
 

 

  
Abstract—The influence of SiC powder addition on densification 

of Al-SiC compacts during sintering in different atmospheres was 
investigated. It was performed in a dilatometer in flowing nitrogen, 
nitrogen/hydrogen (95/5 by volume) and argon. Fine, F500 grade of 
SiC powder was used. Mixtures containing 10 and 30 vol.% of SiC 
reinforcement were prepared in a Turbula mixer. Green compacts of 
about 82% of theoretical density were made of each mixture. For 
comparison, compacts made of pure aluminum powder were also 
investigated. It was shown that nitrogen is the best sintering 
atmosphere because only in this atmosphere did shrinkage take place. 
Its amount is lowered by ceramic powder addition, i.e. the more SiC 
the less densification occurs. Additionally, the formation of clusters, 
enhanced in compacts containing 30 vol.% SiC, is also responsible 
for limiting the shrinkage. Microstructural examinations of sintered 
composites revealed that sintering of compacts occurs in the presence 
of the liquid phase exclusively in nitrogen. 
 

Keywords—Al-SiC composites, densification, sintering 
atmosphere. 

I. INTRODUCTION 
COLOGICAL requirements of the automotive industry 
include future components with lower densities than iron-

based parts, including those manufactured by Powder 
Metallurgy, PM. Thus aluminum-based PM materials have 
recently gained considerable attention [1]-[10]. The 
replacement of the sintered steel parts by the aluminum-based 
ones has additional economic benefits, because of the 
relatively low temperature of sintering in cheap and safe 
nitrogen. Already there are several aluminum based PM 
materials in use [4], [5], including aluminum metal matrix 
composites (MMCs), of which those reinforced with SiC 
particles are the most significant [11]-[14]. Developed for 
aerospace and defense applications, they have found, up to 
now, limited use in the automobile industry.  

The main goal of our previous investigations on sintered 
Al-SiC MMCs [15]-[17] was microstructural examination, 
especially the arrangement of SiC particles in the aluminum 
matrix. Compacts used in those experiments were sintered 
conventionally in a nitrogen atmosphere, since it has been 
demonstrated unambiguously that nitrogen is the most suitable 
sintering atmosphere for aluminum [18]-[20]. We have also 
already observed [15], [21] that, when compared to other 
sintering atmospheres, processing of Al-SiC MMCs in pure 
nitrogen produces the highest shrinkage.  
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It should be recalled that, due to the extremely high affinity 
of aluminum for oxygen, a thin (few nm) and transparent 
aluminum oxide layer is always present on an aluminum 
surface. Since Al2O3 oxide is thermodynamically very stable, 
it cannot be reduced by any practical gaseous reductants. As 
the surfaces of aluminum powder particles are covered by this 
oxide layer, it influences the sintering process; it being 
expected that the skin will impede the process. Pure aluminum 
oxide powder requires significantly higher sintering 
temperatures than aluminum based powders (about 1600 vs. 
below 600°C, respectively). Thus successful processing of 
aluminum powder at low temperatures must involve 
destroying the continuous Al2O3 oxide layer - to make a direct 
metallic contact between the neighboring powder particles. As 
loosely packed aluminum powder particles were successful 
sintered in nitrogen [22], it is clear that the rupture of the 
brittle oxide layer during compaction is not a processing 
requisite. The difference in thermal expansion coefficients 
between alumina and aluminum may result in an oxide rupture 
during heating, but then the oxide skin can immediately be 
rebuilt by binding with oxygen, necessarily present, even in a 
trace amounts, in the surrounding atmosphere. The disruption 
of the stable oxide skins can also result from the formation of 
a liquid phase [19], [23]. 

Considering all of the above mentioned possible 
mechanisms of destroying Al2O3, it is concluded that the only 
explanation for the effective solid state sintering of an 
aluminum powder are reactions between Al2O3, impurities (or 
alloying elements) present in the powder and the sintering 
atmosphere, though the influence of the atmosphere on the 
dimensional changes occurring during sintering is still not 
completely clear. In an attempt to elucidate this, the current 
paper presents and considers new results on Al-SiC powder 
mixtures sintered in different atmospheres.  

II. EXPERIMENTAL PROCEDURE 

A. Materials 
The starting materials were: 

− air atomized, 99.5% purity AGC100 grade aluminum 
powder of ~100µm average particle size, delivered by 
Alpoco, and 

− ball milled fine SiC F500 grade powder characterised by 
particle sizes d3 max. – 38.2µm, d50 – 15.2-17.8µm and 
d94min. – 4.6µm. Before mixtures were prepared, the SiC 
powder was cleaned in acetone, then washed in cold water 
and dried. 

Mixtures containing 10 and 30vol.-% of SiC were prepared 
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in a turbula mixer with a mixing time of 30 minutes. 
Additionally, for comparison, as-delivered aluminum powder 
was the next investigated composition.  

B. Green Compacts 
Rectangular (15x4x4 mm3) green compacts of ~82% of 

theoretical density were produced by uniaxial cold pressing 
with glycerol die wall lubrication.  

C. Sintering 
Sintering was performed in a horizontal NETZSCH 402E 

dilatometer in different protective gas atmospheres, flowing 
through the furnace tube of 35mm inner diameter at 
100ml/min. The sintering atmospheres used were:  
− pure nitrogen (52), 
− 5 vol.-% hydrogen and 95 vol.-% nitrogen, and 
− pure argon. 

All gases used were high purity with a dew point below –
70°C (which was the lowest point on a dew-point-meter’s 
scale), and oxygen content below 5ppm.  

Dimensional changes were monitored during the whole 
temperature-time program: heating at 20°C/min. to the 
isothermal sintering temperature of 620°C, at which the 
samples were held for 2 hours, and cooling at 20°C/min. to 
room temperature.  

III. RESULTS AND DISCUSSION 
Fig. 1 clearly demonstrates that sintering atmosphere (N2, 

Ar or N2+5%H2) exerts a strong influence on the sintering 
densification of Al-30vol.% SiC compacts. Two completely 
different types of dilatometric curves can be distinguished: for 
sintering in pure nitrogen and in other atmospheres. This 
observation is valid for all compositions investigated, i.e. the 
amount of SiC, in contrast to the atmosphere type, does not 
change the type of dimensional behavior during sintering (Fig. 
2). Additionally, the results show that the sintering atmosphere 
is a dominant factor, determining not only the sintering 
mechanisms, but also generating the sintering shrinkage. 

While both heating and cooling segments are similar for all 
mixtures investigated, the essential dimensional changes are 
observed during isothermal sintering. Independently of the 
sintering atmosphere, the heating period is characterized by 
continuous thermal expansion up to the isothermal step at 
620°C. However, the expansion rate becomes lower as the 
amount of ceramic powder added is increased (Fig. 2). It is 
well known that the main function of SiC constituent in the 
Al-SiC composites is limiting the thermal expansion of the 
matrix.  

It has already been shown [18], [23] that densification 
occurring during sintering of aluminum is connected with its 
nitriding and even a small amount of hydrogen in a mixture 
with nitrogen will strongly impede the sintering shrinkage. 
The current results clearly document that only pure nitrogen is 
an active sintering atmosphere also for Al-SiC compacts 
producing their shrinkage. Similarly to the sintering behavior 
of unalloyed aluminum, the isothermal shrinkage developed in 
Al-SiC compacts in nitrogen at high shrinkage rate may 

suggest that a liquid phase contributes to the shrinkage. The 
appearance of the liquid phase in the system at 620°C is 
possible due to the highly exothermal aluminium nitriding 
reaction, which may result in a local increase of the 
temperature above the aluminium melting point. 
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Fig. 1 Dilatometry trials showing the sintering atmosphere effect on 
densification of Al-30vol.% SiC compacts. Green density ~82% of 
theoretical, isothermal sintering temperature 620°C and time – 2h 

 
Microstructure investigations curried out on sintered 

compacts confirm the presence of the liquid phase during 
sintering of Al-SiC compacts in nitrogen (Fig. 3). As can be 
seen, the liquid phase partly wets the ceramic surface, which 
supports densification. 
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Fig. 2 Dilatometry trials showing the effect of reinforcement amount 
on densification of Al-30vol.% SiC compacts. Green density ~82% 
of theoretical, isothermal sintering temperature 620°C and time – 2h 
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(a) 

 

 
(b) 

Fig. 3 Microstructure of Al-SiC compacts sintered in nitrogen: (a) – 
10vol. % SiC, (b) – 30vol. % SiC. Structural components of the 

matrix document the presence of the liquid phase during sintering 
 

It seems, however, that some unresolved questions remain, 
e.g. whether nitrogen completely impedes the reaction 
between Al and SiC and whether the Al-Si liquid phase is 
formed, at all, in nitrogen. 

IV. CONCLUSIONS 
Densification during sintering of Al-SiC powder mixtures 

depends strongly on the composition of gaseous atmosphere 
used; only pure nitrogen produces shrinkage. 

Nitriding of aluminum matrix, evolved only in pure 
nitrogen atmosphere, is responsible for the liquid phase 
formation during isothermal sintering curried out at 
temperatures even lower than the melting point of aluminum. 
Since the melt partly wets the solid phases, the densification of 
compacts proceeds. 

It seems that nitriding of the aluminum matrix dominates 
over the reaction between aluminum and silicon carbide 
producing Al4C3 and thus the latter can be avoided in the 
sintered structure, which is highly desired. 
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