figure 3(b) shows the XRD patterns of the three 
bulk composites. It can be seen that there are peaks 
derived from the Al matrix and AlCu phase in all 
XRD patterns. With increasing the Cu content to  
3 and 7 wt.%, the distinct peaks of Al2Cu can be 
further found in the XRD patterns, denoting the 
increased Cu content results in the formation of 

Al2Cu precipitates. Moreover, the shift of Al peaks 
is absent with increasing Cu content, indicating that 
the Cu was consumed by the Al2Cu precipitation 
rather than the formation of Al−Cu solid solution 
during the composite fabrication processes. 

Figure 4 shows the backscattered SEM images 
of the prepared composites and corresponding 
EDAX results. It can be seen from Fig. 4 that the 
particles with bright contrast are uniformly 
dispersed in the whole Al matrix, and their size and 
number density increase with increasing the Cu 
content. According to the EDAX results acquired 
from the Al−7Cu@CNTs composite, it can be 
confirmed that the particles consist of Al and Cu 
elements. Combined with the XRD results (Fig. 3), 
these newly formed particles with increasing the Cu 
content can be determined as the Al2Cu phase. 

 

 
Fig. 2 Microstructures of raw materials and mixed powders: (a, b) SEM images of Al and Cu powders, respectively;  
(c) Bright-field TEM image of CNTs; (d) High-resolution TEM image of CNTs; (e) SEM image of mixed powders of 
Al−7wt.%Cu alloy powders and CNTs 
 

 
Fig. 3 XRD patterns of three types of mixed powders (a) and fabricated composites (b) 
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Fig. 4 Microstructures and corresponding EDAX results of fabricated composites: (a, b, c) Backscattered SEM images 
of Al−1Cu@CNTs, Al−3Cu@CNTs, and Al−7Cu@CNTs, respectively; (d, e, f) Enlarged backscattered SEM image of 
Al−7Cu@CNTs (d) and obtained EDAX results (e, f) 
 

Figure 5 further presents the statistical analysis 
results of the size and number density of 
precipitates in the fabricated composites with 
different Cu contents. The results show that by 
increasing the Cu content from 1 wt.% to 7 wt.%, 
the average particle size of the precipitates 
increases from 596 to 1282 nm, while the number 
density of the precipitated phase also increases from 
1.42×104 to around 6.4×104 mm−2. The largely 
increased particle size and similar number density 
of precipitates in Al−7Cu@CNTs compared with 
those in Al−3Cu@CNTs imply that the increase of 
 

 
Fig. 5 Statistical results of average diameter and number 
density of precipitates in fabricated composites based on 
obtained SEM images 

Cu content from 3 wt.% to 7 wt.% facilitates the 
growth of Al2Cu precipitates instead of their new 
nucleation. 

To further reveal the microstructures of    
the composites with different Cu contents, TEM 
observation was employed to examine the 
Al−1Cu@CNTs and Al−7Cu@CNTs composites. 
Figures 6 and 7 show the typical TEM images 
acquired from the Al−1Cu@CNTs composite. As 
 

 
Fig. 6 TEM images of as-fabricated Al−1Cu@CNTs 
composite: (a) Bright-field TEM image; (b) Elemental 
mapping results recorded from black rectangle region  
in (a) 
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shown in Figs. 6(a), 7(a), and 7(b), a typical 
homogeneous dispersion of CNTs marked by white 
hollow arrows in the matrix was realized, while 
Al4C3 with short rod shape and the reaction product 
of CNTs with the Al matrix, can be occasionally 
observed. Figure 6(b) shows the elemental mapping 
results of the rectangle region b in Fig. 6(a), which 
confirms that most of the Cu element exists in the 
form of solid solution atoms. The limit formation of 
the Al−Cu phase can be further justified by the 
SAED pattern recorded from the red dashed circle 
region in Fig. 7(b), in which only diffraction spots 
originated from the Al matrix can be observed. 
Figures 7(c) and (d) reveal the HRTEM image of 
the red rectangle region in Fig. 7(b), showing that 
the CNTs are tightly bonded with the Al matrix, 
forming a well-bonded Al−CNTs interface, which  
is essential to exploit the potential strengthening 
effects of CNTs for Al/CNTs composites. 

Figure 8 shows the TEM images of the 
Al−7Cu@CNTs composite. In comparison to the 
microstructures of Al−1Cu@CNTs (Figs. 6 and 7), 
the precipitates and the Al4C3 with the length of 
several hundred nanometers can be commonly 
observed in the Al−7Cu@CNTs composite 
(Figs. 8(a−c)). However, it is worth noting that it is 

hard to detect the CNTs, which implies that with the 
increase of Cu content, the interfacial reaction 
between CNTs and Al matrix was significantly 
promoted, hence causing the complete conversion 
of CNTs into Al4C3. Figures 8(d) and (g) present the 
elemental point analysis results and HRTEM image 
from the precipitates, fully confirming that the 
precipitates are Al2Cu phases. The SAED pattern 
(Insert in Fig. 8(b)) and HRTEM images (Figs. 8(e) 
and (f)) are recorded from the formed Al4C3, 
showing that the in-situ Al4C3 with the periodical 
crystallographic plane and interplanar spacing 
(0.84 nm) is a highly crystalline single crystal that 
has a hexagonal structure with lattice parameters of 
a=0.334 nm and c=2.50 nm [13]. 

 
3.2 Mechanical properties of as-prepared 

composites 
The compressive mechanical properties, bulk 

density, and hardness of the composites are shown 
in Fig. 9. As can be seen from the compressive 
properties of the three composites (Fig. 9(a)),    
the yield strength (YS), ultimate compressive 
strength (UCS), and failure strain of composites 
monotonously decrease with increasing the Cu 
content. The yield strength and ultimate compressive 

 

 
Fig. 7 TEM images of as-fabricated Al−1Cu@CNTs composite: (a, b) Bright-field TEM images (inserted SAED pattern 
acquired from red dashed circle in (b); (c) HRTEM image of red rectangle region in (b); (d) Magnified image of red 
rectangle area in (c) 
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Fig. 8 TEM images of as-fabricated Al−7Cu@CNTs composite: (a) Bright-field TEM image of precipitates and Al4C3 
rods; (b) Magnified image of white oval region in (a); (c) Enlarged bright-field TEM image of typical precipitate;    
(d) EDAX point analysis result of precipitate marked by white cross star in (a); (e, f) HRTEM images of white rectangle 
regions in (a) and (b), respectively; (g) HRTEM image of white rectangle region in (c) 
 

 
Fig. 9 Variation of mechanical properties of as-prepared composites with Cu content: (a) Ultimate compressive strength, 
yield strength, and compression strain; (b) Theoretical density and measured bulk density; (c) Microhardness 
 
strength of Al−1Cu@CNTs composite can reach 
(367.92±21.21) MPa and (495.14±5.68) MPa, 
respectively, which are much higher than those   
of Al−7Cu@CNTs composite ((259.96±16.39) MPa 
and (371.44±18.23) MPa). In addition to the 
decreased strength, it can be observed that 
increasing the Cu content from 1 wt.% to 7 wt.% 
also decreases the ductility of the composites, and 
the failure strain of the Al−7Cu@CNTs composite 
is only about 11.8%. 

Figure 9(b) exhibits the theoretical density and 
measured bulk density of the fabricated composites. 
It can be observed that the material density 
increases with the increase of Cu content, which is 
caused by the adoption of Cu element with much 
higher density than Al element. Although the 
increased Cu content accelerates the formation of 
Al4C3, and the transformation from CNTs and Al 

into Al4C3 can result in about 6.78% volume 
expansion by taking the formula mass and density 
of Al (27 g/mol, 2.7 g/cm3), CNTs (12 g/mol, 
2.1 g/cm3 [14]) and Al4C3 (144 g/mol, 2.36 g/cm3 
[15]), it is believed that the improved density 
caused by the inclusion of Cu largely surpasses the 
lowered density induced by the chemical reaction 
between Al and CNTs. Figure 9(c) shows the 
measured hardness of the three composites. It can 
be seen that the hardness decreases from 
HV0.1 (107.7±4.1) to HV0.1 (90.1±2.4) with increasing 
the Cu content from 1 wt.% to 7 wt.%. 

Figure 10(a) shows the nanoindentation load− 
displacement curves consisting of 20 load−unload 
circles of the prepared composites. It can be    
seen that the indentation displacement of Al− 
1Cu@CNTs is significantly smaller than that of 
Al−3Cu@CNTs and Al−7Cu@CNTs, denoting the 
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Al−1Cu@CNTs composites possess higher 
hardness, which is consistent with microhardness 
results (Fig. 9(c)). Based on the load−displacement 
curves, the obtained elastic modulus of the three 
composites is presented in Fig. 10(b). It can be seen 
that the measured elastic modulus scatters in a wide 
range for each type of composite, and the average 
elastic modulus decreases with increasing the Cu 
content in the composites. The compressive 
mechanical properties, hardness, density, and elastic 
modulus of the prepared composites are also listed 
in Table 1. 

 
4 Discussion 
 

As shown in Figs. 4, 6, 7, and 8, increasing  
the Cu content promotes the formation of 
Cu-containing precipitates and intensifies the 
interfacial reaction between Al matrix and CNTs. 
According to the Al−Cu phase diagram, five 
equilibrium phases of Al2Cu, AlCu, Al3Cu4, Al2Cu3, 
and Al4Cu9 could be formed in the Al−Cu   
system [16]. However, higher Cu content only 
results in the formation of Al2Cu precipitates in the 
present study, other Al−Cu phases are absent. In 
general, the phase formation sequence in a specific 
alloy system can be determined by the related 
thermodynamics. In terms of thermodynamics, 

several models have been proposed to evaluate the 
precipitation sequence in the binary system, among 
which the effective heat of formation (EHF) model 
developed by PRETORIUS et al [17] has been 
regarded as the most effective method to examine 
the formation of first precipitations in Al−metal 
binary system. The EHF is equal to the effective 
Gibbs free energy change ∆G0 (∆Ge) for the 
formation of phase i, and can be defined as [18]  

e 0 e
i i

i

CG G
C

Δ = Δ ×                          (1) 
 
where 0

iGΔ  is the Gibbs free energy change (∆G0) 
for the formation of phase i, Ce is the effective 
concentration of Cu element at the reaction 
interface, and Ci is the concentration of the Cu 
element in the formed Al−Cu phase. As presented in 
Eq. (1), the Ce highly affects the e

iGΔ , while it   
is difficult to determine the Ce, which is influenced 
by many factors such as the lowest eutectic 
concentration and atomic mobility [18]. 
Nevertheless, PRETORIUS et al [17] suggested  
that the Ce can be taken at the lowest eutectic 
temperature because the highest mobility of the 
atoms and the most effective mixing at the reaction 
interface tend to occur with the composition at the 
lowest eutectic temperature. Based on his proposal, 
the e

iGΔ  with the Cu compositions of Al2Cu, AlCu, 
 

 
Fig. 10 Nanoindentation results of three composites: (a) Representative load−displacement curves; (b) Elastic modulus 
obtained from load−displacement curves in (a) 
 
Table 1 Density and mechanical properties of fabricated composites 

Composite YS/ 
MPa 

UCS/ 
MPa 

Compression 
strain/% 

Hardness
(HV0.1) 

Density/ 
(g·cm−3) 

Elastic modulus/ 
GPa 

Al−1Cu@CNTs 367.95±12.21 495.14±5.68 19.85±5.50 107.7±4.1 2.693 81.24±2.69 
Al−3Cu@CNTs 305.47±8.46 386.21±8.17 13.67±0.88 95.0±2.3 2.720 79.32±2.76 
Al−7Cu@CNTs 293.98±10.21 367.58±9.45 11.76±2.80 90.1±2.4 2.745 78.32±2.63 
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Al3Cu4, Al2Cu3, and Al4Cu9 can be calculated to be 
−14.21, −19.37, −18.86, −19.01, and −18.58 kJ/mol, 
respectively. It can be seen that the AlCu formation 
has the most negative e

iGΔ , but in the sequence of 
precipitated phases of the Al−Cu alloy, Al2Cu is 
more stable and the long thermal processing time is 
sufficient to convert AlCu to Al2Cu, which can 
explain the fact that increasing Cu content only 
results in the formation of Al2Cu in the fabricated 
composites [19,20]. 

In addition to the Al2Cu formation, it can be 
seen that the size of Al2Cu increases with increasing 
the Cu content, which can be attributed to two main 
possible reasons. On the one hand, the introduced 
Al−CNTs interface can act as the diffusion path of 
Cu atoms [21], which facilitates the supply of Cu 
atoms through the thermodiffusion for the growth 
of the Al2Cu phase. On the other hand, a relatively 
low cooling rate after sintering or hot rolling was 
adopted for the present fabricated composites, thus 
the high temperature allows the thermodiffusion of 
Cu atoms for a long time. Furthermore, the in-situ 
reaction for Al2Cu formation is a typical exothermic 
process [22]. The intensified Al2Cu formation can 
provide energy for the reaction of Al and C and 
reduce the Gibbs free energy change of Al4C3 
formation accordingly. So, it is believed that the 
released heat from the Al2Cu formation should be 
the main reason for the complete transformation 
from CNTs to Al4C3 in the Al−7Cu@CNTs 
composite, as shown in Fig. 8. 

Based on the microstructure characterization 
results, it can be seen that the reinforcement 
characteristics varied with increasing the Cu 
content. The in-situ formed Al−Cu precipitates and 
CNTs act as reinforcements in Al−1Cu@-    
CNTs composite, while the Al−Cu precipitates  
were substantially coarsened, and CNTs were 
transformed into Al4C3, resulting in different 
mechanical properties of the other two types     
of composites. To elucidate the fundamental 
relationship between the microstructures and 
mechanical properties, it is necessary to reveal the 
strength contribution from the related strengthening 
mechanisms. In general, several strengthening 
mechanisms have been proposed for the metal   
matrix composites, mainly including the load   
transfer strengthening (∆σLT), Orowan strengthening 
(∆σOrowan), coefficient of thermal expansion (CTE) 
mismatch strengthening (∆σCTE), and solid solution 

strengthening (∆σSS) [23], which strengthening 
mechanism works depends on the characteristics of 
the reinforcements. Based on the microstructure 
characterization results, load transfer strengthening 
from CNTs (∆σLT(CNTs)), Orowan strengthening from 
CNTs (∆σOrowan(CNTs)) and Al−Cu precipitates 
(∆σOrowan(Al−Cu)), coefficient of thermal expansion 
(CTE) mismatch strengthening from CNTs 
(∆σCTE(CNTs)) and Al−Cu precipitates (∆σCTE(Al−Cu)), 
and solid solution strengthening of Cu atoms 
(∆σSS(Cu)) should work in Al−1Cu@CNTs 
composite, while Orowan strengthening from  
Al4C3 

4 3Orowan(Al C )( )σΔ  and Al−Cu precipitates 
(∆σOrowan(Al−Cu)), coefficient of thermal expansion 
(CTE) mismatch strengthening from Al4C3 

4 3CTE(Al C )( )σΔ  and Al−Cu precipitates (∆σCTE(Al−Cu)), 
and solid solution strengthening of Cu atoms 
∆σSS(Cu) take effects in Al−7Cu@CNTs composite. 

As for the Al−1Cu@CNTs composite, the 
strength increment derives from the load transfer 
from the Al matrix to CNTs (∆σLT(CNTs)) can be 
estimated from the shear-lag theory proposed by 
KELLY and TYSON [24] as  

LT(CNTs)σΔ =  

2 2
CNTs m

4 1cos (1 )(1 )sin
3π

V S
S

τ θ θ + − +  
  (2) 

 
where VCNTs is the volume fraction of CNTs, S is  
the aspect ratio of CNTs, θ is the angle between 
CNTs and loading direction, and τm is the matrix 
shear strength. As the CNTs were aligned along 
with the rolling direction, which is parallel to the 
loading direction, the θ can be regarded as 0°. The 
load shear theory is based on the assumption that 
the reinforcement is well bonded with the metal 
matrix, which can provide perfect load transfer 
efficiency across the interface between them. In the 
present study, the tightly bonded interface between 
Al matrix and CNTs can be justified by the TEM 
observation (Fig. 7(c)), so the τm can be taken as σm/2 (50 MPa) (σm is the yield strength of the Al 
matrix with value of ~100 MPa [12]). Therefore, it 
is found that when the VCNTs and S are 0.75 vol.% 
and 300, respectively, the ∆σLT(CNTs) can be 
calculated to be 112.5 MPa. 

The enhanced strength from the Orowan 
strengthening for Al−1Cu@CNTs and Al−7Cu@- 
CNTs can be theoretically calculated by the 
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Orowan−Ashby equation [25]:  

Orowan
1ln( )

2.36π 2
MGb

b
φσ

λ φ
Δ = ⋅ ⋅

−
            (3) 

 
where M is the Taylor factor, taken as 3.06 for fcc 
polycrystal Al matrix [1], G is the shear modulus 
(25.4 GPa for Al [26]), b is the amplitude of 
Burgers vector (0.286 nm for Al [26]), φ is the 
particle diameter, and λ is the interparticle spacing. 
Assuming that the Al−Cu precipitates are uniformly 
dispersed in the whole Al matrix and exhibit a 
simple cubic arrangement, λ can be calculated using 
the following formula [25]:  

1/3

Al Cu

π
6V

λ φ
−

 
=  

 
 

 
where VAl−Cu is the volume fraction of Al−Cu 
precipitates. Meanwhile, the VAl−Cu can be estimated 
from the statistic results given in Fig. 5 using the 
following equation:  

( )212
Al Cu 10 π /2 100%V n d−

− = ×              (4) 
 
where n is the number density (mm−2) and d is the 
average particle size of the precipitated phase. 
Hence, the VAl−Cu for Al−1Cu@CNTs and Al− 
7Cu@CNTs composites with 1 wt.% and 7 wt.% 
Cu contents is 0.46% and 8.37%, respectively. 
Therefore, the ∆σOrowan(Al−Cu) for Al−1Cu@CNTs 
and Al−7Cu@CNTs composites can be calculated 
to be 9.1 and 21.4 MPa, respectively. 

Similar to Al−Cu precipitates, the CNTs in 
Al−1Cu@CNTs and Al4C3 transformed from CNTs 
in Al−7Cu@CNTs can also block the dislocation 
movement during the deformation and enhance the 
material. Owing to the full conversion from 
0.75 vol.% CNTs to Al4C3, the volume fraction of 
Al4C3 in Al−7Cu@CNTs can be determined as 
2.78 vol.% by taking the densities of CNTs and 
Al4C3 as 2.1 and 2.36 g/cm3, respectively. For the 
Orowan strengthening mechanism of Al4C3 and 
CNTs, it also obeys the rule illustrated in Eq. (3), 
while the particle diameter φ should be replaced 
with the equivalent diameter (φeq) for rod-shaped 
reinforcement, which is given by  

2
3

eq
3

2
D Lφ =                            (5) 

 
where D and L are the diameter and length of Al4C3 
or CNTs, respectively. The D and L of Al4C3 can be 

directly measured as 68 and 319 nm, respectively 
through the TEM observation. Thus, ∆σOrowan(CNTs) 
in Al−1Cu@CNTs and the 

4 3Orowan(Al C )σΔ  in Al− 
7Cu@CNTs can be calculated as 111.5 and 
75.1 MPa, respectively. 

During the composite fabrication process, the 
mismatch of thermal expansion coefficient between 
the reinforcements (2.1×10−5 K−1 for CNTs [27], 
1.7×10−5 K−1 for Al2Cu [28], and 0.5×10−5 K−1 for 
Al4C3 [29]) and the Al matrix (2.3×10−5 K−1 [30]) 
generates dislocations in the Al matrix. The 
increased dislocation density within the matrix can 
increase the strength of the fabricated composites. 
The enhanced strength from thermal mismatch 
(∆σCTE) can be calculated using the following 
equation [23]:  

CTE kGbσ ρΔ =                         (6) 
 
where k is a constant (~1.25 [31]), and ρ is the 
enhanced dislocation density, which can be 
estimated as follows [23]: 
 

R

R
12

(1 )
α TV

b V
ρ

φ
Δ Δ=

−
                        (7) 

 
where ∆α is the difference in thermal expansion 
coefficients between the Al matrix and the 
reinforcements, ∆T is the difference between the 
temperature in the hot rolling process (723 K) and 
the temperature during mechanical properties 
testing (298 K), and VR is the volume fraction of 
each type of reinforcement. In the present case, the 
φ for rod-shaped CNTs and Al4C3 can be replaced 
with φeq (35.6 nm for CNTs and 130.3 nm for Al4C3). 
∆σCTE(CNTs) and ∆σCTE(Al−Cu) in Al−1Cu@CNTs, and 

4 3CTE(Al C )σΔ  and ∆σCTE(Al−Cu) in Al−7Cu@CNTs 
can be calculated to be 25.2, 8.3 MPa, and 76.2, 
25.3 MPa, respectively. 

For the Al−Cu system, Cu can dissolve into the 
Al matrix before precipitation, forming Al−Cu solid 
solution. It is noted that the solubility limit of Cu in 
Al is ~0.15 at.% at the processing temperature 
(723 K) [32]. The solid solution strengthening 
mechanism from Cu atoms can be determined as 
follows [33]:  

3/2
ss

ss(Cu) 700
G cσ M ε

Δ =
 

                    (8) 
 

ss G bβε ε ε′= −                          (8a) 
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                         (8b) 
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G c
ε = ⋅                             (8c) 
 

1 d
db

a
a c

ε = ⋅                              (8d) 
 
where c is the atomic concentration of a solute 
(0.0015), β is 3 [33], a is the lattice parameter of the 
Al matrix, 0.404 nm, and εSS is misfit parameter. 
Combined with the shear modulus and lattice 
parameter of Cu (39 GPa and 0.3597 nm), εG and εb 
are 0.535 and −0.109, respectively. Finally, ∆σSS(Cu) 
can be calculated as 2.7 MPa in Al−1Cu@CNTs 
and Al−7Cu@CNTs composites. 

Assuming that the yield strength of the 
fabricated composite equals the sum of matrix yield 
strength and the contribution from the related 
strengthening mechanisms [23,25,33,34], that is, 
σYS(Al−1Cu@CNTs) = σM + ∆σLT(CNTs) + ∆σOrowan(CNTs)+ 
∆σOrowan(Al−Cu) + ∆σCTE(CNTs) + ∆σCTE(Al−Cu) + ∆σSS(Cu), 
∆σYS(Al−7Cu@CNTs) = ∆σM +

4 3Orowan(Al C )σΔ + 
∆σOrowan(Al−Cu) + 

4 3CTE(Al C )σΔ  + ∆σCTE(Al−Cu) + 
∆σSS(Cu), the theoretically calculated YS of 
Al−1Cu@CNTs and Al−7Cu@CNTs is 369.3 and 
300.7 MPa, respectively, which agree well with the 
measured YS of the two types of composites. In 
addition, it is worth noting that the load transfer 
strengthening and Orowan strengthening from 
CNTs account for a relatively large proportion 
(about 83%) in the total yield strength enhancement, 
denoting that they are the main strengthening 
mechanisms for the high strength of Al− 
1Cu@CNTs composite. Whereas, the Orowan 
strengthening and thermal mismatch strengthening 
from in-situ formed Al4C3 play a major role in 
enhancing the Al−7Cu@CNTs composite, and the 
strength contribution from Al4C3 is much smaller 
than that from CNTs in Al−1Cu@CNTs composite. 

In short, based on the experimental 
examination and theoretical calculation results, it 
can be concluded that increasing the Cu content   
in Al/CNTs composite results in the strength 
deterioration, which can be reasonably explained by 
the changed strengthening mechanisms caused by 
the consumption of CNTs by the in-situ chemical 
reaction between Al matrix and CNTs. So, to 
develop the CNTs reinforced Al−Cu alloy matrix 
composite with high mechanical properties, it is 

necessary to protect the CNTs from transforming 
into Al4C3 using proper tactics in the future, such as 
alloy composition optimization or pre-coating Cu 
on the surface of CNTs. 
 
5 Conclusions 
 

(1) The Cu content significantly affects the 
microstructure of the prepared composites, as 
evidenced by the simultaneous increase in both the 
size and content of Al−Cu precipitates in the 
prepared composites with the increase in Cu content. 
In addition, higher Cu content also intensifies the 
interfacial reaction between CNTs and Al matrix, 
causing the conversion of CNTs to Al4C3. 

(2) The compressive strength, elastic modulus, 
and microhardness of the prepared composites 
monotonically decrease with increasing the Cu 
content; the Al−1Cu@CNTs composite exhibits the 
best mechanical properties. 

(3) The deterioration of the mechanical 
properties of the composites with increasing Cu 
content is mainly due to the changed strengthening 
mechanisms related to the transformation of CNTs 
into Al4C3. In Al−1Cu@CNTs composite, load 
transfer strengthening and Orowan strengthening 
from CNTs are the dominant strengthening 
mechanisms, while Orowan strengthening and 
thermal mismatch strengthening are the main 
strengthening mechanisms for Al−7Cu@CNTs 
composite from CNTs. 
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摘  要：通过热压烧结和热轧制备碳纳米管(CNTs)增强的 Al−Cu 基复合材料，系统研究 Cu 含量对 Al 与 CNTs
的界面反应、含 Cu 沉淀物的析出行为及相应复合材料力学性能的影响。研究表明，提高 Cu 含量不仅能使复合材

料制备过程中含 Cu 析出相的数量和尺寸增加，而且能促进 CNTs 与 Al 基体之间的界面反应，加剧 CNTs 转化为

Al4C3。由于含有 1% Cu(质量分数)的复合材料保持 CNTs 的原始结构，因此，它在所有复合材料中具有最高的强

度、弹性模量和硬度。此外，增加 Cu 含量还能改变影响复合材料强度的主要强化机制。 
关键词：铝基复合材料；Al−Cu 析出相；碳纳米管；界面反应；强化机制 
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