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The development of carbon nanotubes reinforced metal matrix composites merits relevant attention 
due to its capacity of improve the hardness and strength of the metal. However, the production of this 
kind of composite presents many challenges, such as the dispersion and adhesion of carbon nanotubes 
in the metallic matrix, wich may affect the composite consolidation. The present study aimed the 
development of composites using an age hardening aluminum alloy reinforced with 0.5 wt.% of 
multiwalled carbon nanotubes (MWCNT) as well as a hybrid composite based on the mixture of pure 
aluminum powder and the former composite. AA7050 alloy and pure aluminum matrix composites 
were processed by ultrasonic mixing, hot pressing and hot extrusion. Subsequently, the materials were 
submitted to aging heat treatments. The samples were analysed by Scanning Electron Microscopy, 
X-Ray Diffraction, Atomic Force Spectroscopy, Raman spectroscopy, and Vickers microhardness. It 
was verified the feasibility in manufacturing the composites by the powder metallurgy route proposed in 
this work. The AA7050 composite reinforced with 0.5 wt.% MWCNT presented higher hardness than 
other similar composites in the literature with higher carbon nanotubes content. The aged composite 
hardness increased 72% in comparison with the present one in the as extruded condition.

Keywords: Metal matrix composites, Carbon nanotubes, Aluminum composite, Hybrid composite, 
Al/CNT composite, Powder metallurgy.

1. Introduction
The development of lightweight metal composites, such 

as carbon nanotubes reinforced aluminum matrix (CNT/
Al), allows changes in properties of the pure metal or alloy 
without adding weight. Several investigations show an 
improvement in the mechanical properties of pure Al by 
incorporating carbon nanotubes (CNT)1-4. According to the 
data evaluated by Jagannatham et al.5, about 70% of the 
papers published in CNT/Al composites have pure Al as 
matrix and 30% have Al alloys as a matrix, due to low cost 
and easier processing of pure Al.

To date, there have been only a few studies on CNT/Al 
alloy composites involving aging heat treatments. Different 
reports indicate that carbon nanotubes increase the strength6-8, 
and also affect the precipitation kinetics9-11 in age hardenable 
alloys. Also, the improvement of other properties such as 
electrical and thermal conductivity12-15.

Uriza-Vega et al.6 have prepared AA7075 composites 
reinforced with amounts between 0 and 3 wt.% of CNT. 
The materials were processed by mechanical milling, cold 

pressing, sintering, and hot extrusion. Despite of AA7075 
being an age-hardenable alloy, the authors have not aged 
the composites. The mechanical evaluation showed a tensile 
strength increment of 37% for the addition of 2.5 wt.% of 
multiwalled carbon nanotubes (MWCNT) in the milled 
metal powder. A similar trend was noticed for the hardness 
behavior of the composites couplet to a decrease in tensile 
elongation with the increment of CNT content.

Thomas and Umasankar10 studied the influence of CNT 
on the precipitation of an aged AA2219 alloy. They showed 
that the addition of 0.75 wt.% MWCNT resulted in a hardness 
peak after aging the material for 1,5 h, which corresponds 
to a 27% of improvement over the maximum hardness in 
the pure alloy after aging for 10 h.

Most researches explore the effect of CNT in a single 
metallic matrix basically using one type of metal. A review 
of the literature reveals only a few papers involving hybrid 
metal matrix composites reinforced by CNT and with other 
ceramic reinforcements like Al2O3

16,17, SiC18, and TiC19.
Morsi et al.20, Shin, Choi and Bae12, and Salama, Abbas 

and Esawi21 investigated the use of dual matrix designed 
composite using CNT/Al powders as reinforcement in pure *e-mail: luana.araujob2@gmail.com
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Al powders to improve the ductility of the composites. The 
results indicate benefits regarding their workability, making 
easier the composite consolidation20,21.

Shin, Choi and Bae12 produced CNT/Al composites with 
a final proportion of 2% MWCNTs by powder metallurgy. 
Two composites were processed by mixing 4 wt.% CNT/
Al with Al in the ratio of 1:1 with different milling times, 
resulting in composites with different CNT dispersion and 
bonding with the matrix. The powders were put in a copper 
tube, degassed, sealed, heated to 480 °C, and then hot-
rolled. They reported a threefold increase in the electrical 
conductivity of the composite processed at 100 rpm/min for 
2 h as compared to the monolithic aluminum.

Salama, Abbas and Esawi21 prepared composites from 
milled CNT/Al powders (single matrix) and mixtures of pure 
Al and milled CNT/Al powders (dual matrix). The composites 
were consolidated by the same route: cold compaction, then 
sintering at 500 °C for 1 h, and hot extrusion at 500 °C. 
Composites with 1 wt.% CNT presented strength 9.2% 
lower for the dual matrix composite (mixture ratio 1:1) than 
for the single matrix. Meanwhile, the ductility of the dual 
matrix was slightly improved by 10.7% compared to pure Al.

Wei  et  al.22 compared two composites with 2 wt.% 
CNT: a AA7055 powder reinforced by CNT and other 
composite involving the mixture of CNT/AA7055 powders 
with AA7055 metal powders in a proportion of 1:1 in a 
laminated structure. Both materials were processed by hot 
pressing (600 °C, 10 MPa), and then hot extruded at 440 °C. 
Then they were solution heat treated, quenched, and aged 
for 24 h at an unreported temperature. Between the studied 
samples, the best mechanical proprieties were observed 
in the composite blended with laminated particles, which 
presented an increase in yield strength of about 126 MPa in 
relation to the composite with the AA7055 matrix.

It was not found in the literature a report covering a 
hybrid composite reinforced with carbon nanotubes and an 
aluminum alloy in a pure aluminum matrix. It is important 
to understand the feasibility of the processing of this type 
of composite in order to develop and improve new alloys or 
metallic composites. Therefore, the present work evaluated 
two types of composites. The first consists in 0.5 wt.% 
multiwalled carbon nanotubes with AA7050 aluminum 
alloy as a matrix. The second is based on pure aluminum as 
a matrix with the addition of 20% in weight of the former 
composite powder. The purpose of creating a new composite 
with Al reinforced with another composite is to verify the 

possibility of obtaining a composite with better workability. In 
addition, a new fabrication route based in powder metallurgy 
is proposed for a simple and viable consolidation process.

2. Material and Methods
MWCNT were produced by chemical vapor deposition, 

and they were functionalized by adding -OH and -COOH 
groups in the external surfaces. The functionalization 
degree obtained by thermogravimetric analysis (TGA) was 
around 8 wt%, as reported in our previous work23. AA7050 
powders (4.06% Zn, 2.37% Mg, 2.29% Cu, 0.57% Fe and 
Al balance) with granulometry in the range of 45 to 80 µm 
were used in this study. The powders were produced by spray 
forming technique, according to the procedure described by 
Mazzer et al.24,25 using as raw material machining chips from 
the aeronautic industry. After the processing, the powders were 
sieved in the selected range. Then, the AA7050 powders were 
added to the nanotubes suspension (1% (wt./v) in ethanol) 
to obtain after solvent evaporation composites with the 
concentration of 0.5 wt.% of MWCNT (composite A). The 
metal powder and MWCNT suspension were homogenized 
in an ultrasonic bath for 10 min. The solvents were then 
evaporated in a rotary evaporator for 30 min at 100 °C, and 
the final drying was performed in a drying oven at 180 °C 
for 1.5 h. Comercially pure aluminum powders with 7 µm 
(99.7%, Alfa Aesar) were used for composite B, which is 
composed of a mixture of 80 wt.% of Al and 20 wt.% of 
composite A.

Both composites were submitted to the same consolidation 
conditions as schematized in Figure 1. The powders were hot 
compacted as cylinders of 13 mm in diameter in a hydraulic 
press at 13 Ton (962 MPa) at 350 °C. Then, the billets were 
hot extruded to 5 mm in diameter at 350 °C. Age hardening 
treatments were applied to the composites. This aging heat 
treatment was carried out at the typical conditions for this 
alloy25,26: solubilization at 470 ºC for 0.5 h, cooling in ice 
water and artificial aging at 121 ºC for 24 h.

The microstrucutural characterization of the composites 
was carried out using a scanning electron microscope (SEM). 
The chemical composition analysis were performed in regions 
of interest with THERMO NORAN X-Ray Dispersive 
Energy Spectroscopy (EDS) detector, Quest model installed 
on the SEM. The determination of crystalline phases was 
performed by X-Ray Diffraction (XRD) with Cu Kα radiation 

Figure 1. Representation of the powder metallurgy process of (a) composites A and (b) composite B.
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(λ = 1.5406 Å), scanning angle (2θ) from 20º to 90º, step 
size of 0.02º / s, and 1-second count per pass were used.

The presence of MWCNT and their structural integrity in 
the composites was evaluated through Raman Spectroscopy 
with a Raman SENTERRA R200-L spectrometer with Ar+ 
laser source as an excitation source and 1064 nm line. An 
Atomic Force Microscope (Cypher ES Asylum Research) 
was also used with this purpose. The hardness of the materials 
were carried out in a Vickers microhardness equipment. The 
applied load was 3 N and time of 12 s. Twenty measurements 
were taken for each sample.

3. Results and Discussion
Figures 2a, b depict MWCNT impregnated in AA7050 

powders after ultrasonic bath and solvent evaporation. A 
well dispersed and homogeneous distribution of MWCNT 
can be seen in Figure 2a, and some clusters of MWCNT in 
Figure 2b. It was observed the occurrence of MWCNT in 
both forms, as well as heterogeneous distribution of MWCNT 
between different particles. A challenge in the fabrication of 
CNT-reinforcement composites is the dispersion of CNT on 
the powder surface. Carbon nanotubes tend to stick together 
into clusters due to the secondary van der Waals forces27,28, 
even after chemical and mechanical processing.

These MWCNTs agglomerates significantly impair the 
total consolidation of the material, being considered one 
of the biggest challenges in the fabrication of metal matrix 

composites with CNT. They inhibit the contact between the 
metallic powders, which disturbs the sintering driving force. 
MWCNT clusters are observed between AA7050 particles 
in dark regions in Figure 2c, shown in detail in Figure 2d. 
The average cluster size was about 2.75 µm in diameter.

AFM analysis were carried out to confirm whether 
the dark regions in Figure 2 consist of MWCNT clusters 
confined between AA7050 particles or not. Normally in 
AFM it is commonly necessary to apply an electrical charge 
in the material, so the sample is electrically connected to the 
sample holder. However, in the present situation this was not 
necessary; since the samples display regions with accumulated 
electric load (light regions in Figure 3a, corresponding to 
the dark regions in the previous SEM image). MWCNT 
clusters appear self-elevated in relation to the matrix and 
electrically charged, as shown in Figure 3a. These results 
reinforce that the dark regions observed by microscopy are 
MWCNT clusters.

The extruded composite A contains coarse precipitates 
within the AA7050 alloy particles (Figure 3b). Second phases, 
such as Al7Cu2Fe, Al2CuMg, and Mg32(Al, Zn)49 are common 
in AA7XXX alloys with as-cast microstructure25,29-31. The 
intermetallic compound Al7Cu2Fe remains after solubilization, 
as reported by other researchers25,31. During artificial aging, 
the metastable phase η´ is formed, which exhibits the higher 
hardness. Exposition for some time at high temperatures 
transform this metastable phase into the stable phase η 

Figure 2. SEM images of Composite A (0.5 wt.% MWCNT/AA7050): (a) powders with dispersed MWCNT (yellow arrows); (b) MWCNT 
clusters (red arrows); (c) hot extruded material; and (d) detail of a MWCNT cluster.
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(MgZn2)
7,25,31. This phase evolution also occurs in the composite 

alloy. It can be seen in XDR diffraction patterns (Figure 3c) 
of the aged sample that the highest peaks correspond to the 
FCC aluminum matrix. The main carbide’s peaks were not 
observed in 2θ = 26°21, where they were supposed to have 
been diffracted. The η ´ and η (MgZn2) hardening phases 
were evaluated together due to the overlapping of their XRD 
peaks32. The nanometric size and low volume fraction of 
these precipitates result in small XRD peaks33. It should be 
noted that the coumpound Al4C3 was not identified in the 
difrractogram due to the absence of the main peaks for this 
phase (e.g. 2θ = 31.5o , 39.8o, and 54.7o).

Raman spectroscopy was performed to confirm the 
presence of MWCNT before and after the thermomechanical 
process. Figure  3d shows the result of composite A in 
different conditions. The spectra are characterized by three 
substantial peaks corresponding typical D-band (disordered 
graphite, 1350 cm-1), G-band (graphite, 1572 cm-1), and 
D’-band with a peak around 2700 cm-1 which is the second 
order of the D peak34. The intensity ratio of the ID/IG bands 
gives information about the crystallinity of the MWCNT. 
After the consolidation process, the value of ID/IG had a 
small decrease, which can suggest some degradation of the 
structure of MWCNT8,35. In the present process, the stress 
and heat could have degraded a small amount of MWCNT.

In composite A, the CNTs are on the surface of AA7050 
powders. After the consolidation process, a direct contact 
of MWCNT – MWCNT with the neighboring particles is 
established causing the build-up of clusters between metal 
powders. These facts can limit the sintering of AA7050 
particles, which makes consolidation less efficient. The 

novelty of the composite B is based on the premise that 
softer Al powders can work as building blocks surrounding 
particles of composite A. This provides a possible coverage of 
the exposed MWCNT. Thus, it reduces the direct contact of 
carbon nanotubes with each other, and promotes a beneficial 
pathway for better consolidation. This approach of covering 
exposed MWCNT with geometric confinement of composite 
particles was also applied to improve the consolidation by 
Wei et al.22, and Shin et al.12.

Figure 4 shows images of composite B after hot extrusion. 
The particles of composite A within composite B are dispersed 
in the Al matrix. Composite A particles have a light grey 
colour and present second phases (in white colour) with a 
similar aspect of that verified in the pure extruded one. The 
Al matrix is well consolidated with no open pores. Dark 
regions around the composite A particles are MWCNT 
clusters confirmed by EDS. These clusters are present only 
in small regions of some particles. They are indicated by 
yellow arrows in Figure 4b. Also, the micrograph displays 
aluminum oxide in the Al matrix (white arrows) analysed 
by EDS.

Figures 5a, b depict images of composite B extruded 
microstructure after solubilization heat treatment. The particles 
of composite A were outlined with a black line to facilitate 
their identification in Figure 5a, c. Most of the second phases 
of AA7050 alloy have been solubilized. Unexpectedly, the 
presence of many fine precipitates dispersed throughout the 
Al matrix (Figure 5b) was observed. EDS analysis indicates 
that these are composed by Fe and Zn. A decrease of these 
elements in the AA7050 particles was also observed, as 
shown in Table  1. The Fe dispersions could have been 

Figure 3. (a) Composite A phase images obtained by AFM; (b) SEM image of artificial aged sample; (c) XRD patterns of the hot extruded 
composite (I), (II) after artificial aging; and (d) Raman spectra of (I) composite powder, (II) hot extruded composite, (III) solubilized , 
and (IV) artificial aged composite.
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Figure 4. SEM images of composite B as extruded with (a) small and (b) large magnification. White arrows indicate Al oxide in the Al 
matrix and yellow arrows are MWCNT clusters.

Figure 5. Hot extruded Composite B (a, b) after solubilization treatment images focusing on the precipitates in the Al matrix, and, (c, d) 
after aging treatment images focusing on the precipitates of AA7050.

derived from the contaminations in the pure raw material. 

In the aged samples of the extruded composite B, small 

precipitates on the Al matrix and AA7050 are also visible, 

as shown in Figure 5d.

Figure  6a shows a diffractogram with the presence 
of Al peaks and subtle peaks of Al2CuMg. The Fe rich 
compound Al7Cu2Fe normally remains after heat treatment, 
as mentioned before for composite A. However, peaks related 
to the hardening phase MgZn2 (η) were not observed due 
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to the small fraction of this phase in composite B, which 
is not detected by the x-ray diffraction. Figure 6b presents 
the Raman spectra of composite B evidencing the ID/IG 
intensity ratio. Although Raman analyses for aged composite 
B were impaired by its high reflectance, the Raman spectra 
of composite A (Figure 3d) after heat treatment can also 
support the integrity conservation of the reinforcement of 
crystalline CNT in this composite too.

Figure 7 exhibits data for the hardness of composites 
A and B, as well as for several composites analyzed by 
other researchers. Composite A in the as extruded condition 
presented a hardness 7% higher than the AA7075 alloy sintered 
at 525 °C, and hot extruded at 425 °C, water quenched and 
presented a hardness value of 81.3 ± 1.5 HV29. The hardness 
of the aged composite A is 72% higher than the as extruded 
material and 43% higher than the solubilized condition.

The hardness of the aged Composite A processed by the 
present powder metallurgy route is equivalent to the AA7050 
hardness processed by spray forming (147 HV), which is 
higher than the hardness of conventionally cast alloy25. Also, 
the hardness of the aged composite A is equivalent to the 
sintered and hot extruded 2% MWCNT/AA7075 composite 
prepared by Uriza-Vega et al.6. It should be noted that their 
composite underwent a milling process and had an increased 
strength because of a largest (four times higher) carbon 
nanotube content, together with hardening of the deformed 
surface particles due to milling process, and smaller particle 
size. This situation makes the value of composite A in this 
study even more expressive.

The higher strength of the aged composite can be 
associated with age hardening due to the precipitation of 
the hardening phase η’, and due to strengthening with the 
dispersion of CNT in the AA7050 alloy matrix accomplished 
by the powder metallurgy route developed in this work. This 
0.5 wt.% MWCNT/AA7050 achieved a hardness similar to 

other aged AA7XXX alloys processed by casting25,36, and 
other composites made also by powders, but with a higher 
amount of carbon nanotubes37,38.

Generally, metals reinforced with carbon nanotubes 
have an increase in mechanical strength through different 
mechanisms. The main mechanisms discussed in the 
literature about CNT reinforcement are load transfer39,40, 
Orowan’s mechanism1,41, and thermal expansion mismatch 
strengthening9,42. It is believed that these mechanisms act 
simultaneously, since neither single mechanism can explain 
the increase in the mechanical properties verified in these 
composites42.

Table 1. EDS values of AA7050 particles in the Al matrix of composite B.

Condition Al Mg Fe Cu Zn
Extruded 89.53 2.59 0.46 2.77 4.65
Solubilized 90.71 2.37 0.57 2.29 4.06
Aged 95.06 1.58 0.33 0.79 1.39

Figure 6. Composite B (a) XRD patterns of the composite (I) as extruded composite without heat treatment, (II) artificial aged composite; 
and (b) Raman spectra of (I) as hot extruded, (II) after solubilized treatment.

Figure 7. Microhardness comparison of different materials based in 
Al, Al alloys, and composites reinforced by MWCNT. Hardness values 
of composite A is represented by the cube symbol, and composite B 
is represented by the triangle symbol. References and alloys for the 
numbered ●: Pure Al [3], (1) 1,5% MWCNT/Al [3], (2) AA7075 
by PM [6], (3) AA7075 by PM [29], (4) AA7050 by spray [25], (5) 
Al-Zn-Mg extruded and aged [36], (6) AA7075 aged [37], (7) 1% 
MWCNT/AA6061 [38], (8) 3% MWCNT/AA6061 [38], (9) 2% 
MWCNT/AA7075 [6], (10) 1 wt.% MWCNT/AA7075 aged [37].
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The final strength of composites based in Al alloys reinforced 
with carbon nanotubes is the sum from contributions of the 
hardening by the solid solution of the matrix, hardening by 
precipitation, and the hardening mechanisms that involve 
the presence of carbon nanotubes7,39,43.

Composite B is 50% stronger than pure Al made by 
powder metallurgy3, and did not present a hardness increase 
after heat treatment due to the absence of enough η’ phase 
precipitation. One possible explanation to the similar values 
of hardeness found in composite B in the different conditions 
is related with the small amount of AA7050 inside the 
composite B. This fact increases the possibility that the 
hardness indentation interacs more with de pure Al, which is 
softer that the AA7050. The solubilized sample for composite 
A and B show that the solution heat treatment apparently 
increases the hardness in composite A and slightly decreases 
in composite B. The explanation for the composite A is that 
the solution heat treatment may have recovered some of the 
work hardening (or even recrystallized) and solubilized the 
coarse incoherent precipitation during the extrusion, which 
impairs the hardness of the material. Regarding the composite 
B, as the amount of AA7050 is smaller, the effect of the 
solubilization heat treatment is less pronounced, which kept 
the hardness almost in the same value as the extruded sample.

4. Conclusion
In this paper, two composites were developed by a 

powder metallurgy route. The first composite (composite 
A) using the AA7050 alloy and 0.5 wt.% of MWCNT, and 
the second (composite B) is a hybrid composite based on 
Al matrix with the addition of 20 wt.% of the powder of 
composite A. The following conclusions can be drawn:

1.	 The production of the composites by powder metallurgy 
route shows good adhesion of functionalized MWCNT 
on the metallic surface, with the occurrence of 
regions with dispersed MWCNT and others with 
agglomerated nanotubes;

2.	 The composite made by AA7050 presents common 
second-phases of AA7050 heat treated with 
precipitation of the hardening phase (η’) after 
artificial aging of composite A;

3.	 The hardness of the composite A aged is 72% higher 
than the material as extruded;

4.	 No difference in hardness was observed in composite 
B after heat treatment due to lesser amount of 
Al7050 and carbon nanotubes;

5.	 Results of Raman spectroscopy indicate that after 
the consolidation process and heat treatment the 
MWCNT could have remained in crystalline form 
although this fact should be addressed in further study.
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