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Abstract

Aluminum-—graphite composites were produced by mechanical milling followed by hot extrusion. Graphite content was varied between 0 and
1 wt.%. Al-graphite mixtures were initially mixed in a shaker mill without ball, followed by mechanical milling in a High-energy simoloyer
mill for 2 h under argon atmosphere. Milled powders were subsequently pressed at ~950 MPa for 2 min, and next sintered under vacuum for 3 h
at 823 K. Finally, sintered products were held for 0.5h at 823 K and hot extruded using indirect extrusion. Tension and compression tests were
carried out to determine the yield stress and maximum stress of the materials. We found that the mechanical resistance increased as the graphite
content increased. Microstructural characterization was done by transmission electron microscopy. Al-O—C nanofibers and graphite nanoparticles
were observed in extruded samples by transmission electron microscopy. These nanoparticles and nanofibers seemed to be responsible of the

reinforcement phenomenon.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Aluminum alloys have a great diversity of industrial applica-
tions because of their low density and good workability, but
the use of these alloys is limited due to their relatively low
yield stress. Recently, the interest to increase aluminum strength
for applications in the aerospace and aeronautic industries has
motivated the study of aluminum matrix composites (AMC),
which can present better mechanical properties at both, medium
(473 K) and room temperatures. Additionally, one of their most
important characteristics is its high specific stiffness while main-
taining a low density [1-4].

The main reasons to produce AMC are to increase the
strength, stiffness and wear resistance of aluminum or aluminum
alloys, but this is usually achieved at the expense of other prop-
erties such as ductility. Aluminum and aluminum alloys can be
strengthened by dispersing hard particles like carbides, oxides
or nitrides into the aluminum matrix by using solid or liquid
state techniques [5—7]. The reinforcement can be done by adding
continuous or discontinuous fibers, particles, or whiskers. The
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last three are usually ceramic materials such as alumina, silicon
carbide, or silicon nitride.

AMC can also be fabricated in the solid state through Powder
Metallurgy (PM) techniques, which are used due to their great
versatility and low cost of production. The process of fabrica-
tion consists in mixing the hardening particles with the metallic
powders followed by consolidation and sintering. Additionally,
by using mechanical milling (MM) it is possible to produce a
fine and homogeneous distribution of the hardening particles.
In some cases, it is possible to synthesize them in situ, gener-
ally by reaction milling and also during the sintering process.
Therefore, the MM process is a useful tool for the development
of novel materials by using PM techniques.

Even though graphite acts as an excellent lubricating agent
under conditions of friction, graphite dispersion in aluminum or
aluminum alloys by MM process has not been deeply investi-
gated. In this work, we present the mechanical properties and
structural analysis of aluminum—graphite composites produced
by MM and followed by hot extrusion.

2. Experimental procedure

The raw powder materials used were Al (99.5% purity, —325 mesh in size)
and graphite nanoparticles. The selected graphite content was 0.0, 0.25, 0.50,
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Table 1

Identification in samples, composition and experimental conditions
Identification Composition Milled Extruded
Alp Pure aluminum -

Aly Pure aluminum X X

Alps Al-0.25% C X X

Als Al-0.50% C X X

Alys Al-0.75% C X X

Aljoo Al-1.00% C X X

0.75, and 1.0 wt.%. Each mixture was blended (mixed) during 0.5 h in a shaker
mill without ball, seeking to have a homogeneous mixture, and then mechan-
ically milled in a high-energy simoloyer mill for 2h in an argon atmosphere.
The milling device and the milling media used were of hardened steel. The
milling ball-to-powder weight ratio was set at 20, and the total sample weight
was 50 g for all the samples. No process control agent was used due to the
short milling time. Consolidated bulk products (40 mm of diameter @) were
prepared by pressing the milled powder at ~950 MPa for 2 min under uniaxial
load. Pressed samples were next sintered under vacuum for 3 h at 823 K with
a heating rate of 50 K/min. Sintered products were held for 0.5 h at 823 K and
hot extruded into a rod of 10 mm of diameter by using indirect extrusion with
an extrusion ratio of 16. Also for comparison, not-milled pure aluminum in
the as-extruded condition was tested. Table 1 shows the sample identification,
composition and experimental conditions used.

Tension and compression tests were carried out in the longitudinal (extru-
sion) direction at room temperature in an Instron testing machine; the displace-
ment rate was of 0.016 mm/s. The yield stress (oy) was evaluated at the elastic
limit. For tension test, bone shaped samples was used in accord with ASTM
B557M standard. For compression test, two height-to-diameter ratios (h:3) were
used (0.8 and 2.0) in accordance with the ASTM E9 standard.

Microstructural characterization was done by transmission electron
microscopy (TEM) in a Philips CM 200 operated at 200kV and equipped with a
DX4 X-ray energy dispersive spectrometer (EDS) and a parallel electron energy
loss spectrometer 666 digi-PEELS. Thin foils samples for TEM observations
were prepared from extruded samples by electro-polishing using a mixture of
26 vol.% nitric acid in methanol at around 248 K and 20 VDC.

3. Results and discussion
3.1. Mechanical properties

Fig. 1 shows the tension curves o versus ¢ of the aluminum
graphite microcomposites samples tested in the extrusion direc-
tion as a function of graphite content. All samples follow a
milling—sintering—extrusion sequence, with exception of Al,

250

O [ MPa]

Fig. 1. Tension curves o vs. ¢ for all samples tested in the extrusion direction.
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Fig. 2. oy as a function of graphite contents.

sample, which was only sintered and extruded. From this fig-
ure it is evident the increment of the resistance upholding the
ductility in all the samples. Figs. 2 and 3 present oy and omax
values found in the tension test; it is manifest the important
effect of graphite content on the mechanical properties. Both, oy
and oy present a positive slope as a function of graphite con-
tent. oy increased from 111.8 to 148.1 MPa which correspond
to an increment of about 25.5%; and for oax the increment was
around 30%. This is an important enhancement of the mechan-
ical resistance, considering in addition that the ductility of the
samples was kept, as it is shown in Fig. 1. The increment in the
mechanical properties can also be pointed out remarking that oy
in sample Aljog is approximately the same than o, found for
Alpy (milled sample), and higher than oy found for Alp (see
Figs. 2 and 3). Fig. 4 shows the variation of oy for compression
as a function of graphite content. It is clear that as the graphite
content increases, oy increases as well; the exception was sam-
ple with 0.5 wt.% C, which showed blistering on the surface, this
affected the mechanical properties, also observed in tension test
results (see Figs. 1-3). In this test omax Was arbitrarily evaluated
at a strain of £ =0.1 for all microcomposites, due to the fact that
the maximum resistance in tension were found around this &.
Comparing oy and omax values found in both, tension and com-
pression test (Figs. 2-5), it is observed that compression values
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Fig. 3. omax as a function of graphite contents.
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Fig. 4. oy as a function of graphite contents, for compression test.
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Fig. 5. omax as a function of graphite contents, on,x arbitrarily taken at £ =0.1
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from compression results.
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Fig. 6. TEM micrograph from pure aluminum (Al, sample). Notice the partial
recrystallization.

—5000m = *

Fig. 7. TEM micrograph from Aly5 composite. An incipient recrystallization is
beginning in boundaries of deformed grains.

are 10-15% higher than those found in tension test; this could

be explained by the positive variation of transversal area during
compression test.

3.2. Microstructure

Fig. 6 shows a representative microstructure found in Al,
sample in the as-extruded condition. It was observed the pres-

Fig. 8. Nanoparticles found in Aljoy composites. Particles size is lower than
100 nm.
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Fig. 9. Al-O-C nanofibers found in Al;op composite. Nanofibers present amor-
phous structure.

ence of both, equiaxial and deformed grains, due to partial
recrystallization during hot extrusion. Fig. 7 shows a charac-
teristic view of Al;s sample in the as-extruded condition. It can
be observed the existence of deformed grains in the extrusion
direction (white arrow). Additionally, an incipient recrystalliza-
tion is beginning in boundaries of deformed grains, shown by
dashed arrow. An analysis of Figs. 6 and 7 suggests that graphite
additions increase the recrystallization temperature (Tx); a deep
characterization in Tx variation as a function of graphite con-
centration is being carried out. Fig. 8 shows a typical view
of reinforcement nanoparticles, which present sizes around to
50 nm and distributed at random. H.T. Son reported before [8]
the existence of a bad adhesion between graphite micrometric
particles and aluminum matrix. However, because of the nano-
size of the particles used in the present work, the adhesion of
the particles was excellent; any evidence of an additional phase
was not found. As well to nanoparticles, TEM observations
detected the existence of nanofibers (Fig. 9); microanalysis on
these nanofibers showed the presence of Al, O and C. Diffraction
analysis has shown that nanofibers present amorphous structure.
A characteristic nanofiber of about 800 nm long and diameter
lower than 200 nm found in Aljgp composite is presented in
Fig. 9.

From these results, it is evident that mechanical milling pro-
cess is an excellent tool to disperse and incorporate nanoparticles
into metallic matrix. Furthermore, compression forces during
hot extrusion and thermal contraction during cooling helps
the nanoparticles adhesion into the aluminum matrix. Graphite

nanoparticles are minimally intrusive and offer the promise of
get better mechanical properties without sacrificing structural
integrity. Aluminum—C composite could therefore advance the
state-of-art in the field of composite materials. These nanoparti-
cles and nanofibers are the responsible of the excellent mechan-
ical properties found in composites Al-C. It is known that the
size of the particle (or fiber) plays a very important role on
the reinforcement mechanism; smaller particles provide greater
strength.

4. Conclusions

Aluminum-graphite composites prepared by mechanical
milling followed by hot extrusion showed excellent mechan-
ical properties. The mechanical resistance of the composite
increased by more than 30% as the graphite content increased
only 1 wt.%. It is worthwhile to notice that the increment of the
resistance take place preserving the ductility of all the samples.
The nanoparticles and nanofibers observed in extruded sam-
ples by transmission electron microscopy seemed to be respon-
sible of the reinforcement phenomenon. Also, TEM results
suggest that Al-C composites showed a higher recrystalliza-
tion temperature than pure aluminum. Finally, these outcomes
also establish that mechanical milling process is an excellent
tool to disperse and incorporate nanoparticles into metallic
matrix.

Acknowledgements

“This material is based on research sponsored by the Air
Force Research Laboratory, under agreement number FA9559-
06-1-0524. The U.S. Government is authorized to reproduce and
distribute reprints for Governmental purposes notwithstanding
any copyright notation thereon.” “The views and conclusions
contained herein are those of the authors and should not be
interpreted as necessarily representing the official policies or
endorsements, either expressed or implied, of the Air Force
Research Laboratory or the U.S. Government.”

This research was also supported by CONACYT (Y46618).
Thanks to W. Antinez-Flores, A. Hernandez-Gutiérrez and E.
Torres-Molle for their technical assistance.

References

[1] J.M. Torralba, F. Velasco, C.E. Acosta, I. Vergara, D. Caceres, Composites
A 33 (2002) 427.

[2] M. Gupta, T.S. Srivatsan, Mater. Lett. 51 (2001) 255.

[3] T. Choh, T. Oki, Mater. Sci. Tech. 3 (1987) 378.

[4] C.M. Friend, J. Mater. Sci. 22 (1987) 3005.

[5] S.J. Harris, Mater. Sci. Tech. 4 (1988) 231.

[6] PK. Rohatgi, R. Asthana, S. Das, Int. Met. Rev. 31 (3) (1986) 115.

[7]1 S. Biswas, U. Srinivasa, S. Shesan, P.K. Rohagti, Modern Cast. (1980) 74.

[8] H.T. Son, T.S. Kim, C. Suryanarayana, B.S. Chun, Mater. Sci. Eng. A 348
(2003) 163-169.



	Aluminum-graphite composite produced by mechanical milling and hot extrusion
	Introduction
	Experimental procedure
	Results and discussion
	Mechanical properties
	Microstructure

	Conclusions
	Acknowledgements
	References


