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Abstract- Metal Matrix Composites (MMCs) are the proficient 
materials that possess excellent opportunities for modern material 
science and development. The thermal characterization of hybrid 
metal matrix composites has been increasingly important in a 
wide range of applications. The coefficient of thermal expansion 
and thermal conductivity are the most important properties of 
Metal Matrix Composites (MMCs). Since nearly all Metal Matrix 
Composites are used in various temperature ranges, measurement 
of Coefficient of Thermal Expansion (CTE) and Thermal 
Conductivity as a function of temperature is necessary in order to 
know the behaviour of the material. In the research, Al 6061 is the 
matrix alloy and Silicon Carbide and Graphite are the 
reinforcements considered, being fabricated using stir casting 
technique. Microstructural analysis has been carried out using 
Scanning Electron Microscope to examine the dispersoid 
concentration of the reinforcements. Few empirical models have 
been validated for the evaluation of thermal expansivity and 
thermal conductivity behaviours of hybrid metal matrix 
composites. Some of the important theoretical models for the 
evaluation of thermal expansivity considered are rule of mixtures, 
Turner’s model, Kerner’s model and Schapery’s model, whereas 
for the evaluation for thermal conductivity behaviour are series, 
parallel, geometric, Maxwell, Russell and Lewis Neilsen models. A 
comparative study has been carried out based on the experimental 
and theoretical values of thermal conductivity and thermal 
expansivity.     

Keywords- Metal Matrix Composites, material science, 
microstructural analysis, Coefficient of Thermal Expansion, 
Thermal Conductivity, theoretical models.  

I. INTRODUCTION 

A composite material is a macroscopic amalgamation of two 
or more disparate materials possessing an identifiable 
interface between them. A composite material exhibits a 
significant quantity of the properties of both indispensable 
phases such that a greater grouping of properties is realized. 
Composite materials comprises of two phases: one is the 

matrix, which is continuous and envelops the other segment, 
often called the dispersed phase or reinforcement. The 
foremost intention of the reinforcement is to offer strength 
and stiffness to the composite. A matrix is used to combine 
the reinforcement together by virtue of adhesive and 
cohesive characteristics, and provides a solid form to the 
composite material. The matrix powerfully holds the 
reinforcements in appropriate point of reference and position 
and distributes the loads consistently among the 
reinforcements. The matrix material surrounds and supports 
the reinforcement materials by maintaining their comparative 
proportions. The reinforcements impart their exceptional 
mechanical and physical properties to augment the matrix 
properties. A synergism produces material properties 
unavailable from the individual constituent materials, while 
the wide assortment of matrix and intensifying materials 
consents to the designer of the product or structure to prefer a 
most favourable condition [1].    

Metal Matrix Composites are in general distinguished by the 
unique characteristics of the reinforcement namely particle 
reinforced Metal Matrix Composites, short fiber or whisker 
reinforced MMCs and continuous fiber or layered MMCs. 
Metal Matrix Composites (MMCs) covers an extensive range 
of materials to simple reinforcements of castings with low 
cost refractory wool, to complex continuous fires lay-ups in 
foreign alloys. The properties of MMCs are properly 
managed and supported by the matrix, the reinforcement and 
the interface. The exceptional characteristics of metal matrix 
composites are determined by their microstructure and 
internal interfaces, which are influenced by their production 
and thermal mechanical prehistory. The microstructure 
covers the structure of the matrix and the reinforced phase. 
Some of the important attributes namely chemical 
composition, grain size, consistency, behaviour and lattice 
defects are significant to the matrix. The second phase can be 
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differentiated by its percentage of volume, variety, size, 
distribution and orientation.  The varying tension generally is 
due to the thermal expansion behavior of the two 
predominant phases are an additional authoritative factor [2]. 
The reinforcement is very noteworthy because it is 
accountable for the estimation and optimization of 
mechanical properties, cost and performance of a given 
composite. In particular, many of the considerations arising 
due to fabrication, processing and service performance of 
composites are related exclusively to the metallurgical 
aspects that take place in the interfacial region between 
matrix and reinforcement [3, 4, and 5].      

The importance of composites as engineering materials has 
been reflected by the piece of information that out of over 
1500 engineering materials accessible in the market today 
more than 200 are composites. Composite materials which 
are being extensively used in day-to-day applications play a 
staggering role in the manufacturing sector for the fabrication 
of highly sophisticated equipments and components. 
Particularly in automotive industry, Metal Matrix 
Composites have been used commercially in fiber reinforced 
pistons and Aluminum crank cases with strengthened 
cylinder surfaces as well as particle-strengthened brake disk. 
The composite materials usually divulge superior 
characteristics when compared to the characteristics of 
matrix material alone [1, 2]. Metal Matrix Composites are 
the ground-breaking materials that possess unrestrained 
opportunities for advanced material science and 
development. These materials satisfy the desired 
conceptions, objectives and requisites of the designer. The 
reinforcement of metals can have many different objectives. 
The reinforcement of light metals will have abundant 
possibility of application in areas where weight reduction has 
first priority [3]. Metal Matrix Composites have greater 
advantage compared to other composites. These materials 
possess higher temperature, higher yield strength and yield 
modulus and can be strengthened by different thermal and 
mechanical treatments. 

Metal Matrix Composites have evoked keen curiosity in 
recent scenario for potential applications in aerospace and 
automotive industries owing to their superior strength to 
weight ratio and high temperature resistance. The prevalent 
adoption of particulate metal matrix composites for 
engineering applications has been hindered by the high cost 
of producing components. Although numerous technical 
challenges exist with casting technology, yet it can be used to 
circumvent this problem. Achieving uniform distribution of 
reinforcement within the matrix is one such challenge, which 
affects directly on the properties and quality of composite 

material. In the present research work, a unpretentious 
endeavour has been made to develop Aluminium matrix 
alloy with Silicon Carbide and Graphite reinforcements with 
an objective to accomplish thermal characterization of hybrid 
metal matrix composites [4, 5].  

II. LITERATURE SURVEY 

The literature concerning with principally thermal 
expansivity and thermal conductivity behaviours of metal 
matrix composites has been included also by considering the 
validation of theoretical models. The research efforts and 
directions related to the present work have been identified 
through literature survey. The research papers concerning 
with the thermal properties of composite materials are 
discussed in this section. 

R Arpon, E Louis et al. [6] have analyzed the behaviour of 
thermal expansion of Aluminium/SiC composites with 
particle distributions in bimodal phase. The thermal response 
and the thermal expansivity (CTE) of aluminium matrix 
composites with high volume fractions of SiC particulate 
have been investigated. The experimental results for 
composites with a particle size in single phase have indicated 
that the hysteresis in the thermal strain response curves has 
been proportional to the square root of the particle surface 
area per unit volume of metal matrix, in conformity with 
present theories. This result has been in complete agreement 
with published numerical results obtained from finite 
element analyses of the CTE of aluminium matrix 
composites.  

R A Saravanan, J Narciso et al. [7] have investigated on the 
behaviour of thermal expansion of particulate metal matrix 
composites describes that Aluminium-matrix composites 
containing thermally oxidized SiC particles of diameter 
ranging from 3 to 40 μm. It has been produced successfully 
by vacuum assisted high-pressure infiltration. Their thermal 
expansion coefficients (CTEs) has been measured between 
25°C and 500°C with a high-precision thermal mechanical 
analyser (TMA), and compared with the predictions of 
various theoretical models. The behaviour of thermal 
expansion of the three-phase Al/SiC/SiO2 composite shows 
absolutely no significant divergence from the predictions of 
elastic analysis, since the measured CTEs lie within the 
elastic bounds derived by Schapery's analysis.  

N Chawla, X Deng et al. [8] comprehensively describes the 
behaviour of thermal expansion of aluminium matrix 
composites with compactly packed Silicon Carbide particles 
where the magnitude of coefficient of thermal expansion 
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(CTE) of Al-based metal matrix composites containing 70% 
volume fraction of SiC particles (Al/SiC) has been measured 
based on the change in length from room temperature to 
5000C. In the research work, the CTE of Al/SiC has been 
studied by the mathematical models and micromechanical 
analysis using finite element analysis in order to give 
justification on the abnormalities observed experimentally.  

Weidenfeller, Hofer et al. [9] have summarized on thermal 
conductivity, thermal diffusivity and specific heat capacity 
behaviours of particle filled polypropylene has been carried 
out where composites samples of polypropylene with an 
assortment of fillers in different fractions has been prepared 
with an injection moulding process to comprehend the 
evolution of the properties. Thermal diffusivities, specific 
heat capacities and densities of the prepared composite 
samples has been measured, and thermal conductivities have 
been formulated.  

Hohenauer et al. [10] have experimented on flash methods to 
examine diffusivity and thermal conductivity of metal foams. 
The analysis of the uncertainty of thermal conductivity 
results obtained by a comparative set-up prompted the use of 
a laser flash device to establish the thermal conductivity of 
metallic foam materials. To satisfy the requirements of flash 
techniques coplanar samples are prepared. The surface near 
open porosity has been filled with a ceramic paste. A finite 
element model has been generated to investigate the 
influences of the preparation method to the measurement 
results.  

III. MICROSTRUCTURAL ANALYSIS OF 
HYBRID MMCs 

Microstructural analysis of hybrid metal matrix composites 
has been carried out using Scanning Electron Microscope. 
The specimens have been polished and etched as per 
standard metallographic procedure. The microstructure of the 
hybrid composites has been carried out for Al 6061 and 
reinforcements namely Silicon Carbide and Graphite by 
varying the volume fraction. The microstructural analysis of 
the hybrid composites has been advantageous to study the 
morphological features and the presence of porosity. This 
helps to understand the distribution of reinforcements namely 
Silicon Carbide and Graphite with the matrix alloy Al 6061. 
It has been accounted in the literature that, the evaluation of 
the distribution of reinforcements and porosity is favourable 
to carry out thermal analysis and characterization of 
composites [11]. Figures 1, 2, 3, 4 and 5 show the 
micrographs of the different compositions of the hybrid 
MMCs.   

 
Fig 1: SEM microstructures of Al 6061 sample 

 
Fig 2: SEM microstructures of Al 6061 with 1.25% Silicon 

Carbide and 1.25% Graphite 
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Fig 1 depicts the micrographs of Al 6061 with no 
reinforcements. Figures 2, 3, 4 and 5 represent the 
micrographs of Al 6061 with the addition of reinforcements 
Silicon Carbide of varying weight fractions 1.25%, 2.5%, 
3.75% and 5%. The dark patches indicate the presence of 
Graphite and white patchy layer specify the presence of 
Silicon Carbide. 

 
Fig 3: SEM microstructures of Al 6061 sample with 2.5% 

Silicon Carbide and 2.5% Graphite 

It can be observed that, with the addition of Silicon Carbide 
and Graphite with varying volume fraction, the distribution 
of the reinforcements is uniform with the absence of cracks 
and deleterious pores. When volume fraction of the 
reinforcements is higher the uniform dispersoid distribution 
is obtained by melt stirring for a slightly longer time. The 
porosity has been investigated both experimentally and 
theoretically. Using water displacement method based on 
Archimedes principle, experimental values of the density of 
the hybrid composites have been evaluated and by Rule of 
Mixtures, theoretical values of the density of the composites 
have been accomplished. 

 
Fig 4: SEM microstructures of Al 6061 with 3.75% Silicon 

Carbide and 3.75% Graphite 

 
Fig 5: SEM microstructures of Al 6061 with 5% Silicon 

Carbide and 5% Graphite 
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It has been noticed that, the difference in the experimental 
and theoretical densities of the composites is very marginal 
and porosity is negligible. It has been reported in the 
literature that, by increasing the content of Graphite in the 
composite matrix leads to refinement of grain for Aluminium 
and eutectic Silicon and reduction in porosity. It has been 
stated that, due to the augment in volume fraction of the 
reinforcements, the distribution is more reliable with 
negligible porosity. From the literature, it has been 
investigated that, porosity can severely degrade the thermal 
and mechanical properties of MMCs [11].         

Microstructural analysis using composites has been carried 
out using Scanning Electron Microscope attached with 
Energy Dispersive X-Ray Spectroscope (EDS). Energy 
Dispersive X-ray Spectroscope is an investigative technique 
used for the elemental analysis or chemical characterization 
of a sample. It relies on an interface of some source of X-ray 
excitation and a sample. Its categorization capabilities are 
due in large part to the fundamental principle that each 
element has a exclusive atomic structure allowing unique set 
of peaks on its X-ray emission spectrum.  

 
Fig 6: EDS image of Al 6061 matrix alloy with the 

reinforcements SiC and Gr. 

Table 1: Composition of the elements by weight 

Element 
Line 

Weight % 
 

Weight % 
Error 

Atom % 
 

O K 5.13 ± 0.35 8.36 
Mg K 0.67 ± 0.05 0.72 
Al K 92.95 ± 0.27 89.76 
Si K 1.25 ± 0.11 1.16 

    
Total 100.00  100.00 

 
Fig 6 indicates the EDS pattern for the composition Al 6061 
as base alloy and reinforcements Silicon Carbide and 
Graphite. From quantitative analysis, the pattern shows that 
Al 6061 has 93%, Silicon 1.25%, Magnesium 0.67% and 
5.13% Oxygen by weight (Oxygen from the surface oxide 

normally not considered with composition). Table 1 
represents the composition of the elements by weight. 

IV. IMPORTANCE OF THERMO-ELASTIC 
MODELS 

The behaviour of composite materials is susceptible to the 
transformation in temperature. This ascends for two genuine 
reasons: Firstly, the response of the matrix to an applied load 
is totally independent of temperature and secondly, changes 
in temperature can develop stresses internally as a result of 
differential thermal contraction and expansion of the 
constituents. These stresses influence thermal expansivity of 
the composite. Additionally, significant stresses are generally 
present in the material at ambient temperatures, since it has 
more cases been cooled at the termination of the fabrication 
process. The changes in stresses which are developed 
internally demonstrate on altering the temperature which can 
be considerable and may powerfully influence the response 
of the material to an applied load. The thermal conductivity 
of composite materials is of special curiosity, since many 
applications and processing procedures engross heat flow 
distribution. This property can be predicted from the 
conductivities of the constituents, although the situation may 
be complicated by poor thermal contact across the interfaces. 
Investigation of stresses due to the change in temperature 
allows the coefficient of thermal expansion to be predicted. 
These stresses will have thermal strains and the effect of the 
length of the composite, in any given direction, can be 
calculated. The net length change arising from the internal 
stresses is added to the natural thermal expansion of the 
matrix to give the overall change in length and hence the 
composite expansivity. Many applications of composites 
require controlled thermal expansion characteristics.  All the 
expressions suggested will envisage the thermal expansion 
coefficients of composites based on Continuum Mechanics 
[2]. 

Various relations have been proposed for obtaining the 
thermal expansion coefficients of a composite, 
comprehending the material constants of the components and 
their geometric arrangements. Different relations predict 
different values of expansion coefficients for a given 
composite. Almost all relations, however, predict expansion 
coefficient values that are different from those given by a 
simple and most beneficial rule of mixtures. This is because 
these relations take into account the imperative fact that the 
presence of the reinforcement, with an expansion coefficient 
less than that of the matrix, introduces a mechanical 
constraint on the matrix. Various researchers have derived 
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bounds and given expressions for the expansion coefficients 
and other transport properties namely thermal conductivity.  

Rule of Mixtures:  αC = αm Vm + αp Vp      _____ (1) 

Kerner (1956) developed the following expression for the 
volumetric expansion coefficient of a composite consisting 
of spherical particles dispersed in a matrix: 

       αC = αmVm + αpVp + Vp Vm �αp −
 αm×                           Kp− Km                             Vm Km+ Vm Km+ 

(3KpKm/4Gm)  R             ----------- (2) 

Kerner’s expression does not differ significantly from the 
Rule of Mixtures because the particle reinforcement 
constraints the matrix much less than the fibers. The 
coefficient of linear thermal expansion according to Turner 
(1946) is given by: 

αC = 
αmKm Vm + αpKp Vp

αmVm+ αpVp
R                                                         ----------

- (3) 

Turner’s expression generally gives an expansion coefficient 
much lower than the Rule of Mixtures. Schapery (1969) used 
energy methods to derive the following expression for 
expansion coefficient for as fibrous composite, assuming 
Poisson ratios of the components are not very difficult. The 
longitudinal expansion coefficient for the composite: 

αC = αp + �αm −  αp�  ×  
(1−Kc) –�1/Kp�

(1/Km)−  �1/Kp�
             _______(4) 

Where, 

   𝐾𝑐 =  
𝑉𝑚 𝐾𝑚 

3 𝐾𝑚+4 𝐺𝑝  + 
𝑉𝑝 𝐾𝑝

3 𝐾𝑝+4 𝐺𝑚
   

𝑉𝑚  
3 𝐾𝑚+4 𝐺𝑝  + 

𝑉𝑝 
3 𝐾𝑝+4 𝐺𝑚

 

In the above equations, αC, αm and αp indicates thermal 
expansivities of composite, matrix and reinforcements, VC, 
Vm and VP represents volume fractions of composite, matrix 
and reinforcements. The nomenclature K indicates bulk 
modulus and G is the shear modules.  

The thermal conductivities of metal matrix composites have 
been calculated by numerical method using finite element 
analysis software. The thermal conductivities of the different 
compositions of hybrid metal matrix composites obtained 
have been compared with the theoretical or thermo-elastic 
models. One of the important thermal properties of the 
composite materials is Thermal Conductivity. The thermal 

conductivity of composites depends on several parameters 
namely geometries and dispersion of different phases and 
surface interactions between the reinforcements. James Clerk 
Maxwell was the first man to develop the first ever 
theoretical model for two-phase system. He derived 
successfully the effective thermal conductivity of composite 
by considering spherical fillers dispersed in a continuous 
matrix arbitrarily. Lord John William Rayleigh modified the 
investigative study proposed by Maxwell by considering big 
particles in a cubic array. Bruggemann devised an alternative 
means of extending the model formulated by Maxwell by 
considering an infinite number of small additions to a 
homogeneous mixture of the two phases. Meredith and 
Tobias used similar approach with Bruggemann. Lewis and 
Neilsen used an elastic moduli theory, modified Halpin-Tsai 
equations to include the shape of the particles and orientation 
of the packing for a two-phase system. Russell developed 
one of the early model systems using the electrical analogy. 
Assuming a parabolic distribution of the discontinuous phase 
Cheng and Vachon developed a model pertinent for spherical 
particles and fiber filled composites. The semi-theoretical 
model developed by George Springer and Tsai assumes a 
square distribution of cylindrical fibers in the matrix material 
[12].  

The scope of the research is to determine the thermal 
properties namely thermal conductivity, thermal diffusivity, 
thermal capacity and thermal expansivity of the hybrid metal 
matrix composites and use the experimental values to carry 
out computational analysis. This in turn beneficial to 
investigate their proximity relations with the theoretical 
models that has been developed for the prediction and 
validation of thermal conductivities of the composites. To 
determine the factors that affect the thermal properties of 
composites, numerous models have been examined in the 
work. Some of the important models to evaluate the thermal 
conductivity of composites are: 

Series model: Ke = Km Kf
∅ Km+ (1− ∅)Kf 

   

    ________(5) 

Parallel model:  Ke =  ∅ Kf +  (1 −  ∅)Km                               
                                    ________(6) 

Geometric model:  Ke = Kf ∅ +   Km
(1−∅)  

   ________(7) 

The notations Ke is the effective thermal conductivity, Kf is 
the thermal conductivity of the reinforcements and Km is the 
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thermal conductivity of the matrix and ∅ is the concentration 
ratio.  

Traditionally, more complicated heat transfer models can be 
classified as either flux law models, where the temperature 
field is solved for an assumed geometry, or Ohm’s law 
models based on an electrical series resistance analogy. The 
earliest flux law was proposed by Maxwell, who considered 
cube of a suspension containing a single particle.  

Maxwell’s model:    Ke =  Km  Kf+ 2 Km+ 2 ∅ (Kf−Km)   
Kf+ 2 Km− ∅ (Kf−Km)  

                                                                        

________(8) 

Lewis and Neilsen, using an elastic moduli model, modified 
the Halpin-Tsai analogy equations to include the shape of the 
particles and orientation of packing for a two phase system. 

Lewis-Neilsen equation: Ke =  Km �
1+A B ∅
1−B ψ ∅

�     

    ________(9) 

Where, A = KE – 1, β =  Kf/Km − 1
Kf/Km +1

      ψ = 1 +  �(1−  ∅m) 
∅m

2 � ∅ 

Hamilton and Grosser’s model:

 Ke =  Km �
Kf+ (n−1) Km− (n−1)∅ (Km−Kf) 

Kf+ (n−1) Km+ ∅ (Km−Kf)
� 

________(10) 

V. MATHERMATICAL VALIDATION OF 
THERMAL EXPANSIVITY MODELS 

In the research work, the coefficient of thermal expansion 
has been determined using Linesis 75 Platinum Horizontal 
Dilatometer. Thermal expansion is the propensity of matter 
to change in volume in response to change in temperature. 
The degree of expansion to the change in temperature is 
called the material’s coefficient of thermal expansion and 
generally varies with temperature. Coefficient of Thermal 
Expansion (CTE) is one of the most important properties of 
MMCs. Since nearly all Metal Matrix Composites has been 
used in various temperature ranges, measurement of CTE as 
a function of temperature is necessary in order to know the 
behaviour of the material. Several different systems for 
measurement of CTE can be used depending on the 
temperature conditions. One of the most common systems 
used is a dilatometer. For the determination of CTE, the size 
of the cylindrical sample is diameter 5 mm and length 10 mm 
(as per ASTM standard). 5 samples has been considered with 
different percentage compositions. Al 6061 is the base alloy 

and reinforcements Silicon Carbide (SiC) and Graphite (Gr) 
with different percentage compositions 1.25%, 2.5%, 3.75% 
and 5% are selected. All the specimens have been tested 
from room temperature to 300°C. This temperature range has 
been selected so as to include the entire usable range of the 
composites, without the formation of liquid phase in the 
matrix. The data has been obtained in the form of per cent 
linear change versus temperature. Standard data analysis 
software was used to evaluate the Coefficient of Thermal 
Expansion (CTE) of the composites tested and has been 
determined at intervals of 20°C. 

Theoretical prediction of thermal expansivity and effective 
thermal conductivity for multi-phase composite materials are 
very constructive for the examination and optimization of the 
material performance and for new material designs. The 
accurate modelling for thermal coefficients of composite 
materials has a great value due to their excellent thermal and 
mechanical properties and their use in industrial applications 
and technological fields. The challenges in modelling 
complex materials come mainly from the inherent variety 
and randomness of their microstructures, and the coupling 
between the components of different phases. Several 
attempts have been made to develop expressions for thermal 
expansivity by various researchers namely Turner, Kerner, 
Schapery and Hashin-Shtrikman [12]. Mathematical models 
have been developed over the last century to predict the 
thermal expansivity and thermal conductivity of two-phase 
composites for which dispersion of a second phase in a 
continuous medium of the first phase is assumed.  

To understand the thermal expansion behaviour of the hybrid 
composites, several existing theoretical models of 
composites are compared. When the interfaces are free to 
slide and the constituent phases are free to flow, the CTEs of 
the composites can be expressed by Rule of Mixtures. For a 
composite with perfect interfacial bonding between particles 
and matrix, Kerner’s model is suitable for predicting the 
CTEs of composites. In Turner’s model, each component of 
a composite undergoes a homogeneous strain throughout the 
composite [7]. In the present research, some of the empirical 
models considered in the evaluation of thermal expansivity 
are Rule of Mixtures, Kerner’s model and Schapery’s model. 
Fig 7 represents the comparison of experimental values of 
thermal expansivity at maximum temperature with the 
mathematical models. Fig 7 clearly indicates that the 
experimental values of thermal expansivity with varying 
weight fraction of composites closely matches with Rule of 
Mixtures, Kerner’s model and Schapery’s model. It can be 
inferred that, experimental data are in good argument with all 
mathematical models. It has been observed that, Rule of 
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Mixtures exhibited the highest Coefficient of Thermal 
Expansion (CTE), whereas Kerner and Schapery models 
exhibited lower values of CTE. It can be clearly inferred that, 
Rule of Mixtures can be adjudged as the best empirical 

model for the evolution of CTE.  Table 2 gives the 
comparison of various models for the evaluation of thermal 
expansivity

 

Table 2: Comparison of various models for the evaluation of thermal expansivity behaviour of composites 

Percentage composition of 
hybrid MMC 

Density 
(Experimental) 

g/cc 

Experimental 
values of CTE 

at 300°C 

CTE (Rule of 
Mixtures) /°C 

CTE 
(Turner’s 

model) /°C 

CTE 
(Kerner’s 

model) /°C 

CTE 
(Schapery’s 
model) /°C 

Al 6061 2.7 23.68 ×10-6 23.6 ×10-6 23.6 ×10-6 23.6 ×10-6 23.6 ×10-6 

Al6061 + 1.25% SiC + 
1.25% Gr 

2.6941 23.2 ×10-6 23.27 ×10-6 24.2 ×10-6 23.26 ×10-6 23.32 ×10-6 

Al6061 + 2.5% SiC + 
2.5% Gr 2.6872 22.68 ×10-6 22.77 ×10-6 24.8 ×10-6 22.75 ×10-6 22.74 ×10-6 

Al6061 + 3.75% SiC + 
3.75% Gr 

2.678 22.36 ×10-6 22.37 ×10-6 25.36 ×10-6 22.35 ×10-6 22.45 ×10-6 

Al6061 + 5% SiC + 5% 
Gr 2.669 21.95 ×10-6 21.96 ×10-6 25.96 ×10-6 21.86 ×10-6 21.26 ×10-6 

 

 
Fig 7: Comparison of the values of CTE based on Experimentation and empirical models 

VI. MATHERMATICAL VALIDATION OF 
THERMAL CONDUCTIVITY MODELS 

Laser Flash technique is exceedingly ingenious for the 
evaluation of thermal conductivity and thermal diffusivity. 
The sample has been positioned on an electronically 
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controlled and programmable robot located in a furnace. The 
furnace is then held at a predetermined temperature. At this 
temperature, the sample surface is then irradiated with a 
programmed energy pulse (laser or xenon flash). This energy 
pulse results in a homogeneous temperature rise at the 
sample surface. The resulting temperature rise of the rear 
surface of the sample is measured by a high speed infrared 
detector and thermal diffusivity values are computed from 
the temperature rise versus time data. The resulting 
measuring signal computes the thermal diffusivity, and in 
most cases the specific heat (Cp) data. Both power and the 
pulse length can be easily adjusted by the software.   

For the determination of thermal conductivity and thermal 
diffusivity, the sample should be disc shaped and size is as 

per ASTM standard. 5 samples have been considered with 
different percentage compositions. Al 6061 is the base alloy 
and reinforcements Silicon Carbide and Graphite with 
different percentage compositions or weight fractions 1.25%, 
2.5%, 3.75% and 5% have been selected. All the specimens 
have been tested from room temperature to 300°C. This 
temperature range have been selected so as to include the 
entire usable range of the composites, without the formation 
of liquid phase in the matrix The sample has been measured 
using a standard sample holder (diameter of 12.7 mm and 
thickness 3 mm). The sample has been coated with graphite 
on the front and back surfaces in order to increase absorption 
of the flash light on the sample’s front surface and to 
increase the emissivity on the sample’s back surface. 

 
Table 3: Comparison of various models for the evaluation of thermal conductivity behaviour of composites 

Percentage composition of 
hybrid MMC 

Series 
model 

Parallel 
model 

Maxwell 
model 

Geometric 
mean 
model 

Russell 
model 

Rayleigh 
model 

Lewis 
Neilsen 
model 

Al 6061 168 168 168 167 167 167 167 

Al6061 + 1.25% SiC + 1.25% Gr 166.1 175 167 166 167.1 167.3 167 

Al6061 + 2.5% SiC + 2.5% Gr 165.4 198 165.3 165.1 167.36 167.4 167.3 

Al6061 + 3.75% SiC + 3.75% Gr 164.7 234 164.7 164.23 167.5 167.76 167.7 

Al6061 + 5% SiC + 5% Gr 164 269 164 163.5 167.67 167.89 168 

 

 
Fig 8: Comparison of Experimental values of thermal conductivity with empirical models 
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Numerical models have been developed over the last century 
to predict the thermal conductivity of two-phase composites 
for which dispersion of a second phase in a continuous 
medium of the first phase is assumed. The models have been 
applied to solid-gas or solid-solid composite systems. Many 
experimental studies have been carried out to investigate the 
thermal conductivity of MMCs reinforced with isolated 
particles. Although these models can be used to predict the 
dependence of thermal conductivity of particle reinforced 
metals on the reinforcement content, they do not take into 
consideration the case for which the reinforcing particles are 
interconnected or the presence/effects of voids generated 
during the processing of the composites 

In the present research, some of the empirical models 
considered in the evaluation of thermal conductivity are 
series model, Maxwell model, geometric mean model, 
Russell model and Rayleigh model. Fig 8 represents the 
comparison of experimental values of thermal conductivity at 
maximum temperature with the mathematical models. The 
experimental values of thermal conductivity of different 
compositions of hybrid metal matrix composites are 
compared with various mathematical models. Fig 8 clearly 
indicates that the experimental values of thermal 
conductivity with varying volume fraction of composites 
closely matches with series model, Maxwell and geometric 
models, whereas the values deviate with reference to 
Rayleigh model. It can be inferred that, experimental data are 
in good argument with series model, Maxwell and Rayleigh 
models, but deviated geometric empirical model. Table 3 
gives the comparison of various models for the evaluation of 
thermal conductivity behaviour of composites. 

VII. CONCLUSIONS 

1. Al 6061 exhibits maximum value of thermal 
conductivity, whereas there is a decline in thermal 
conductivity at maximum temperature for the different 
percentage compositions of hybrid metal matrix 
composites with the addition of reinforcements Silicon 
Carbide and Graphite to Al 6061.    

2. The thermal conductivity of hybrid composites reduces 
due to the enhancement of graphite content. 

3. With the addition of reinforcements of low volume 
fraction, thermal conductivity of hybrid has been 
observed to be low.   

4. It has been inferred that, experimental data are in good 
argument with series model, Maxwell and geometric 
models, but deviated from Rayleigh empirical model.    

5. Al 6061 exhibits maximum value of thermal 
expansivity, whereas there is a decline in thermal 
expansivity at maximum temperature for the different 
percentage compositions of hybrid metal matrix 
composites with the addition of reinforcements Silicon 
Carbide and Graphite to Al 6061.    

6. The thermal expansivity of hybrid composites reduces 
due to the enrichment of graphite content. 

7. The values of thermal expansivity decreases over the 
range of temperatures, with variation in density, 
variation in volume fraction of SiC and porosity of 
hybrid composites.   

8. Addition of Silicon Carbide and Graphite reinforcements 
with high volume fraction results in higher values of 
thermal capacity, thermal expansivity and thermal 
conductivity and graphite content improves the 
dimensional stability, and there is no variation in thermal 
behaviour of hybrid composites. 

9. Al 6061 exhibits maximum value of thermal 
displacement, thermal strain and thermal stress, whereas 
there has been a decline in thermal displacement, 
thermal strain and thermal stress at maximum 
temperature for the different percentage compositions of 
hybrid metal matrix composites with the addition of 
reinforcements Silicon Carbide and Graphite to Al 6061.    

10. It has been observed that, Rule of Mixtures exhibited the 
highest CTE whereas Kerner and Schapery models 
exhibited lower value of CTE.   
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