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Effects of Porous Carbon on Sintered
Al-Si-Mg Matrix Composites

J.U. Ejiofor and R.G. Reddy

The influence of microporous particulate carbon char on the mechanical, thermal, and tribological prop-
erties of wear-resistant Al-13.5Si-2.5Mg alloy composites was studied. Large increases in surface area
due to the formation of micropores in coconut shell chars were achieved by high-temperature activation
under CO; gas flow. Activated char particles at 0.02 V; were used to reinforce the alloy. The composites
were fabricated via a double-compaction reaction sintering technique under vacuum at a compaction
pressure of 250 MPa and sintering temperature of 600 °C. At more than 35% burn-off of the carbon
chars at the temperature of activation, 915 °C, the total surface area remained virtually unaffected. The
ultimate tensile strength and hardness decreased by 23% and 6 %, respectively; with increasing surface
area of the reinforcement from 123 to 821 ng'l. The yield strength and the percentage of elongation de-
creased by a factor of 2 and 5, respectively. No significant change in sliding wear rate was observed but
the coefficient of friction mcreased by 13 % (0 61 to 0.69). The coefficient of linear thermal expansion was
reduced by 16 % (11.7 x 10°%t09.8 x 10°%°C- ), and remained unaffected at more than 35% burn-off. En-
ergy-dispersive spectrometry of the particles of the activated chars showed that oxides of potassium and
copper coated the open surfaces. Failure at the matrix-char interface was observed, and this was attrib-
uted to localized presence of oxides at the interfaces as identified by electron probe microanalysis. Poor
wetting of the oxides by magnesium at the sintering conditions resulted in formation of weak matrix-char
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interface bonds.
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1. Introduction

Aluminums-silicon alloy composites are known for their
good wear-resistant properties and have been fabricated for a
great number of tribological applications (Ref 1, 2). One of the
fabrication techniques, reaction sintering, produces parts with
up to 30% porosity, and subsequent secondary processing prac-
tices such as extrusion and rolling are common in achieving
further densification. Reaction sintering is usually applied to
parts that have a low coefficient of friction and require light
loading, less than 45 Ib, as well as to those with inherent lubri-
cating properties (Ref 3). The theory of sintering has been well
documented (Ref 4, 5) and the process is fairly well under-
stood.

For every synthetic composite in service, excellent bonding
between the matrix and the reinforcement phase (which guar-
antees high interfacial strength as well as effective perform-
ance in a reasonable period of time) is an important
requirement. Current practices aimed at achieving this require-
ment include: (a) proper selection of wettable material mates;
(b) mechanical, chemical, and thermal treatments of the rein-
forcing phase; (c) alloying of the matrix with surface active ele-
ments; and (d) spontaneous growth of reinforcement phases,
the in-situ method. Previous studies (Ret 6) on Al-11.8Si alloy
(with additions of 3 to 6% Mg) reinforced with coconut shell
char and prepared by the vortex method have reported good
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bonding and excellent tribological properties. Up to 40 vol%
coconut shell char as a reinforcement was possible. Preferen-
tial segregation of magnesium near the inner surface of the
pores of the char particle was reported. In addition, the tensile
properties and hardness of the alloy were found to decrease
with additions of char particles. Ejiofor and Reddy (Ref 7) re-
cently studied the reaction sintering of Al-13.58i-2.5Mg alloy
(magnesium added as a surface active element) reinforced with
primary-carbonized coconut shells, a form of carbon char.
They achieved adequate alloy-char interfacial bonds at 0.02 V;
char with significant reduction in dry sliding wear and coeffi-
cients of friction and thermal expansion. Progressive reduc-
tions in sintered density followed additions of char particles.
Some of the results, however, fell within the range for electro-
mechanical antifriction applications.

Inrelated work, Satyanarayana et al. (Ref 18) reinforced Al-
11.8Si alloy melt with preheated coconut shell char via the me-
chanical stirring technique. They reported increases in the
densities and mechanical properties of the composites, and this
disagrees with the findings by Murali et al. (Ref 6) and those of
later investigators (Ref 9, 19, 20). Satyanarayana et al. also ob-
served a superior adhesive wear resistance and decreasing co-
efficient of friction.

It is well known, however, that large surface area provides
the excess surface energy that drives sintering in powdered ma-
terials. Excess energy is readily obtained in fine, irregularly
shaped powder particles with interconnected pores. Chars are a
group of non-graphitizable carbon made from organic materi-
als that do not become fluid during the carbonization process.
They have very high surface area (relative to the graphitizable
carbon), which is further increased on activation. The use of
steam and carbon dioxide in the production of activated carbon
by partial gasification has been reported for a number of pre-
cursors, including brown coal, olive stones, and coconut shells
(Ref 10-12). Depending on the medium used, a significant in-
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crease in surface area was observed. In general, steam appears
to produce a larger mesopore volume (width 2 to 50 nm) than
carbon dioxide, the latter favoring micropore development.
The ability of fine particulate carbonaceous matter to form in-
terconnected micropores after both chemically enhanced acti-
vation and high temperature “physical” activation has been
exploited by different process industries. However, the influ-
ence of the increased surface area of the particles of the acti-
vated carbon on the synthesis of structural or tribological
materials has not been systematically studied. Instead, most
studies have focused on adsorption of gases, decolorization of
sugar, refining of oils, purification of water, and so on (Ref 13-
15). Common precursors used for activated carbon are bones,
coconut shells, natural carbons, and petroleum residues.

We have undertaken a study of the influence of micropores
in activated carbon char on the sintering of a hypereutectic Al-
13.58i-2.5Mg alloy. The objective was to evaluate the macro-
scopic properties of the resulting composites. The effects of
char additions on the densities of the composites are also dis-
cussed.

Materials preparation and
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Fig.1 Composites processing flowsheet
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2. Experimental Procedure

A conventional, double-compaction powder processing
technique was used in fabricating the composites. A flowsheet
is given in Fig.1. The details of the technique are given else-
where (Ref 9, 19, 20), so only the preparation of the reinforce-
ments is described in this paper. The composition of the
reinforcement precursor, coconut shell, is shown in Table 1.
The shells were fragmented and carbonized in a closed thick
mild steel pot. The maximum temperature of the primary car-
bonization was 655 °C. The process was considered complete
when the escape of gases was no longer visible. The air-cooled
chars were ground to less than 300 pm. They were annealed un-
der dry liquid nitrogen at 300 °C for 1 h. The composition of
treated samples is given in Table 2. In order to detect formation
of graphite crystals on the char, x-ray diffraction analysis
(XRD) was carried out. Energy-dispersive spectrometry (EDS)
was used to reveal the extent of oxidation of the chars. These
analyses are shown in Fig. 2(a) and (b).

Secondary carbonization and subsequent physical activa-
tion of the samples was carried out under high-purity dry nitro-
gen with very low dewpoint (and flow rate, 4.0 L/min). The
chars were heated to 850 °Cand held for 5 to 10 s. The heating
rate was 15 °C/min and the pressure was 1 bar. The samples
were cooled in the furnace. Carbon dioxide was used as the ac-
tivation medium with a flow rate of 4.0 L/min while the sample
was heated to 915 °C. Samples were activated to various bum-
off percentages in order to vary the amounts of porosities. For-
mation of micropores was measured by total particle surface
area. At the end of the activation process, the samples were fur-
nace-cooled. Both the secondary carbonization and the activa-
tion were preformed in a gravimetric tube furnace assembled
from a Donaldson vertical split tube furnace and a Cahn RH
Electrobalance (Cerritos, CA; Ref 16). The powdered carbon
char sample was contained in a suspended silica glass cylindri-
cal crucible. The dimensions of the cylinder were 11 mm inter-
nal diameter, 2 mm thickness, and 44 mm internal depth. Silica

Table1 Composition of coconut shell powder

Constituent Value, wt %
Moisture 12.00
Ash 0.62
Lignin 29.35
Solvent extracts 2.71
Pentosan 28.11
Cellulose 26.20
Anhydride 0.92
Others 0.09

Table2 Composition of coconut shell char before
activation

Element Value,wt %

C 77.15
H 2.88
N 024
S
P
O

<0.1
0.018
thers 19.71
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shots were placed at the bottom of the crucible to create chan-
nels for the upward-moving gases. The elemental composi-
tions of the activated samples were analyzed using the Carlo
Erba 1106 Elemental Analyzer. The time of activation, per-
centage burn-off, and elemental composition are given in Ta-
ble 3. The Brunauer-Emmett-Teller technique was applied in
measuring the surface area of the reinforcements using the
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Carlo Erba Sorpty model 1750 (Cerritos, CA). Typical scan-
ning electron micrographs of the activated carbon char are
shown in Fig. 3. The white deposits observed in the mi-
crographs are the ash compounds.

Composites of Al-13.5Si-2.5Mg containing 0.02 V; acti-
vated carbon chars were fabricated according to the optimal
conditions determined in our previous studies (Ref 7, 9), such

Arbitrary unit

Fig.2 Primary carbonized coconut shell char. (a) X-ray pattern revealing absence of peaks. (b) EDS showing presence of oxygen

()

Fig. 3 Typical scanning electron micrographs of activated coconut shell char. (a) 21.7% burn-off. (b) 48.5% burn-off. White deposits rep-

resent ash products
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as: 1% particulate stearic acid and 0.5% aluminum stearate
were used as lubricants; a compaction pressure of 250 MPa was
used to produce a flat tensile test specimen; delubrication was
performed at 300 °C for 1 h under nitrogen gas; vacuum sinter-
ing was done at 600 °C using a diffusion pump with a tube pres-
sure between 1.7 x 107! and 4.42 x 10! Pa; and a backing
pressure of 0.08 MPa was applied to consolidate the green sam-
ples. Thermal, tribological, and mechanical properties of the
fabricated composites were subsequently determined.

3. Results and Discussion

As shown in Fig. 2(a), graphitization of the char particles
did not occur during the primary carbonization process. The
high amounts of cellulose and lignin given in Table 1 indicate
that coconut shells contain some amounts of organic fibers. Ta-
ble 2 and Fig. 2(b) show the low yield of elemental carbon in
the char. This may have resulted from hydrogenation as well as
from air oxidation of carbon during primary carbonization.
This thermal decomposition process removes the noncarbon
elements (hydrogen, oxygen, traces of sulfur and nitrogen) in a
gaseous form. The resultant disorganized carbon particles are
then deposited in some interstices, leaving a small amount of
unfilled interstices. Secondary carbonization removes the dis-
organized carbon, exposing the surface of the elementary crys-
tallites to the action of the activation agent, which is carbon
dioxide in this case. According to Wigmans (Ref 17), the acti-
vation process does result in carbon removal via active sites
and in some other reactions, alt of which lead to the develop-
ment of porosity with increasing burn-off. These mechanisms
explain the increase in surface area, the changes in pH, and the
carbon yields at burn-offs during the physical activation (Table
3). The surface area increased from 123 (unactivated char) to
821 m2g“ (activated char, at 48.5% burn-off). Laine et al. (Ref
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80 —&— Vickers hardness, HVI _
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Fig.4 Effects of percent burn-off of chars on the mechanical
properties of the composites
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12) have reported an increase in surface area (measured by a ni-
trogen adsorption technique) of chemically activated coconut
shell from about 420 to 1250 m2g~! for temperatures ranging
from 300 to 600 °C. Table 3 also shows that there was signifi-
cant loss of material in the initial 1 to 1.5 h of the high-tempera-
ture activation. Virtually no weight loss was observed and
carbon content remained unchanged at higher percentage of
burn-offs. This suggests that activation beyond this time period
did not affect selective combustion (removal) of carbon from
active sites by the diffusing carbon dioxide, thus allowing crea-
tion of pores. Other reactions (Ref 12) and dilation of the mi-
cropores may be responsible for the observed small increase in
surface area.

As was the case with use of unactivated char, reinforcing the
matrix alloy with progressively more porous char led to de-
clines in the ultimate tensile strength, yield strength, and per-
cent elongation of the composites. This behavior is presented
in Fig. 4. The ultimate tensile strength and the hardness de-
creased by 23 and 6%, respectively. A marginal decrease in the
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Fig. 5 Effects of percent burn-off of chars on (a) sintered den-
sity and (b) coefficient of linear thermal expansion of the Al-
13.58i-2.5Mg composites
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sintered density of the composites (77 to 71 MPa) also oc-
curred, as shown in Fig. 5(a). This reduction in strength does
not necessarily imply a poor service performance of the com-
posites, because their specific densities are not adversely af-
fected. The yield strength decreased by almost a factor of 2,
while the percent elongation reduced by a factor of 5.

Examination of the fractured surfaces revealed a potential
cause for the decline in mechanical properties. Potassium and
copper oxides were detected on the char particles by x-ray
analysis, with more concentrations of copper at higher burn-off
(Fig. 6). These are combustion products, such as ash, which are
alkaline in nature and are likely to be responsible for the rise in
pH of the chars with activation time. Typical ash constituents
include alkali oxides, alkaline earth oxides, and silica. Ther-
modynamic considerations suggest that magnesium in the ma-
trix alloy is expected to reduce oxides of copper and potassium,
thus aiding in formation of chemical bonds. However, the de-
posits of these oxides are capable of affecting the wetting ac-
tion of magnesium as well as the amount necessary to cause the
required interfacial bonds. Significant reactions and bonding at
the interface due to diffusion may not have occurred, probably
because of a limited proportion of molten magnesium (melting
point, 650 °C) at the sintering temperature. This is because it is
necessary to have an adequate thin film of liquid-phase magne-
sium on the oxide substrates and subsequent bonding due to
atomic diffusion in order for strong bonds to form between the
char and the matrix particles. As activation time is increased,
and thus the burn-off percentage, the amount of these oxides
are expected to rise. This rise will progressively hinder sinter-
ing, leading to decreases in the mechanical properties of the
composites as shown in the results (Ref 20).

This critical effect of the oxides was revealed by electron
probe microanalysis (EPMA) of the fracture surface of a ten-
sion-failed composite containing 0.02 V; of the 48.5% burn-off
char. An interfacial failure suggestive of poor bonding was ob-
served. As shown in Fig. 7, the fracture path traversed at the
char-matrix interfaces with potassium, silicon, and a very low
concentration of magnesium on the surfaces. But earlier (Ref
6) and recent investigators (Ref 7) have reported excellent
bonds between Al-Si-Mg alloy and particulate carbon char
containing no oxide products at the open surfaces. The pres-
ence of the oxides is therefore attributable to the reductions in
the mechanical properties of the composites. It can also be de-
duced that excellent bonding would be achieved if sintering
temperature were high, but not so much as to lead to formation
of the intermetallic carbide phase.

Further, carbothermic reduction of copper oxide is thermo-
dynamically possible at the sintering conditions, especially
with supply of oxygen by the carbon dioxide flow. This is not,
however, the case with potassium oxide, which is more stable
relative to carbon monoxide gas. These phenomena are ex-
pressed in Fig. 7, which shows only the presence of potassium
peak at the fracture surface of the interface-failed composite,
indicating a possible migration of copper into the matrix.

Figure 5(b) shows that a 16% reduction in the linear thermal
expansion of the reference alloy was achieved when 48.5%
burn-off char was the reinforcement. This is attributed to the
increased volume of pores in the activated char, as can be seen
in the figure where the respective values decrease with increas-
ing total surface area of the chars. Figure 8 shows that the slid-
ing wear rate of the composite filled with unactivated char
decreased by a negligible amount when the chars were acti-

Table3 Percentage burn-off, surface area, weight loss, pH, and composition of the activated char particles

Activation time, Burn-off, Surface area, Weight loss, Composition, wt %
min % m2g-! % pH C H N P S
0 0.0 123 0.00 4.9 77.15 2.88 0.24 0.02 <0.1
105 21.7 624 26.31 6.9 88.59 0.44 0.22 <0.1
110 35.2 800 28.99 7.3 90.33 0.24 0.13 0.05 <0.1
160 40.5 815 29.01 1.3 90.33 0.20 0.07 0.02 <0.1
200 48.5 821 29.02 90.36 0.21 0.17 0.04 <0.1
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Fig. 6 X-ray spectra of the activated chars at (a) 21.7% burn-off and (b) 48.5% burn-off, revealing oxides of potassium and copper
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Arbitrary unit

Fig.7 Scanning electron fractograph and EPMA of fracture
surface of Al-13.55i-2.5Mg alloy containing 0.02 V¢ char acti-
vated at 48.5% burn-off

vated, while the coefficient of friction remained virtually unaf-
fected (increasing from 0.61 to 0.69, at 48.5% burn-off). The
wear rate decreased from 1.7 x 1077 to 1.66 x 10~7 g/cm™!. Al-
though the optimum amount of coconut shell char in the matrix
alloy is 2 vol% for sliding wear under a loading of 10 1b (Ref 7),
the wear reduction observed appears to be an anomaly. Com-
posite materials with weak bonds are expected to be vulnerable
to wear and mechanical failures because of poor and dispropor-
tionate load distributions. The anomaly is explained by the re-
dox reactions of the thermal process. Oxides of sulfur could
form by the reactions between oxygen in the activation cham-
ber and the sulfide in the particle. The Gibbs energy is high for
a chemical reaction to take place between magnesium and sul-
fur at the sintering temperature, forming magnesium sulfide
(Ref 21). This final compound is known to increase the coeffi-
cient of friction between two bodies (Ref 18). The coefficient
of friction increased by only 13% in the present study, but fric-
tion contributed by surface asperities (made of a self-lubricat-
ing material such as carbon) often lead to seizures that do result
in errors in measurement of wear rate.

4. Conclusions

This study has provided a basis for the potential use of po-
rous reinforcements, such as carbon, in Al-Si-Mg alloys in pro-
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Fig.8 Effects of percent burn-off of chars on sliding wear rate
and coefficient of friction of the Al-13.5Si-2.5Mg composites

ducing lightweight composites with high specific strength via the
powder metallurgy technique. Further specific findings include:

e Activation of coconut shell char at high temperature (2915
°C) does not increase pore formations at burn-offs beyond
35%.

e  The ultimate tensile strength and the hardness values of the
Al-13.55i-2.5Mg alloy decreased by 23 and 6%, respec-
tively, when the alloy was reinforced with 0.02 V;activated
char of surface area 821 m2g-L, Yield strength and the per-
cent elongation of the composites decreased by factors of 2
and 3, respectively. With less porous carbon (unactivated
char), the mechanical properties remained virtually unaf-
fected, except the Vickers hardness, which increased from
54 to 57. This increase has been attributed to good inter-
facial bonding and the high hardness value of carbon.

e The EDS analysis showed that oxides of potassium and
copper were formed around the particles of the activated
char. Failure at the matrix-char interfaces was observed.
Silicon, a low concentration of magnesium, and localized
potassium oxide were identified at the fractured surfaces by
EPMA. The interface failure was attributed to poor wetting
and bonding (caused by the oxides) between the surfactant,

magnesium, and the char particles at the sintering tempera-
ture, 600 °C.

e The sliding wear rate of the Al-13.5Si-2.5Mg alloy rein-
forced with 0.02 V; activated char (48.5% burn-off) is not
different from that of the alloy containing unactivated car-
bon char. On the other hand, the coefficient of friction of
the former is, on average, 11% higher than that of the latter
composite. The coefficient of linear thermal expansion de-
creased by only 16% (11.7 to 9.8) when activated char was
used as the filler phase, and it remained constant at burn-
offs greater than 35%.
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