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Abstract 

In this work, nano-ceramic preforms containing either 32OAlSiC  or 

2SiOSiC  were infiltrated by using an Al-Si-Mg alloy via pressureless reactive 
infiltration. In both systems, a relatively large fraction of the nano-
reinforcements were exposed to reaction with the molten alloy. It was found 
that Mg in the vapour phase or in the Al-Si-Mg melt acts to reduce the 32OAl  

or 2SiO  nanoparticles. Also, when a nitrogen atmosphere is present, 23NMg  is 

formed. Other reactions occur that result in the formation of ,OMgAl 42  AlN 

including amorphous Al-Mg-Si-O phases. It was found that the 34CAl  phase 

always forms in the 32OAlSiC  system, which can be detrimental for the 

stability and properties of the reinforced composite. In contrast, in the 
,SiOSiC 2  the 34CAl  phase did not develop probably due to the presence of 

,SiO2  which inhibits its formation. In addition, reduced infiltration was 

observed in the 32OAlSiC  system due to the presence of MgO and .OAl 32  

These phases possess low wettability and can make the infiltration process 
increasingly difficult. In contrast, the 2SiOSiCAl  exhibited improved metal 

flow probably as a result of reactive infiltration between the amorphous 2SiO  
nanoparticles when in contact with the molten metal. Finally, micro-hardness 
measurements indicated that these systems exhibit similar values for a given 
fraction of reinforcement regardless of the type and/or distribution of 
nanoparticles. 

1. Introduction 

In recent years, increasing environmental concerns have been forcing 
the automotive sector into the development of highly fuel efficient ecological 
vehicles. A key factor in the design of these vehicles is the development of 
low density materials with unique properties [1, 7, 14, 28]. Among the 
materials of interest are Al-matrix materials reinforced with diverse 
ceramic compounds, such as 32OAl  or SiC  particles [1, 12, 16, 21, 26]. 
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Yet, large scale applications using composite materials is limited due to 
processing constraints. Among these constraints are (a) reinforcement-
matrix reactivity; (b) reduced infiltration velocities; and (c) high processing 
costs. Despite these limitations, it has been found that the benefits 
related to weight reduction coupled with improved properties can easily 
surpass any potential processing shortcomings [7, 15, 26]. 

Alternatively, there have been various efforts in the development of 
composite materials consisting of metallic matrices, such as Al-based 
alloys containing ceramic nano-reinforcements. However, addition of 
nano-ceramic reinforcements into the melt is not an easy task. Typically, 
nano-ceramic reinforcements tend to agglomerate resulting in non-
uniform nanoparticle distributions in the Al-matrix. Various processing 
techniques have been suggested including ultrasound in order to promote 
uniform particle distributions [12]. However, the volume fractions of 
nanoparticles introduced in a uniform manner are rather low (typically 
below 1.0wt%). At these nano-reinforcement levels, the tensile strength of 
an A356 Al-alloy containing SiC  nanoparticles has been found to exhibit 
improvements of nearly 100% with no negative effects to elongation [12]. 
Yet, beyond 1.0wt% nanoparticle additions, the matrix viscosity increases 
significantly making processing rather difficult. 

Another important constraint is related to the stability and reactivity 
of nanoparticles in the liquid metal. Hence, alternative processing 
methods such as pressureless infiltration, which can introduce relatively 
large volume fractions of reinforcements are highly attractive. 
Accordingly, in this work, an Al-Si-Mg alloy is used to infiltrate various 
preforms made of either nano- 32OAl-SiC  or nano- .SiO-SiC 2  In 

addition, Mg is introduced into the alloy system in order to investigate its 
role on the resultant phases developed during alloy infiltration. 
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2. Experimental 

The ceramic nanoparticles employed in this work are ,OAlSiC, 32  

and .SiO2  From these nanoparticles, cm5.0cm3cm4 ××  rectangular 

preforms containing 40vol% and 25vol% total ceramic reinforcements 
were prepared by using 10wt% dextrin and 1ml distilled water. The 
powder mixture was placed in a steel die to compact performs with 60% 
and 75% porosity. The preforms were dried at 130°C and cured at 230°C 
for 1.5h. For infiltration purposes, the preforms were cut half way. Table 1 
gives the vol% of ceramic nanoparticles used in the preform components. 

Table 1. Vol% of nano-reinforcements in the investigated systems 

System 
1 

( )32OAlSiC  
2 

( )2SiOSiC  
3 

( )32OAlSiC  
4 

( )2SiOSiC  

Amount 60 40 60 40 60 40 60 40 

Preform 40 40 25 25 

The alloy used for preform infiltration purposes was an Al-10Mg-12Si 
alloy. Prior to pouring the alloy into molds, samples were taken for 
chemical analyses. Preform infiltration was achieved by placing the 
preform together with enough amount of Al alloy (40-50g) in a ceramic 
mold. The system (metal-preform) was heated at 1100°C for 60 minutes 
in a high temperature tubular furnace under an 2N  atmosphere in order 

to promote infiltration. Afterwards, the infiltrated preforms were 
characterized by using a Philips 3040 diffractometer and a Nova nano 
SEM scanning electron microscope (SEM) 200 FEI equipped with an 
energy dispersive X-ray spectroscope (EDX). Finally, micro-hardness 
measurements were made on the infiltrated preforms. 
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3. Results and Discussion 

3.1. Nano-particle effects 

Two groups of nano- SiC-α  were identified (spatial group P63mc), 
which are 4H and 6H (see Figure 1(a)). In both groups, the crystal 
structure is hexagonal with lattice parameters a = 0.3081nm and              
c = 1.509nm (group 6H) and a = 0.3073nm and c = 1.005nm (group 4H) [8, 
13, 27]. The 32OAl  nanoparticles are shown in Figure 1(b), as well as 
their corresponding diffraction patterns. X-ray diffraction indicated that 
the crystal structure of 32OAl  nanoparticles was cubic and corresponded 
to 32OAl-γ  (spatial group Fd-3m) with a lattice parameter a = 0.7906nm. 

In the case of 2SiO  nanoparticles, it was found that it did not exhibit 
a crystal structure. Figure 1(c) shows a typical X-ray diffraction pattern 
corresponding to amorphous 2SiO  in a 15-30° 2 scan. Figures 2(a)-(c) are 
SEM micrographs of the various nanoparticles employed in this work. 
Notice that the nanoparticles are agglomerated in all the cases and that 
average nanoparticle sizes are below 500nm. 
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Figure 1. X-ray diffraction patterns of nanoparticles: (a) SiC;  (b) ;OAl 32  

and (c) .SiO2  
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Figure 2. SEM micrographs showing the morphology of nanoparticles: 
(a) SiC;  (b) ;OAl 32  and (c) .SiO2  
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Upon melt infiltration, it was found that the nanoceramic 
reinforcements in the preforms were not stable enough and reacted 
rapidly with the molten metal. Apparently, the nanoparticles provided a 
relatively large surface to volumen ratio for enhanced reaction, as well as 
numerous reaction sites. As a result, new phases formed in relatively 
short times in the investigated systems. In general, these phases were 
highly uniform and with a relatively fine grain size structure. 

However, melt infiltration was hindered whenever relatively coarse 
MgO phases developed in the investigated systems. In this preliminary 
work, there was no attempt to investigate the kinetic aspects of melt 
infiltration as there are various published works in this field [15, 21]. 
Instead, the experimental outcome on the infiltrated preforms was 
focused on the phases developed and their effect of the preform 
infiltration process. 

3.2. 32OAlSiC  preforms 

Figure 3 shows SEM micrographs of the 32OAlSiC  infiltrated 

system, including EDX mapping of the various elements present in the 
reinforced material. It is apparent from these micrographs, that a 
predominant dark gray phase develops, which is rich in Mg, O, and N 
and it is surrounded by the matrix elements (Al and Si). In addition, the 
isolated porosity was identified with sizes of up to m20µ  in diameter. In 

order to identify the various phases developed, the Al-metal matrix was 
chemically removed by using an aqueous solution of KOH (20vol%). 
Figure 4 shows the remaining phases in the 32OAlSiCAl  infiltrated 

preform after matrix removal. Semi-quantitative EDX determinations of 
the elements present at various locations (1-5) were made and are given 
in Table 2. 
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Figure 3. SEM micrograph and X-ray element mapping in the 

32OAlSiCAl  composite. 
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Table 2. Semi-quantitative EDX determinations (system: )32OAlSiCAl  

 Wt% 

Element Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

C 32 29  26  

O 35 28 55 34 60 

Mg 2 2 14 7.5 9 

Al 3 9 5 4  

Si 28 32 0.5 28.5 10 

K   23.5  21 

Na   2   

Total 100 100 100 100 100 

Once again, it is evident from Figure 4, the presence of a relatively 
coarse and dominant phase (locations 3 and 5), which is rich in Mg and O. 
In addition, a carbon rich phase is found at locations 1, 2, and 4. 
Determinations using X-ray diffraction (see Figure 5) identified the 
resultant phases as SiC, AlN, MgO, and .CAl 34  Apparently, most of the 

SiC nano-particles were eliminated through reactive infiltration with the 
molten Al-alloy giving rise to 34CAl  according to the reaction [5, 6, 10, 25]. 

( ) ( ) ( ) ( )Alins34sl Si3CAlSiC3Al4 +→+   (1) 

mol.kJ256G C1100 −=∆ °  
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Figure 4. SEM micrograph and EDX spectra showing the morphology 
and composition at various locations in the 32OAlSiCAl  composite. 

 

Figure 5. X-ray diffraction peaks of the various phases formed in 
32OAlSiCAl  composites.  
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It is known [19] that the 34CAl  phase is considered to be detrimental 

to the integrity and properties of reinforced Al-composites as it is prone 
to react with the moisture of the environment as 

( ) ( ) ( ) ( ) ( ) ( ).12H3COOH4AlO18HCAl g2g2s3l2s34 ++→+   (2) 

As a result of this reaction, there can be significant degradation of the 
reinforced material as appreciable swelling is known to occur, 
particularly at the matrix-reinforcement interfaces [5, 6, 10, 25]. In this 
work, infiltration was carried out under a nitrogen atmosphere. Hence, 
the development of AlN can be attributed to reaction of nitrogen with the 
molten alloy according to the following reactions [11]: 

( ) [ ] ( )s23g NMgN23Mg →+   (3) 

mol;kJ175G C1100 −=∆ °  

( ) ( ) ( ) ( )lsls23 3Mg2AlNAl2NMg +→+   (4) 

mol.175kJ∆G C1100 −=°  

In addition, MgO is expected to form due to reduction of 32OAl  with Mg 

vapourization from the liquid melt (see reaction below). In general, it is 
found that MgO forms when the Mg concentration is in the range of 2 to 5 
wt% at temperatures of or above 650°C [17, 18, 24]. 

( ) 2Al3MgOOAl2Mg 32ν +→+   (5) 

mol.kJ167G C350 −=∆ °  

In an attempt to identify the active phase formation reactions, non-
infiltrated preforms were subject to air at 1100°C for 60 minutes and the 
resultant phases identified by X-ray diffraction. Figure 6 shows the 
various phases identified by these means ( MgO,,OAlSiC, 32  and 

).OMgAl 42  Notice that in this case, no AlN phases developed. 
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Figure 6. X-ray diffraction peaks of 32OAlSiC  preforms processed at 
1100°C for 60 min. 

Moreover, no 34CAl  was found to form probably due to the lack of 

molten Al infiltration into the preform. MgO was present suggesting that 
reaction (5) was active under these conditions. In addition, the MgO 
phase promoted the formation of 42OMgAl  spinel through reaction 

between 32OAl  and MgO, according to [13, 17, 18, 24] 

( ) ( ) ( )s42ss32 OMgAlMgOOAl →+   (6) 

( ) mol.47.6kJ∆G C827 −=°  

3.3. 2SiOSiC  preforms 

A similar experimental analysis to the one in the previous section 
( 32OAlSiC  preforms) was carried out on the 2SiOSiC  system. Once 

again, notice the development of relatively fine new phases through melt 
reaction with the nano-sized ceramic reinforcements. Figure 7 is an SEM 
micrograph of the resultant microstructure including EDX mapping of 
the various elements involved. Apparently, the light gray phases are 
made up of mostly Al and Si corresponding to the Al-alloy, whereas the 



M. RODRÍGUEZ-REYES et al. 60

dark gray phase consists mostly of Al, Mg, and O. Just as in the previous 
system, the isolated porosity with an average size of m10µ  was found in 

this system. 

 

 

Figure 7. SEM micrograph and X-ray element mapping in the 
2SiOSiCAl  composite. 

After removal of the metallic matrix in the 2SiOSiC  system, 

elemental EDX determinations of composition were made at various 
locations (1 to 5) and they are given in Table 3. In this table, locations 1 
and 5 correspond to relatively fine phases rich in Mg and O. At locations 
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2 and 3, an Al and O rich phase is found and at location 5, an Si-O rich 
phase is present. Identification by X-ray diffraction indicated that the 
resultant phases in this system correspond to SiC, MgO, and AlN. It was 
not possible to detect any other phases using X-ray diffraction due to 
their amorphous nature. Nevertheless, there are reports indicating that 

2SiO  particles can also react with the Al-melt to form aluminosilicates 

[26], which might be the case at location 5 (see Figure 9). Also, notice that 
in this system AlN phases were formed, whereas the development of 

34CAl  phases was avoided. 

Table 3. Semi-quantitative EDX determinations (system: )2SiOSiCAl  

 Wt% 

Element Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

C 9.87     

O 45.5 8.72 18.21 16.16 41.02 

Mg 2.53 0.62   3.6 

Al 14.62 59.88 58.36 18.53 14.32 

Si 21.44 5.39 23.43 38.03 29.3 

K 6.04   27.28 11.76 

Na      

N  25.39    

Total 100 100 100 100 100 
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Figure 8. SEM micrograph and EDX spectra showing the morphology 
and composition at various locations in the 2SiOSiCAl  composite. 

 

Figure 9. X-ray diffraction peaks of 2SiOSiCAl  composites processed 
at 1100°C for 60 min. 
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In non-infiltrated preforms exposed at 1100°C for 60 minutes, the 
resultant phases identified by X-ray diffraction were SiC  and MgO (see 
Figure 10). The presence of MgO in the 2SiOSiCAl  system can be 

attributed to reaction of the 2SiO  nanoparticles with Mg in the vapour 

phase according to 

( ) ( ) ( ) ( )ssνs2 Si2MgO2MgSiO +→+   (7) 

( ) mol.230kJ∆G C1100 −=°  

 

Figure 10. X-ray diffraction peaks of 2SiOSiC  preforms processed at 

1100°C for 60 min. 

From the experimental outcome, two stages can be envisaged in the 
processing of these composites. (a) Prior to infiltration with the molten 
alloy in both preforms investigated, the 32OAl  or 2SiO  nanoparticles are 

partly reduced by Mg in the vapour phase to form MgO. Due to its low 
vapour pressure, magnesium is lost by evaporation from the Al-Si-Mg 
alloy; part of the Mg vapour condenses on the furnace walls as Mg, MgO 
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or 23NMg  and part of it is removed by the nitrogen flow [20]. In addition, 

23NMg  phases develop through reaction with the nitrogen atmosphere. 

(b) Additional reactions occur through infiltration of the Al-melt into the 
ceramic preforms that can give rise to either AlN, MgO, ,CAl 34  and 

amorphous Al-Mg-Si-O phases. 

Notice that the use of nitrogen atmospheres is helpful in promoting 
the infiltration of the Al-melt through porous preforms. In particular, 
nitrogen favours the formation of AlN, which can be considered as a 
reinforcing phase in the system due to its inherent thermal and 
structural properties. Moreover, no SiMg2  phases were detected in the 

experimental composites. It is well known that SiMg2  is highly 
undesirable as it promotes pitting corrosion in metal-matrix composite 
materials [2, 4]. 

3.4. Degree of infiltration 

Figure 11 is a comparative chart on the degree of infiltration in the 
investigated systems, 32OAlSiC  (40vol% and 25vol% ceramic component) 

and 2SiOSiC  (40vol% and 25vol% ceramic component). Notice that 

systems 1 and 3 exhibit a reduced degree of infiltration (between 15% to 
30%) when compared with systems 2 and 4, which do not contain 32OAl  

nanoparticles (65-100% infiltration). Apparently, the degree of 
infiltration in the 32OAlSiCAl  is adversely influenced by the presence 

of 32OAl  and a relatively coarse MgO phase. These phases exhibit poor 

wettability and can explain the reduced degree of infiltration [3, 9, 22, 23, 
29]. Moreover, a reduced infiltration coupled with the development of 

34CAl  can be considered highly restricting factors in the processing of in 

the 32OAlSiC  composites. 
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Figure 11. Degree of infiltration in (1) 32OAlSiCAl  (40vol% ceramic 

component); (2) 2SiOSiCAl  (40vol% ceramic component); (3) 32OAlSiCAl  

(25vol% ceramic component); and (4) 2SiOSiCAl  (25vol% ceramic 

component). 

In contrast, the 2SiOSiC  exhibits relatively good infiltration 

properties. Apparently, the presence of amorphous nano- 2SiO  phase in 

contact with the Al-alloy melt promotes metal flow through reactive 
infiltration. In addition, the morphology of the resultant MgO phase was 
rather fine and their relative amounts rather small to play a dominant 
role on hindering melt infiltration (see Tables 2 and 3). 

3.5. Vickers hardness 

Figure 12 shows the resultant hardness values in the investigated 
preforms. Notice that systems 1 ( )32OAlSiC  and 2 ( )2SiOSiC  

contain 40vol% ceramic reinforcements, whereas systems 3 
( )32OAlSiC  and 4 ( )2SiOSiC  contain 25vol%. In all the systems, the 

exhibited hardness values do not seem to be influenced by the type of 
phases developed nor by the degree of infiltration, but by the volume 
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fraction of reinforcements. In systems 1 and 2, the exhibited hardness is 

,mmkg600 2  but it drops down to 2mmkg500  when the volume percent 

of ceramic reinforcements is reduced to 25%. 

 

Figure 12. Vickers hardness for composites (1) 32OAlSiCAl  (40vol% 

ceramic component); (2) 2SiOSiCAl  (40vol% ceramic component);     

(3) 32OAlSiCAl  (25vol% ceramic component); (4) 2SiOSiCAl  (25vol% 

ceramic component); and (5) Al-Si-Mg alloy. 

4. Conclusions 

(1) In the systems investigated ( 32OAlSiC  and 2SiOSiC  

preforms), a relatively large fraction of nano-ceramic reinforcements was 
rapidly consumed through reaction with the molten metal. 

(2) Mg plays an important role in processing nano-composite 
preforms via infiltration as it acts either in the vapour or liquid phase to 
reduce the 32OAl  or 2SiO  nanoparticles. Two stages are found: (a) In 

stage 1, Mg in the vapour phase partially reduces the 32OAl  and 2SiO  
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nanoparticles to form MgO. Also, in the presence of a nitrogen 
atmosphere, 23NMg  can be formed. (b) In stage 2, during melt 

infiltration additional reactions give rise to the formation ,OMgAl 42  AlN 

as well as amorphous Al-Mg-Si-O phases. 

(3) In this work, the 34CAl  phase was found to form in the 

32OAlSiC  system, which is detrimental for the stability and properties 

of the reinforced composite. In the ,SiOSiC 2  the 34CAl  phase did not 

form probably due to the presence of ,SiO2  which inhibits its formation. 

(4) The degree of infiltration is severely hindered in 32OAlSiC  

systems probably due to the presence of relatively coarse MgO and 
.OAl 32  These phases possess low wettability and can make the 

infiltration process increasingly difficult. In contrast, the 2SiOSiC  

exhibited improved metal flow probably as a result of reactive infiltration 
between 2SiO  when in contact with the molten metal. 

(5) Vickers hardness measurements in the systems containing 40vol% 
and 25vol% ceramic reinforcements indicated that hardness exhibits 
similar values for a given amount of reinforcement and that it drops by 

2mmkg100  when the amount of reinforcement is reduced by 15vol%. 
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