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Nanostructured Al matrix composites with reinforcements of graphite or fullerene (Cgp + C70 + soot) have
been produced by mechanical milling and spark plasma sintering (SPS). X-ray diffraction and transmis-
sion electron microscopy show that Cgo +C7o withstand longer mechanical milling/alloying times than
graphite. Fullerene is a good control agent during mechanical alloying resulting in a denser Al/fullerene
composite when compared to the Al/graphite one. A refinement mechanism that takes place during

f_‘(e?’lwords" mechanical alloying of fullerene and graphite is experimentally found and correspondingly discussed.
Cz;;zzies Such a mechanism plays a major role in the amorphization of graphite. The larger surface area of the

fullerene mix after milling promotes a better interaction with Al and hence allows its complete trans-
formation into Al4Cs during the SPS process. The sintered products show an increase in hardness for
the Al/fullerene composite of 6 times and only 4 times for the Al/graphite composite. The SPS technique
shows to be an excellent method to transform the fullerene into Al4C3 while preserving its nanostructured
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1. Introduction

The successful synthesis of fullerene and CNT has been reported
by using different methods. It gives rise to interesting structures
from buckyballs, buckytubes, onions, giant fullerene structures,
concentric structures, etc. [1-5]. The most common structures
(buckyballs) are Cgg and C7q, they are composed of atomic arrange-
ments of carbon into pentagons and hexagons [2]. More recently
Terrones and Terrones proposed a structure that includes also
heptagons [6]. Conventionally, the fullerenes are synthesized by
using high intensity lasers or electric arcs and commonly enriched
by the method proposed by Kriatschmer et al. [7]. The reported
mechanical properties of Cgg, C79 and CNTs are outstanding and
can reach Young moduli between 400 GPa and 4150 GPa [1,8] and
compressive strengths between 100 and 150 GPa [1,9]. Some uses
of fullerenes are: reinforcement and as nanostruders [10-13].

The dispersion of carbides (e.g. Al4C3) in Al matrices has
been successful by different methods including, but not limited
to: reaction milling, thixocasting, rheocasting, electromagnetic
stirring and metal infiltration [10,14-19]. On the other hand,
the production of nanostructured Al matrix composites rein-
forced with carbon nanoparticles (e.g. fullerene, MWCNT, etc.) is
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controversial [1,10,21-26]. The following are the two effects
reported when carbon nanoparticles are used as reinforcement for
Al matrix composites: (i) the formation of carbides and (ii) when
CNTs are added in small amounts (<2%) they act as effective rein-
forcements with limited to no chemical interaction. In either case
increases in mechanical, and electrical properties are observed.
Some improvements in mechanical properties are usually observed
when the Al4C3 is formed; however, better electrical conductivity
is observed in the absence of chemical bonding among Al and car-
bon. Some of the challenges to produce nanostructured Al matrix
composites reinforced with carbon nanoparticles include the seg-
regation of the CNTs and their cost. The above has motivated the
present research work in the use of carbon soot (fullerene mix)
instead of pristine carbon nanoparticles. In fact, carbon soot has a
similar graphene-like structure as the observed in carbon nanos-
tructures and is considerably cheaper.

Mechanical alloying is a method originally proposed by Gilman
and Benjamin [17-19] in the 60s. This method has proven to be
successful to manufacture nanostructured materials at room tem-
perature [10-19]. One of the advantages of mechanical alloying is
that varying time and temperature is possible to promote or hin-
der phase transformation of components including ductile metals
such as aluminum [20]. Mechanical alloying is an excellent method
to produce nanostructured and highly homogeneous powders of a
large number of sizes and of different compositions. In order to
preserve the nanostructured nature of the mechanically alloyed
powders, low temperatures, short times and high pressures are
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ideal for sintering. These conditions are combined in the Spark
Plasma Sintering (SPS) that makes it a promising method to produce
highly/fully dense nanocrystalline composites [12].

In the present work mechanical alloying and SPS are com-
bined to produce nanostructured composites of Al/graphite and
Al/fullerene. The characterization is conducted by means of Scan-
ning Electron Microscopy (SEM), X-Ray Diffraction (XRD) and
Transmission Electron Microscopy (TEM), hardness measurements
have been also performed as per indicated in the respective ASTM
standard.

2. Experimental procedure and materials

Powders of Al (99.9at.% purity and a particle size <180 um),
graphite (99.9 at.% purity and a particle size <5 wm) and fullerene
mix (21 at.% Cgp +9 at.% C;¢ + 70 at.% soot), are used as starting mate-
rials. The mixture of fullerene mix contains a minimum of 30 at.%
Cceo+c70- In the present paper the Cgg + C7¢ + soot mixture (commer-
cially known as “Carbon Soot”) is referred as fullerene and has been
obtained from STEM Chemicals. The rest of the non-Cgg + C7g car-
bon present in the fullerene mix is called soot. Nanostructured Al
based composites have been prepared with two different compo-
nents i.e., Al/graphite and Al/fullerene. In both cases, 15.7 at.%C is
added to the Al base powders. The term original sample is used to
refer to the mixed powders before mechanical alloying. The idea of
using the fullerene mix is to demonstrate its effectiveness and SPS
to form a nanostructured Al/Al4C3 composite.

Mechanical milling (for pure graphite and fullerene) has been
conducted in a Spex mill while mechanical alloying (for Al/graphite
or Al/fullerene composites) is carried out using a horizontal ball
mill. Mechanical milling has been conducted for up to 3.5h and
mechanical alloying for 100 h. Based on previous experience com-
parable microstructures can be obtained by using the above times
in Spex and ball milling [11,12]. Mechanical alloying at interme-
diate times between 0 and 100h has also been conducted, but
due to the significance to this paper only the results of 100 h of
mechanical alloying are presented and discussed. The ball to pow-
der weight ratio during milling was 8:1 and 100:1 for Spex and ball
milling respectively. Ethanol is added in the Spex mill as a control
agent and no control agent is added in the ball mill. The manipula-
tion of the powders has been kept in a controlled atmosphere (Ar)
environment to prevent any degradation of the powders or poten-
tial reactions before or during the milling process with oxygen or
nitrogen.

The alloyed powders have been SPS sintered at 773 K, 100 MPa
for 600 s at a heating rate of 3.3 K/s. The dimensions of the sintered
samples are 13 mm in diameter and 5 mm in thickness. The sintered
products are polished by following standard procedures for micro-
hardness testing. The micro-hardness test has been conducted on
a Leco-LM700 apparatus with an applied load of 10N for 10s. The
reported values are the average of 20 measurements made in the
aluminum matrix.

X-ray diffraction (XRD) has been conducted in a SIEMENS D5000
diffractometer equipped with a Cu tube with a characteristic Kq,
A =0.15406 nm. The grain size is determined using the Scherrer
method and the reflections (111),(111),(002) and (800) for Al,
Cs0/C70, graphite and Al4C3 respectively. The Scherrer method was
selected due to its higher accuracy (£15%) over other methods;
such as, the Integral breath, Warren-Averbach methods when they
are compared to Transmission Electron Microscopy (TEM) (TEM)
[27]. The same reflections are used to determine the lattice param-
eters. The SEM observations have been carried out on a JSFM35CF
JEOL apparatus equipped with an Energy Dispersive X-ray Spec-
troscopy (EDS) operated at 20kV and TEM is conducted on a JEOL
JEM2O00FXII. For TEM, the samples are prepared by dispersing the

powders in ethanol to form a dilute suspension from which an
aliquot is taken and deposited on a Cu-graphite 300 mesh grid. The
as sintered products are surface polished for SEM, and electropol-
ished on adouble jet electropolisher for TEM, the electropolishing is
conducted at 230 K using an electrolyte of 25 vol% HNO3 and 75 vol%
CH3OH. The magnification and electron diffraction patterns were
calibrated in the TEM using a gold replica and standard procedures
were followed.

3. Results

Table 1 shows the values of the respective grain size, and lattice
parameters for all systems in as mixed or milled conditions. Table 1
summarizes the changes in lattice parameters resulting from the
effects of mechanical milling/alloying for each constituent of the
composites. The changes in lattice parameters were determined

Table 1

Crystalline characteristics of materials as determined by XRD results of graphite,
fullerene, and for the original, mechanically milled, mechanically alloyed and sin-
tered samples. All units in nm.

Commercial fullerene (nm)

Ceo 1.437
C7o 1.924

Mechanical milling

Oh 1h 2h 3.5h
Graphite (XRD)
Lattice parameter
a 0.213 0.214 0.214 0.214
C 0.674 0.671 0.672 0.670
Particle diameter 3.675 2.845 0.836 0.530
Mechanical milling
0h for Cgo 0h for C7o 0h for Cgp+70
Fullerene (XRD)
Lattice parameter 1.424 1.921 1.458
Grain Size 1.568 1.407 1.185
Fullerene (TEM)
Lattice parameter 1.428 N/A 1.185
Mechanical alloying
Oh 100h
Al-Cgpaphite System
Lattice parameter (Al) 0.408 0.405
Grain size (Al) 18.34 13.51
Mechanical alloying
Oh 100h
AXRD CXRD AXRD ATEM CXRD CTEM
Lattice Parameter (graphite)  0.201 0.678 0.207 0.2363 0.714  0.669
Grain size 1.162 0.693
Mechanical alloying
Oh 100h
Al-C_sub fullerene system
Lattice parameter (Al) 0.408 0.405
Grain size (Al) 18.94 13.52
Mechanical alloying
Oh 100h
AXRD ATEM AXRD ATEM
Lattice Parameter (fullerene) 1.420 1.428 1.459+0.25
Grain size 15.77 14.12
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Fig. 1. XRD patterns of (a) fullerene and (b) graphite milled using a Spex for different times. Inserts showing the respective TEM dark field images. Scale bar 100 nm.

Unidentified phase by means of XRD.

per XRD and TEM analysis. Milled graphite has not been analyzed
by TEM.

Fig. 1 shows the XRD patterns for fullerene, and graphite before
and after Spex milling for 2 and 3.5 h respectively. The XRD spec-
trum of the original fullerene mix shows the presence of Cgg and
C70; having Cgg as the most intense reflection owing to the ratio of
Cso and Cyq in the original powders. The reflections indicated with
a circle have been previously identified as fullerene with a tetrag-
onal crystalline structure [21]. In Ref. [22,40] is shown by TEM that
one of the alternatives is likely to be the presence of tetragonal Cgg
in the mechanically alloyed Fe-fullerene system. After mechani-
cal milling only the presence of a family of fullerene reflections
is prevalent and corresponds to Cgg with small reflections that
match with the rombohedral and tetragonal fullerene structures.
This indicates that both, Cgg and C, are mixed forming a combined
crystalline structure.

Previous investigations have reported that mechanical milling
of Cgp promotes the transformation to C;5¢ and if a long enough
milling time is allowed polymeric transformations can occur [24].
However, in this work the milling time is not sufficient to promote
such a transformation(s). The nanostructure nature of the raw and
milled fullerene can be observed in the insets shown in Fig. 1a.
The amorphization of graphite becomes apparent from the XRD
while the fullerene withstands the 2h of mechanical treatment
without apparent changes. The XRD results of graphite (Fig. 1b)
show the (00 2) reflection with a noticeable reduction in intensity

as the milling time increases and at 3.5 h of milling this reflection
is almost extinct suggesting that for this milling time graphite is
quasi-amorphous.

The SEM images in Fig. 2 illustrate mechanically alloyed pow-
ders for the Al/graphite and Al/fullerene composites after 100 h of
mechanical alloying showing their relative agglomeration and par-
ticle size. The powders of the Al/fullerene composite have clearly
smaller sizes with a more normal size distribution and irregular
shapes than the Al/graphite composite. Additionally, agglomera-
tion is more pronounced for the Al/graphite composite. The “control
agent” effect observed in graphite has been previously reported
[11]. Such effect prevents the welding among particles and with
the milling media. By comparing the particles in Fig. 2a and b, it can
be said that the fullerene mix is more effective as a control agent
than graphite. This can be attributed to its crystalline structure (fcc)
with more slip systems than graphite, but most importantly the
presence of the soot that is produced parallel to the (11 1) plane.
The glide of atomic planes or dislocations along the graphenes-like
structures present in the fullerene mix has a lubricity effect that act
as a control agent.

In Fig. 3a and b, XRD diffractograms are given for the Al/fullerene
and Al/graphite composites before and after mechanical alloying.
The diffractograms in Fig. 3a present two spectrums for the origi-
nal sample; in the first one the intensity is in decimal scale and, in
the second one, it is in a logarithmic scale. The logarithmic scale
is used to better visualize the peaks corresponding to graphite

Fig. 2. SEM images of the (a) Al/graphite and (b) Al/fullerene mechanically alloyed powders for 100 h in ball mill.



818

F.C. Robles Herndndez, H.A. Calderon / Materials Chemistry and Physics 132 (2012) 815-822

5 b 100 h ball mill
i 100 h _
‘ Ball Mill D Graphite
(200) (111) OAluminum
V Fullerene s (220) (311) o
~ | QAluminum 0 0o =, (200)
e E o
L (222) S (2200 (311)
= o = o 0
‘@ (400) =
8 f g &
= =
° £ | (002) 222)
2 | gl o
€ i o o (400)
. e * MJI lewl )
Original
l | | Original u I | T
10 30 50 70 9% 20 40 60 80 100
26 degrees 20 degrees

Fig. 3. XRD patterns of the original powder mixture and the as-milled (100 h) samples for (a) Al/fullerene and (b) Al/graphite systems. Note; two diffractograms for the
original sample are presented to compare the advantage of using a logarithmic scale (lower) instead of a decimal scale (upper).

and fullerene present in the respective composites, which in turn
simplifies its identification without affecting the 26 scale. The 260
positions of the peaks are used to determine the lattice parame-
ter and the peak shape for the grain size. In Fig. 3b it can be seen
that after 100 h of mechanical alloying, the intensity of the graphite
peaks become rather weak. The grain size results given Table 1
show that the Spex milled graphite for 3.5 h and the graphite in the
mechanically alloyed composite for 100 h are similar. On the other
hand the grain size for the Al/fullerene composite milled fullerene
after 100 h is comparable to that of the Spex milled fullerene for
2 h. On such a basis, apparently Al is assisting the grain refinement
of graphite, but has a negligible effect on fullerene.

The low intensity of the peaks for graphite or fullerene observed
in Fig. 3 can be attributed to several factors such as the volume
ratio Al:graphite or Al:fullerene in the composites and the effect of

milling on the structure of both carbon phases. The volume frac-
tion of carbon phases in the present research can be considered
low. Additionally, experimental evidence shows that fullerene is
more resistant to mechanical alloying or milling than graphite.
After 100 h of milling the presence of fullerene is still clear as seen
in the XRD results. The crystal quality of the Spex milled fullerene
for 3.5 his similar to that of the raw sample. Table 1 shows that the
lattice parameter for Al is almost constant for all systems before
and after mechanical alloying. Since the difference in atomic radii
between Carbon and Al is very large and the formation of new
phases starts at relatively low carbon contents, then any change
in lattice parameter is attributed to plastic deformation (e.g. ratch-
eting).

Fig. 4 shows TEM dark field images and Selected Area Diffrac-
tion Patterns (SADP) corresponding to the as milled Al/graphite and

Fig. 4. TEM dark field micrographs and their respective SAD patterns after milling for 100 h for (a) Al/graphite and (b) Al/fullerene. Bright zones correspond to graphite or
Ceo respectively. Scale bar 200 nm. The arrow and circles are used to identify the reflection used for the dark field.
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Fig.5. XRD results of the as-sintered samples for the (a) Al/graphite, (b) Al/fullerene
systems.

Al/fullerene composites. The use of the indicated reflections (g) pro-
duces the bright areas in the images corresponding to graphite or
Cgo respectively. From Fig. 4, it can be observed that the powders
of either composite are highly homogeneous. The bright zones for
the Al/graphite composite confirm the approximate grain size as
determined by Scherrer and presented in Table 1 based on XRD
results (Figs. 1 and 3). From the dark fields, it is observed that
the amount of carbon (bright regions) particles in the Al/fullerene
composite appears to be lower than in the Al/graphite composite.
This is attributed to the lower volume fraction of Cgy present in
the fullerene mixture when compared to graphite. Table 1 gives
the values of particle size and lattice parameters for the identified
phases.

Fig. 5 presents the XRD results of SPS sintered samples. Fig. 5a
shows that sintering sponsors the transformation of graphite
into Al4Cs. The XRD results for the Al/fullerene system show
more reflections of Al4C3 and with higher intensity. This suggests
that transformation of the carbon species is more efficient for
the Al/fullerene system. The XRD results show no evidences of
fullerenes peaks that is in agreement with the TEM findings.

Fig. 6 shows SEM and TEM images of the sintered products
[29,40]. There are two major findings to observe in Fig. 6a-b,
the larger and more abundant particles of Al4;C3 (encircled for
easy identification) in the Al/fullerene when compared to the
Al/graphite composite. The composition of the Al4C3 particles has
been verified by means of EDS. Both observations allow confirm-
ing the XRD results (Fig. 5) with a partial transformation of carbon
phases in the Al/graphite composite and the complete transfor-
mation of carbon in the Al/fullerene system. These results are in
agreement with previous reports [11,12,36].

Table 2 summarizes the Vickers microhardness results for the
composites. Refs.[10,24] report values for Vickers microhardness of
pure mechanically milled aluminum with values between 21 wHV
(raw element [10]) and 50 wHV (mechanically milled and SPS sin-
tered [24]). The results in Table 2 show increments of 375% and
582% for the Al/graphite and Al/fullerene composite with respect
to the previously reported values [24]. The Al/fullerene system has
a higher hardness that is attributed to the larger amount of Al4C;
formed during the sintering.

Table 2

Microhardness and calculated Rockwell B hardness results for the SPS samples.
Al'CCraphite Al'CFullerene
[.LHV25 HRB }.LHV25 HRB
188.24+49 86.843+19 291.97+38 104.12+ 14

The particles present in the Al/graphite composite (Fig. 6¢, d)
are composed by a mix of nanostructured crystals of Al4C3 and Al.
The presence of graphite in the composite is not evident (Fig. 6d)
due to its quasi amorphous nature that can be observed as diffuse
ring(s). Fig. 7b shows an amorphous graphite particle identified in
the Al/Graphite composite. The Al/fullerene composite shows that
this composite is made of particles of either Al (Fig. 6e) or Al4C3
(Fig. 6f) and no evidence of free carbon in the form of Cgy or Cyq
was found. The above results are in agreement with XRD results as
presented in Fig. 5. The phases identified in the Al/graphite com-
posite are: Al, Al4C3 and graphite. As for the Al/fullerene composite
the phases are: Al and Al4Cs. Fig. 6 demonstrates that both com-
posites are nanostructured even after themomechanical processing
(mechanical milling and SPS). This exhibits the potential of these
methods to produce nanostructured composites.

The TEM bright field images given in Fig. 7a,b correspond to
Cgo and amorphous graphite found in the Al/fullerene (as-milled
powder) and the Al/graphite (as-sintered) composites, respec-
tively. These images are given as an evidence of the crystalline
and amorphous nature of the reinforcements used in each sys-
tem. The fullerene particle can still be found after milling, while the
amorphous graphite is present in the composite in the as sintered
sample. This demonstrates the higher resistance of Cgy to amor-
phization when compared to graphite. The identified Cgg particle
is unique having a size of approximately 1 wm while the rest of
the Cgp observed in the composite is nanometric as shown in the
respective dark field images and the XRD results (Table 1). There
are two reasons for the presence of this relatively large Cgg parti-
cle: (i) the typical size distribution in milled products [20] and (ii)
the outstanding mechanical properties of carbon nanostructures
(e.g.Cgo, C70, etc.).

The graphite particle in Fig. 7b is representative of the graphite
present in the Al/graphite composite before and after mechanical
alloying and SPS. This confirms the short range order of the graphite
identified by XRD proving that the carbon present in this compos-
ite is amorphous. This raises the question about whether or not the
graphite grains need to be large enough to hold a crystalline struc-
ture and being able to transform into Al4Cs. If this is the case, there
is a possibility that short-to-medium range order graphite particles
cannot combine with Al to form Al4C3 explaining the reasons for
the limited amount of this phase in the Al/graphite composite.

4. Discussion of results

In the following, an analysis is presented regarding the num-
ber of lattice cells in an average graphite grain before and after
milling in a Spex mill. This is later compared to the characteristics
of the mechanically ball milled graphite to understand the role of
aluminum in the extra refinement of graphite when compared to
fullerene in their respective composites. This analysis provides an
explanation about the higher reactivity of fullerene during the SPS
process. The determination of the number of lattice cells is calcu-
lated based on the results given in Table 1. The number of lattice
cells present in an average grain of raw graphite is approximately
17 x 17 x 5 along the “a;,a,” and “c” axis, respectively, i.e. an aver-
age particle size of 3.675 nm as given in Table 1. This corresponds to
more than 1400 lattice unit cells per grain. After 2 h of Spex milling,
the average size is reduced to approximately 8 x 8 x 3 (i.e., 201 lat-
tice unit cells) per grain. After 3.5 h of mechanical milling, graphite
has short to medium range order along the “c” axis with a grain
size of 0.53 nm; it means that these particles are smaller than their
“c” cell dimension, thus a single crystal contains up to 30 atoms. In
other words, after 3.5 h of Spex milling graphite is mainly a quasi-
amorphous to amorphous matter that is demonstrated by electron
diffraction (XRD and TEM) as well as the insets in Fig. 1a.
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Fig. 6. (a,b) SEM images and (c-f) TEM dark field images corresponding to the sintered Al/graphite (a,c,d) and Al/fullerene (b,e,f) composites. The Al4C; particles formed
during the SPS process are indicated by circles in (a,b). TEM dark field images in (c,e) are obtained with Al Matrix reflections and (d,f) with Al4C5 reflections. Scale bar 200 nm.

Comparing the results in Table 1 one can understand that the
graphite grain size after Spex milling for 3.5 h is similar to that after
ball milling for 100 h. The grain size in the fullerene mix is found
to be comparable for 2 h of Spex milling and 100 h of mechanical
alloying. This is an indication that Al is somehow contributing in the
further refinement of graphite, which can be attributed to the larger
number of slip systems of the fcc (Al) cell when compared to the hcp
(graphite) cell (i.e. 12 vs. and 2 slip systems per lattice). At the micro
level stresses are transmitted in shear (dislocations glide and slip)
and this is independent on how the stress is applied at the macro-
level. Therefore, during the mechanical alloying the Al planes glide
in the form of dislocations creating shear components that crash the
graphite particles resulting in the extra refinement/amorphization
of graphite.

The different surface area of the as milled graphite can explain
the different activity of carbon in the composites. After mechani-
cal alloying the graphite in the composite is composed of broken
graphite-like structures with “ab or ba” stacking (low to medium
range order, A9 structure, sp? bonding) instead of the typical “aba”
stacking of an hcp system. Therefore, the carbon particles form
aggregates with uneven surfaces prevent the contact/interaction
with Al In contrast, the soot is mainly composed by graphene-like
layers allowing interaction from both sides with Al.

The Cgp and Cyg are highly reactive and due to its grain size
and exposed surface area the reactions with Al are promoted dur-
ing SPS ensuring the formation of the Al4C3 carbide. This and the
relatively high homologous temperature during the SPS process
(T/Tm~0.8) lead to the complete transformation of carbon into
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Fig. 7. TEM bright field images of (a) a Cgp aggregate in the as milled powders of the Al/fullerene composite and (b) amorphous carbon found in the as sintered Al/graphite

system. Scale bar 250 nm.
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Fig. 8. XRD patterns of the original powder mixture and the as-milled (100 h) samples for (a) Al/fullerene and (b) Al/graphite systems. Note; two diffractograms for the
original sample are presented to compare the advantage of using a logarithmic scale (lower) instead of a decimal scale (upper).

AlyC3. The fullerene mix is a cost effective manner to reinforce com-
posites having comparable effects as those produced with pristine
quality Cgg—Cyg or other methods involving casting or semi-solid
processing [14,15]. The fullerene mix costs between 10 and 14
times less than highly pure Cgg or C;¢ and up to 19 times cheaper
than MWCNT!.

The characterization results of XRD, SEM and TEM all show that
the Al/fullerene composite has a higher volume fraction of Al4C;
when compared to that present in the Al/graphite composite. This

1 Asposted on-line on 10/08/08, http://www.sigmaaldrich.com/Brands/Aldrich.html.

is somewhat unexpected since the amount of atomic carbon is
the same in both cases. However C atoms are added in different
types of structures affecting the chemical activity. This most likely
gives rise to the differences in the amount of carbides present in
the respective composites. The determination of the reactivity of
Cgo, C70, soot and graphite with Al is beyond the scope of this
work; nonetheless, the current results suggest that the activity of
carbon during SPS is higher for the Al/fullerene composite. Previ-
ous investigations in the literature have documented that highly
pure Cgp and Cyg, fullerenes and CNTs have the tendency to react
with Al forming Al4C3 [1,17-24]. Different authors, including the
present ones, agree that Al has a remarkable affinity for Cgg, C70,
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and fullerene-like (e.g. CNTs) structures to form carbides. However,
some controversy can be raised by the findings of Kuzumaki et al.
[28] that have reported a successful production of Al/CNTs com-
posites using higher sintering and annealing temperatures than in
the present work.

A quantitative analysis of the XRD results (Fig. 8) show that
before and after the SPS sintering, the amount of Al4C3 formed
in the Al/graphite or Al/fullerene composites is different. For this
analysis the peaks presented in Fig. 8 have been selected and cor-
respond to the (11 1)4 reflection. After mechanical alloying Fig. 8
shows a significant reduction in the intensity of the Al peaks in
both systems; such a reduction is attributed to a grain refining
effect during the process. However the behavior for the SPS treated
powders is different for each composite. Based on the XRD inten-
sities the (11 1)a; reflection increases in 7.4% in the Al/Graphite
composite and decreases in 39.5% in the Al/Fullerene composite
(Fig. 8b). The 7.4% increase is unexpected, since the amount of Al
has not changed; therefore, this is attributed to a recrystaliztion
and coarsening effects during SPS.

The intensity of the (11 1), plane in the Al/Fullerene composite
shows a 39.5% reduction that is the result of the reaction among
carbon an and Al along with the reduction in density (from 2.7
to 2.36 g/cm3) for Al and Al4C3 respectively. If the initial amount
of carbon added to the composite is taken as 15.7 at.%, based on
stoichiometry the atomic percentage forming Al4Cs is 36.3% that
corresponds to a volume of 41.9%. Based on the accuracy of the
XRD apparatus this is considered precise enough to suggest that
most or all carbon present in the Al/Fullerene composite trans-
forms into Al3C4. If any carbon is left in the composite without
transforming, the corresponding amount is untraceable by XRD
means.

5. Conclusions

The fullerene mix (Cgg + C7g +soot) is more effective to manu-
facture nanostructured Al/Al4C3 composites than graphite. Carbon
in the fullerene mix is more reactive with Al that that present
in graphite. The carbon in the Al/fullerene composite trans-
forms completely into Al4Csz, while only partial transformation
is observed for carbon in the Al/graphite composite. The milling
and sintering conditions allowed to preserve the nanostruc-
tured nature of the composites. Graphite amorphization is further
endorsed during mechanical alloying in the presence of Al that
prevent, which somehow hinders its full transformation into
carbide. The higher hardness in the Al/fullerene composite is
attributed to the larger presence of Al4Cs in the composite. The
Al matrix composites show hardness improvements of 375% and
582% for the Al/graphite and Al/fullerene composites respec-
tively.
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