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Abstract: The thermal expansion behavior of aluminum matrix composites reinforced with silicon nitride nanoparticles was measured 

between 30 and 300oC and compared to theoretical models. The results revealed that the nanoparticle volume fraction had significant effect 

on the thermal expansion behavior of the composites. For the composites with lower nanoparticle volume faction, their coefficient of thermal 

expansion (CTE) is determined by a stress relaxation process. The hysteresis between the heating and cooling cycles and to the retention of 

residual strain are the results of the plastic deformation or yielding of materials. 
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1. INTRODUCTION  

Particulate-reinforced composites have become increasingly attractive in recent years for their high-strength and creep-resistant 

properties [1-8]. An external load (force) applied to a composite is partly borne by the matrix and partly by the reinforcement. 

The load carried by the matrix across a section of the composite is given by the product of the average stress in the matrix and 

its sectional area [9-18]. Because the residual stresses due to cooling from the consolidation temperature are an important issue 

in composite materials. Variations in ceramic material properties with temperature increases above room temperature are 

typically detrimental from a design point of view; with increases in temperature causing decreases in strength, moduli, thermal 

conductivity, electrical resistivity, and increases in thermal expansion coefficient, and dielectric loss factor. Room temperature 

material property values are useful for identifying a number of different materials that could be feasibly used, but failure to use 

temperature-dependent data in simulations can lead to inadequate designs, due to the simultaneous deterioration of many 

properties [19, 20]. 

 

The aim of this paper was to estimate the thermal expansion behavior of aluminum metal matrix composites reinforced with 

nanoscale silicon nitride (Si3N4) nanoparticles. The effect of volume fraction of Si3N4 nanoparticles was also examined. 

 

2. MATERIALS METHODS 

Pure Al powder of 100 µm with 99.9% purity and Si3N4 nanoparticles of 100 nm were used as the starting materials. Pure 

powders of Al and Si3N4, in the desired volume fractions, were mixed together by high-energy ball milling for 20 h to ensure 

the uniform mixing. The mixing was carried out in argon atmosphere to minimize the contamination. The obtained powder 

mixtures were then sintered to bulk specimens by hot pressing at 800 
o
C with a pressure of 50 MPa in vacuum, followed by 

quickly cooling to room temperature in 30 min. In this study, four different composites were prepared (Table 1). 

 

Table 1: Composition of metal matrix composites 

 

Composite Composition, vol.% 

Al Si3N4 

AL-SN-1 90 10 

AL-SN-2 85 15 

AL-SN-3 80 20 

AL-SN-4 75 25 

 

The thermal expansion was then measured with a dilatometer (DIL 802) between 100 and 300
o
C at heating and cooling rates of 

5
o
C/min in argon. With this instrument the difference in length between the specimen to be investigated and a reference sample 

is measured, which results in a resolution of ± 0.01 µm. The sample holder (pushrod) is made of sapphire (figure 1). Specimens 

with a diameter of 5 mm and length of 10 mm were used for CTE measurement. The instantaneous CTE at a given temperature 

was calculated using the following equation: 
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 CTE = 
�
�� �

∆�
� �           (1) 

where L is the length of the specimen and T the temperature. 

 

 
 

Figure 1: The differential dilatometer. 

 

3. RESULTS AND DISCUSSION 

The CTE obtained from the heating and cooling as a function of temperature is plotted in figure 1 for all materials. The CTE 

measured during the heating cycle increases with increasing temperature between 30 and 300
o
C as shown in figure 2. However, 

the CTE measured during the cooling cycle decreases continuously with decreasing temperature (figure 2). At high 

temperatures, there is significant difference between CTE during the heating and the cooling cycles. For the CTE of the 

composites containing lower concentration nanoparticles (AL-SN-1 and AL-SN-2), the rate of increase is higher than that of 

composites containing higher concentration nanoparticles (AL-SN-3 and AL-SN-4). The hysteresis between the heating and 

cooling cycles and to the retention of residual strain are the results of the plastic deformation or yielding of materials. 

 

 
Figure 2: Coefficient of thermal expansion as a function of temperature for: (a) AL-SN-1, (b) AL-SN-2, (c) AL-SN-3 and (d) 

AL-SN-4. 
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Figure 3: Compare the CTE of different composites. 

 

 
 

Figure 4: Coefficient of thermal expansion as a function of temperature compared with Schapery and Turner models for:  (a) 

AL-SN-1, (b) AL-SN-2, (c) AL-SN-3 and (d) AL-SN-4. 

 

Figure 3 compares the thermal expansion behavior of the four samples obtained from the heating cycle. It can be seen that the 

CTE value decreases with increase in volume fraction of Si3N4 nanoparticles. The bond energy is low for the composites 

having high volume fraction of Si3N4 nanoparticles. For the composite materials, residual stresses resulted from thermal 

mismatch between the matrix and the reinforcement play a key role in determining the thermal expansion behavior. It is 
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believed that the maximum values observed for samples AL-SN-1 and AL-SN-2 during the heating cycle were caused by the 

fast relaxation of residual stresses. 

 

Further analysis of the thermal expansion behavior of the composites was done by comparing the experimental results with 

theoretical models. Several models have been proposed for estimating the CTE of the metal-matrix composite [17, 18]. By 

assuming that only uniform hydrostatic stresses exist in the phases, Turner [17] proposed that the CTE of a particular 

composite can be described by 

  

 �� = 
�����
����
�������

          (2) 

 

where α is CTE, V the volume fraction, K the bulk modulus, and the subscripts c, m, and r refer to the composite, matrix and 

reinforcement, respectively. On the other hand, by considering both hydrostatic and shear stresses, Schapery [18] is expressed 

as 

  

 �� = ���� + ���� + ����� � �
������
��
����

������
�       (3)  

where G is shear modulus and Kc the bulk modulus of the composite given by: 
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Figure 4 compares the experimental results with the theoretical models for all four composites. It is seen that the experimental 

CTE results lower than the results obtained Schapery model. Also, the experimental CTE results are closer to the results 

obtained Turner model. When the composites are cooled down from high temperatures, the thermal mismatch between the 

matrix and the reinforcement can result in residual stresses. These stresses are predominantly tensile in the matrix and 

compressive in the reinforcement. The increase in temperature during CTE measurement can relax such stresses, leading to the 

decrease in CTE. 

 

4. CONCLUSION 

In this research, the thermal expansion behavior of Al-based composites reinforced with silicon nitride nanoparticles has been 

studied. The results reveal that the volume fraction of nanoparticle can have significant effect on thermal expansion behavior of 

the composites. The composites with higher nanoparticle volume fraction have the CTE closer to the theoretical value by the 

Turner model. 
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