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Abstract: Using nickel catalyst supported on aluminum powders, carbon nanotubes (CNTs) were successfully synthesized in 
aluminum powders by in-situ chemical vapor deposition at 650 °C. Structural characterization revealed that the as-grown CNTs 
possessed higher graphitization degree and straight graphite shell. By this approach, more homogeneous dispersion of CNTs in 
aluminum powders was achieved compared with the traditional mechanical mixture methods. Using the in-situ synthesized CNTs/Al 
composite powders and powder metallurgy process, CNTs/Al bulk composites were prepared. Performance testing showed that the 
mechanical properties and dimensional stability of the composites were improved obviously, which was attributed to the superior 
dispersion of CNTs in aluminum matrix and the strong interfacial bonding between CNTs and matrix. 
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1 Introduction 
 

Since the discovery in 1991 by IIJIMA [1], carbon 
nanotubes (CNTs) with unique structure have been the 
focus of numerous investigations because of their 
fascinating properties and application potentials. They 
are regarded as excellent reinforcements for composites 
to overcome the performance limits of conventional 
materials [2]. Many research efforts have dealt with 
CNTs/polymer, CNTs/ceramic and CNTs/metal 
composites [3−5]. Most researches in this field have 
dealt with CNT/polymer composites, which show 
obvious property enhancement [6,7]. However, 
compared with polymer matrix composite, the 
agglomeration of CNTs in metal or ceramic composites 
is more severe and the interfacial wettability between 
matrix and reinforcement is far from satisfaction, due to 
the strong van der Waal’s force among CNTs caused by 
their small scale and large specific surface area. Thus, 
the reinforcement effect of CNTs is not fully exploited. 
In order to remedy those problems, some researchers 

tried the methods, such as ball milling, plasma spraying, 
to achieve the homogenous dispersion of CNTs in the 
composites. However, the perfect structure of CNTs may 
be destroyed, and the dispersion of CNTs as well as the 
properties of the composites is still not ideal. 

With the development of in-situ synthesis technique 
in CNTs/ceramic composites [8,9], some researchers 
paid particular attention to its application in CNTs/metal 
composites. CNTs have been successfully synthesized in 
Cu, Mg, Ag and Al matrixes by in-situ chemical vapor 
deposition (CVD) [10−13], which demonstrated the 
feasibility of in-situ synthesis of CNTs in metal matrixes. 
However, the low melting point and active chemical 
property of the metals, such as Al and Mg, restrict the 
reaction temperature of CNTs growth by CVD in these 
metals, resulting in the poor graphitization degree and 
aggregation of CNTs. Accordingly, the properties of 
CNTs/metal composites are still not satisfactory. And the 
in-situ synthesis of CNTs in low-melting-point metals is 
still under discussion. 

In our previous work, the feasibility of in-situ 
synthesis of CNTs in aluminum powders was confirmed 
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[10] and aluminum matrix composite reinforced by 
CNTs with diverse structures was fabricated by in-situ 
synthesis process [14]. However, it is still unclear that 
which type of transitional metal catalyst is more suitable 
to prepare CNTs/Al matrix composites with superior 
performance. In this work, the synthesis effects of CNTs, 
using different transition metal (Fe, Co and Ni) catalysts 
supported on aluminum powders at the critical 
temperature approaching the melting point of aluminum, 
were first investigated. The transitional metal catalyst 
suitable to in-situ synthesis of CNTs in low-melting- 
point metal was determined. The yield, graphitization 
degree and dispersion of CNTs in aluminum powders 
were analyzed. CNTs/Al in-situ composites were 
prepared and characterized. By this work, the in-situ 
synthesis process of CNTs/Al composite powders was 
optimized and the performance improvement of 
aluminum matrix composite was realized. 
 
2 Experimental 
 
2.1 Preparation of CNTs/Al in-situ composite powders 

Right amount of pure Al powder was dissolved into 
Fe(NO3)3·9H2O, Co(NO3)2·6H2O and Ni(NO3)2·6H2O 
aqueous solutions with a concentration of 0.1 mol/L, 
respectively. Then 0.1 mol/L NaOH aqueous solution 
was dripped gradually into the above mixtures with 
constant stirring for 0.5 h. The co-precipitation was aged 
at room temperature for 12 h, filtrated and dried. Binary 
colloid Me(OH)x/Al (Me represents Fe3+, Co2+ or Ni2+) 
was obtained. Then, the Me(OH)x/Al powders were 
calcined in N2 atmosphere at 450 °C for 2 h and the 
transition metal oxide/Al catalyst precursors were 
obtained. The catalyst precursors were put in quartz 
crucible and then placed into horizontal quartz tube 
reactor. The precursors were heated to 650 °C in N2 
atmosphere, and then reduced in a H2 atmosphere for 2 h. 
Then CNTs growth was performed in a mixture gas of 
CH4+N2 (V(CH4)=60 mL/min, V(N2)=420 mL/min) at 
650 °C for 60 min. Finally, the reactor was cooled to 
room temperature in N2 atmosphere. The yield of the 
carbon nanostructure is defined as  

%100
b

ba
Yield ×

−
=

m
mmη                                              (1) 

 
where ηYield is the yield of in-situ synthesized carbon 
nanostructure, ma is the mass of as-grown composite 
powder, and mb is the mass of catalyst precursor. 
 
2.2 Preparation of CNTs/Al bulk composites 

The CNTs/Al bulk composites were prepared by 
powder metallurgy process. The CNTs/Al in-situ 
composite powders were pressed in a mold of diameter 
20 mm under a pressure of 450 MPa. Subsequently, the 

obtained bulk composites were sintered at 610 °C for 2 h 
in a vacuum sintering furnace. Then they were re-pressed 
by a hot-extrusion mold with an extrusion ratio of 10:1 
under a pressure of 600 MPa at 450 °C. Pure Al bulk was 
prepared under the same processing conditions for 
comparison. 
 
2.3 Characterization 

Surface morphology and microstructure of the 
as-grown carbon nanostructures were examined by field 
emission scanning electron microscope (FESEM, Hitachi 
S-4800) and high-resolution transmission electron 
microscope (HRTEM, Philips TECNAI G2 F20, 200 kV). 
X-ray diffractometer (XRD, Rigaku D/max 2000V/pc) 
was employed to detect the phase composition of the 
as-grown composite powders. The hardness of CNTs/Al 
composites was measured using a hardness testing device 
(Everone MH-6) operated at the load of 0.49 N and dwell 
time of 30 s. Tensile test of the round specimens of 2.5 
mm in diameter was performed by a Shimadzu Universal 
Testing Machine model AG-50kNG (M/s Shimadzu, 
Kyoto, Japan). The thermal expansion of the composites 
was determined using NETZSCH DIL 402C thermo- 
mechanical analyzer at a heating rate of 5 °C/min within 
the temperature range from 50 to 300 °C. 
 
3 Results and discussion 
 
3.1 Characterization of CNTs/Al in-situ composite 

powders 
The morphology and structure of the as-grown 

composite powders, synthesized by Fe, Co and Ni/Al 
catalysts with 10% transition metal content, were 
characterized by SEM and TEM, as shown in Fig. 1. 
Though the yield of the composite powders varied with 
various transition metal contents (5% and 15%), the type, 
morphology and structure of the as-grown carbon 
nanostructures were similar. Figure 1(a) shows the SEM 
image of the CNTs/Al composite powders prepared by 
Fe/Al catalyst. A mass of entangled CNTs could be 
observed and their diameters were not uniform, ranging 
from 10 to 30 nm. Their average length was about 1 µm. 
The surfaces of CNTs seemed not clean and smooth. 
When the reaction time was 60 min, the yield of CNTs 
was 2.7%. Due to the low yield, no obvious diffraction 
peaks of graphite appeared in the XRD pattern inserted 
in Fig. 1(a). TEM analysis revealed the microstructure of 
these CNTs, as shown in Fig. 1(d). The CNTs had 
relatively large hollowness and their wall thickness was 
5−8 nm. Measured by Digital Micrograph software, the 
average interplanar spacing was 0.346 nm, which was far 
from the ideal (002) interplanar spacing (0.34 nm) of 
graphite carbon, which suggested that the CNTs 
possessed more defects and less crystallinity. Meanwhile, 
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Fig. 1 SEM (a, b, c) and TEM (d, e, f) images of carbon nanostructures synthesized by different transition metal/Al catalysts with 
content of 10%: (a, d) Fe; (b, e) Co; (c, f) Ni 
 
many imperfect graphitic layers existed at the exterior of 
CNTs. It was well known that aluminum carbide (Al4C3) 
was a common compound formed during the fabrication 
of Al/C (graphite and carbon fibers) composites because 
of relatively low free energy of formation (−53.09 kJ at 
298 K) [15]. CI et al [16] investigated the interfacial 
reaction between CVD CNTs and Al, and found that 
Al4C3 preferred to form and grow along the graphitic 
prism planes or defects. And our recent research [14] 
also suggested that the CNTs, with more imperfect 
graphitic layers or graphitic prism planes, were easy to 
react with Al matrix, which deteriorated the properties of 
CNTs/Al composites. Thus, Fe might not be the most 
suitable transition metal to synthesize high-quality CNTs 
in Al matrix. Figures 1(b) and (e) show the SEM and 

TEM images of the product fabricated by Co/Al catalyst, 
respectively. From Fig. 1(b), it could be found that the 
as-grown carbon nanostructures were mainly spherical 
nanoparticles, ranging in diameter from 30 to 100 nm. 
The diffraction peaks of graphite were not observed in 
the XRD pattern (insert in Fig. 1(b)) because of the lower 
yield (1.59%). Figure 1(e) further confirmed that the 
products were carbon-coated cobalt nanoparticles, rather 
than CNTs, inferring that Co catalyst could not 
synthesize CNTs successfully under the experimental 
conditions. This might be due to the lower synthesis 
temperature and the active chemical property of Al 
matrix. Figures 1(c) and (f) show the SEM and TEM 
images of the carbon nanostructures synthesized by 
Ni/Al catalyst. As shown in Fig. 1(c), lots of CNTs, with 
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clean, smooth tube wall and high purity, were 
successfully synthesized. Especially, the as-grown CNTs 
had relatively straight tube wall, which was easy to 
realize the homogeneous dispersion of CNTs in Al 
matrix. When the synthesis time was 60 min, the yield of 
CNTs was 26.8%. In the XRD pattern inserted in     
Fig. 1(c), except the peaks belonging to Al and Ni, 
obvious diffraction peak of graphite (002) could be 
observed at 2θ=26.2°, which was close to the 
characteristic peak of graphite (002) at 2θ=26.4°. The 
TEM image in Fig. 1(f) shows the graphitic sheets of 
CNTs were apparent and perfect. The interlayer spacing 
of 0.341 nm was similar to the ideal (002) interplanar 
spacing (0.34 nm) of graphite carbon, which 
demonstrated that the CNTs were well-graphitized. 

To acquire CNTs with ideal structure, homogeneous 
dispersion and high yield in Al matrix, choosing optimal 
catalyst type is very important. Compared with Fe/Al and 
Co/Al catalysts, Ni/Al catalyst could realize in-situ 
homogeneous synthesis of CNTs, as well as ideal 
structure and high yield. Herein, the difference of 
synthesizing CNTs with different transition metals could 
be attributed to the lower CVD temperature, active 
property of Al matrix and catalytic activity of transition 
metal. Restricted by the low melting point of Al matrix, 
the synthesis temperature of CNTs in Al powders must 
be below 660 °C, much lower than the synthesis 
temperature when using ceramic carrier, such as Al2O3, 
SiO2. Meanwhile, intermetallic compounds might be 
formed between Fe, Co, Ni and Al according to the 
phase diagram. They cause the difficulty for these 
transition metals to fully display catalytic roles. Under 
the circumstances, Ni has the strongest catalytic activity 
and the highest CNT growth rate among the three 
transition metals [17,18]. Thus, it is reasonable for Ni/Al 
catalyst to synthesize CNTs with higher degree of 
graphitization, perfect structure and higher yield. 
 
3.2 Thermal expansion of CNTs/Al composites 

The original results of thermal expansion test of 
CNTs/Al composites were obtained in the form of a 
thousandth linear change (TLC) versus temperature 
curve. Figure 2 shows the TLC versus temperature 
curves of pure Al bulk and CNTs/Al in-situ composites, 
revealing a noticeable improvement in the dimensional 
stability of Al matrix. For example, the TLC of Al matrix 
decreased by 0.34×10−3 at 300 °C when the content of 
CNTs in the composite was 0.25%. With increasing the 
content of CNTs to 0.75%, the TLC decreased by 
0.99×10−3, indicating the enhanced dimensional stability 
of Al matrix. Figure 3 shows the variation of coefficient 
of thermal expansion (CTE) versus temperature, which 
was determined at an interval of 50 °C based on the 
calculated slope fit between two selected temperatures on 

the TLC versus temperature curve. With the rise of 
temperature, the CTEs of pure Al and CNTs/Al 
composites increased rapidly in the temperature range of 
100−200 °C, due to the change of the elastic modulus of 
Al matrix. It could be found that the CTEs decreased 
with the increase of CNTs content. At 300 °C, the CTE 
of 0.75% CNTs/Al composite was 22.65×10−6 K−1, which 
was 13.85% and 9.72% lower than that of pure Al and 
0.25% CNTs/Al composite, respectively. The improve- 
ment of dimensional stability of Al matrix could be 
attributed to the comprehensive effects of low CTE of 
CNTs, uniform distribution of in-situ synthesized CNTs 
in Al matrix and good interfacial integrity between the 
reinforcement and the metal matrix [19]. 
 

 
Fig. 2 Thousandth linear change versus temperature curves for 
pure Al, 0.25% and 0.75% CNTs/Al in-situ composites 
 

 
Fig. 3 Variation of coefficient of thermal expansion versus 
temperature for pure Al, 0.25% and 0.75% CNTs/Al in-situ 
composites 
 
3.3 Mechanical properties of CNTs/Al composites 

Figure 4 shows the hardness and tensile strength of 
CNTs/Al in-situ composites with different contents of 
CNTs. It is indicated that the hardness of the composites 
increased with the rise of CNTs content within 0.75%. 
When the content of CNTs was increased to 1%, the 
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hardness of the composites decreased rapidly, due to the 
segregation of CNTs on aluminum grain boundaries and 
the weakening of the grain bonding strength. The 
hardness of 0.75% CNTs/Al composites was HV 62.58, 
which was 35.34% higher than that of pure Al bulk  
(HV 46.24), revealing that the reinforcement effect of 
in-situ synthesized CNTs is remarkable. The tensile 
strength curve of CNTs/Al composites had similar 
variation trend with the hardness curve. When the 
content of CNTs was 0.75%, the tensile strength reached 
the peak value, 184.9 MPa, which was 35.56% higher 
than that of pure Al bulk. Though the content of CNTs 
was relatively low, their remarkable roles in strengthening 
Al matrix could be fully displayed. The remarkable 
strengthening was caused by the dispersion strengthening 
of homogeneously dispersed CNTs in Al matrix. Its 
preconditions should include the perfect structure of the 
synthesized CNTs, the molecular-level homogenous 
mixing and the strong interfacial bonding between CNTs 
and Al [20,21]. By the in-situ synthesis of CNTs in 
aluminum matrix, these preconditions could be met. 
 

 
Fig. 4 Hardness and tensile strength of CNTs/Al in-situ 
composites 
 

To fully understand the strengthening mechanism of 
CNTs in aluminum matrix composites, the fracture 
surface and microstructure of the composites were 
analyzed. Figures 5 and 6 show the SEM image of tensile 
fracture surface and TEM image of CNTs/Al in-situ 
composite, respectively. From Fig. 5, it could be 
observed that the pulled out CNTs homogeneously 
dispersed on the fracture surface and kept close 
combination with Al matrix, which could produce 
effective load translation between the reinforcement and 
matrix during tensile strain. Thus, the fracture energy 
and the tensile strength of composites were improved. 
The interfacial bonding status between CNTs and Al 
matrix could be known from Fig. 6. In bulk composite, 
the perfect structure of CNTs was kept. Close interfacial 
bonding between single CNT and Al matrix was formed, 

and no reactant such as Al4C3 was found. The CNT 
stretching across two Al grains could bear stress by 
sharing a portion of the load and toughen the matrix by a 
bridging effect [22]. 
 

 
Fig. 5 SEM image of tensile fracture surface of CNTs/Al 
in-situ composite 
 

 
Fig. 6 TEM image of CNTs/Al in-situ composite 
 

Finally, it is worth mentioned that the mechanical 
properties of CNTs/Al in-situ composites could be 
further improved by optimizing the structure and 
dispersion of CNTs grown in aluminum matrix. 
 
4 Conclusions 
 

1) High-quality CNTs were synthesized in Al matrix 
by in-situ CVD of methane at the temperature (650 °C) 
near the melting point of Al. Compared with using Fe/Al 
and Co/Al catalysts, using Ni/Al catalyst, the as-grown 
CNTs possessed higher yield, ideal degree of 
graphitization and perfect structure. 

2) Using the approach of in-situ technique, 
relatively homogeneous dispersion of CNTs in Al 
powders was achieved. The CNTs/Al in-situ composites 
showed obvious improvements on mechanical properties 
and dimensional stability, due to the superior dispersion 
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of CNTs in Al matrix and well interfacial bonding 
between CNTs and Al. 
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摘  要：采用负载于铝粉上的镍催化剂，成功地在 650 °C 通过化学气相沉积法在铝基体中原位合成碳纳米管。结

构表征表明，所合成的碳纳米管具有较高的石墨化程度和平直的石墨壳层。通过该方法实现铝粉中碳纳米管的弥

散分布，其分散效果优于传统机械混合方法。利用所合成的碳纳米管/铝原位复合粉末，采用粉末冶金工艺制备碳

纳米管/铝基复合材料。性能测试表明，制备的复合材料的力学性能和尺寸稳定性得到显著提高，其原因在于铝基

体中碳纳米管的均匀分散和碳纳米管−铝基体之间良好的界面结合。 

关键词：铝基复合材料；碳纳米管；化学气相沉积；原位合成                            (Edited by Sai-qian YUAN)  


