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Aluminum foil reinforced by carbon nanotubes
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In our research, the method of manufacturing an Al-carbon nanotube (CNT) composite by hot pressing and cold
rolling was attempted. The addition of one percent of multi-walled carbon nanotubes synthesized by OCSiAl
provides a significant increase in the ultimate tensile strength of aluminum. The tensile strength of the obtained
composite material is at the tensile strength level of medium-strength aluminum alloys.
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1.

Introduction

The addition of carbon nanotubes can significantly improve the mechanical properties of
aluminum and its alloys [1-3]. At the present moment, powder metallurgy methods are mostly
used to produce aluminum-based composites reinforced by carbon nanotubes (CNT). These
methods include the manufacturing of a powder compact followed by its hot deformation [4].
Compacts are produced by spark plasma sintering [4], cold pressing followed by sintering [5],
explosive compacting [6], hot isostatic pressing [7] and hot pressing [8]. The final operation
of composite manufacturing is hot extrusion [4] or hot rolling [9]. There are articles in which
the authors successfully combined powder compacting and hot extrusion, and thus realized the
spark plasma extrusion method [10].
In this work, aluminum composite reinforced by CNT was produced via a hot pressing
and final cold rolling operation.
2.

Experimental procedure

For powder mixtures, aluminum powder (preparation standard PA-1) (GOST6058-73)
and multiwalled carbon nanotubes (MWCNT) manufactured by OCSiAl (see Fig. 1) were used.
Powder mixtures containing 1 wt.% CNT were made by high energy milling in planetary ball
mill AGO-2S. Thereafter, powder mixtures were compacted by hot pressing at 50 MPa at a
temperature of 600 – 670 ◦ C under argon. During cold rolling, 10 % deformation for each pass
was produced. Approximately 10 – 15 passes were made to obtain each sample of foil. Part of
the foil samples were then annealed at 350 ◦ C for 120 min.
For comparison, we made aluminum foil with additions of 1 wt.% of carbon powder
VulkanXC72 and foil without any additives. These foil samples were made in the same way
as those with CNT additives. Analysis of composite structure was conducted by scanning
electron microscope LEO1430-VP. A Bruker d8 Advance diffractometer with parallel geometry
and CuKα1 = 1.5406 Å; Cu Kα2 = 1.54439 Å radiation was used for carbide detection.
Foil samples with 100 µm thickness were cut to obtain samples for tensile strength
determinations. Tensile tests were conducted at room temperature by a servo- hydraulic testing
machine RPM-50U.
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(a)

(b)

F IG . 1. TEM photographs of MWCNT
3.

Results and discussion

SEM photographs of powder mixtures are shown in Fig. 2. The powder mixture containing CNT consisted of mostly spherically-shaped particles. The diameter of powder particles
is typically 250 – 270 µm and rarely exceeds 900 µm. Detailed analysis of powder surface by
high resolution SEM did not reveal CNT agglomerates but showed separated CNT embedded
in the metal particles’ surfaces.

(a)

(b)

F IG . 2. SEM photographs of powder mixtures containing 1 wt.% CNT
X-ray diffraction spectra of powder mixture containing CNT, and aluminum foil containing CNT are presented in Fig. 3. It is well known that the presence of a large amount of
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aluminum carbides decreases the mechanical properties of an aluminum-CNT composite [12].
Consequently, it is preferable to minimize aluminum carbide formation during the composite
manufacturing process in order to produce materials with improved mechanical properties.

(a)

(b)

F IG . 3. XRD spectra of powder mixture containing 1 wt.% CNT (a) and composite foil Al – 1 wt.% CNT (b)
Conversely, the existence of a minute amount of aluminum carbide, in the form of nanosized particles positioned on the CNT-aluminum interfaces can increase the adhesion between
CNT and metal matrix [1, 2, 13]. Since aluminum carbide can appear not only during high
energy powder mixing [11] but also during the hot pressing of powder mixtures, it is necessary
to control its quantity at each step of the composite manufacturing process. As shown in Fig. 3,
no aluminum carbide is present in the aluminum-CNT powder mixtures. Only trace amounts of
aluminum carbide was shown to be present in our composite foil.
SEM photographs of fracture surfaces from hot pressed powder compacts are shown in
Fig. 4. Structures of both compacts are homogeneous. One can see that the length of protruded
CNT is not more than 1/10 of the initial CNT length. This indicates good adhesion between the
CNT and the metal [13-16].
Table 1 contains the results of the tensile strength test for cold rolled aluminum foils.
The tensile strength increase for composite foil can be caused not only by CNT addition, but
also by amorphous carbon powder formation during CNT collisions in a high energy ball mill.
In this sense, it is more correct to compare composite foil and control samples reinforced by
amorphous carbon powder. For this reason, we made two types of control samples. The first
one contains amorphous carbon powder additives and the second one has no carbon additives.
TABLE 1. Tensile test results
Sample number
Powder
1
Al +
2
Al + 1 %
3

mixture type
Tensile strength, MPa
1 % CNT
441
carbon powder
360
Al
357

From Table 1, it is clear that foil samples that contain powder of amorphous carbon
have strength similar to that of control foil samples without any additives.
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(a)

(b)

F IG . 4. SEM photographs of hot pressed powder compact with additives of
carbon powder (a) and CNT (b)
The tensile strength of aluminum foil with 1 % wt. CNT added was increased by
22 % relative to pure aluminum foil. We can conclude that strength increase is caused only
by influence of CNT. All of samples had low plasticity, which may be explained by the high
degree of cold working.
Annealed samples of foil with 1 wt.% CNT also had high tensile strength. Comparative
diagram of our composite foil and standard aluminum foil GOST618-73 are shown in Fig. 5.
These data clearly show that our composite foil surpasses the standard aluminum foil strength
by a factor of 3 under both annealed and cold worked conditions.

F IG . 5. Comparative diagram of composite foil tensile strength and standard foil
tensile strength
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Conclusion

Composite foil reinforced by CNT was made by hot pressing and subsequent cold
rolling. The addition of 1 wt.% of MWCNT manufactured by OCSiAl provided an increase in
the tensile strength of aluminum foil by 22 %. Our composite has a tensile strength comparable
to that of medium strength aluminum alloys and is 3-fold greater than standard aluminum foil.
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