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Abstract 

The present review work elaborates the behaviour of aluminium matrix composites (AMCs) 

under various kinds of thermal stresses. AMCs find a number of applications such as 

automobile brake systems, cryostats, microprocessor lids, space structures, rocket turbine 

housing and fan exit guide vanes in gas turbine engines. These applications require operation 

at varying temperature conditions ranging from high to cryogenic temperatures. The main 

objective of the paper is to understand the behaviour of AMCs during thermal cycling, under 

induced thermal stresses and thermal fatigue. It also focuses on the various thermal properties 

of AMCs such as thermal conductivity and coefficient of thermal expansion (CTE). CTE 

mismatch between the reinforcement phase and the aluminium matrix results in the 

generation of residual thermal stress by virtue of fabrication. These thermal stresses increases 

with increasing volume fraction of the reinforcement and decreases with increase in 

interparticle spacing. Thermal cycling enhances plasticity at the interface resulting in 

deformation at stresses much lower than their yield stress. Low and stable coefficient of 

thermal expansion can be achieved by increasing the volume fraction of the reinforcement. 

The thermal fatigue resistance of AMC can be increased by increasing the reinforcement 

volume fraction and decreasing the particle size. The thermal conductivity of AMCs 

decreases with increase in reinforcement volume fraction and porosity. 

Keywords: Aluminium Matrix Composite: Thermal Stress: Thermal Cycling: Thermal 

Fatigue 



3 

 

 

*Corresponding author: 

E-mail: khushbudash@gmail.com 

Phone no: +91 661 2640369 

 

1. Introduction  

There has been a rapid growth in the development of metal matrix composites (MMCs) since 

the year 1960s due to variety of properties offered by it such as high specific strength, high 

specific stiffness, low density, good elevated temperature stability and good wears resistance 

[1]. Their commercial availability has also been increasing steadily and as a result 

information about the thermal properties of these materials is essential for the proper 

designing of MMC applications [2]. Among the metal matrix composites, aluminium matrix 

composites have drawn considerable attention in the academic and industrial sector recently. 

Improvement in strength and modulus has been reported for aluminium matrix composites 

over conventional metal alloys. This along with thermal stability makes them a good choice 

for use as materials in aerospace and transport industries [3]. The main property that makes 

MMC unique is that they offer a large variety of properties by means of combining possible 

combinations of matrices and the reinforcements, which in turn enables them to adapt the 

material properties according to the application requirements [4]. Using aluminium alloys as 

the matrix phase provides a large variety of properties such as low density, better corrosion 

resistance, good thermal and electrical conductivity, high damping capacity and ability to be 

strengthened by precipitation [5].  

AMC finds applications in a number of structural, non-structural and functional applications 

in different fields of engineering, due to their economic, environmental and performance 

benefits. They are now being used in fabricating aerospace and automotive components such 

as ventral fins, fuel access door covers, rotating blade sleeves, gear parts, crankshafts, and 

suspension arms. In electronic industry they are used in the processing of integrated heat 
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sinks, microprocessor lids and microwave housing. Majority of these applications requires 

operation at varying temperature conditions ranging from high to cryogenic temperatures [6, 

7]. Structural components used in the aerospace industries such as aircraft wings, fuselage 

frames and landing gears are frequently exposed to severe thermal loads created by 

aerodynamic heating [8,9]. Hence, it is important to study their thermal behaviour under these 

conditions. 

The ceramic phase which is generally used as reinforcement in MMC has a large difference 

in coefficient of thermal expansion with the metal phase. This thermal mismatch causes large 

residual thermal stresses near the interfaces of composite when they are cooled from the 

fabrication temperature [10, 11]. These residual stresses have a significant influence on the 

mechanical and physical properties of the composite. Thermal stresses are important in 

design because they lead to plastic yielding or failure of the material [12]. There are several 

mechanisms by which thermal stresses can be relaxed which includes interface debonding, by 

micro plasticity of the metal matrix and crack initiation and propagation [13].  Aluminium 

matrix composites are frequently being exposed to environments where cyclic temperature 

changes prevail [10]. Thermo-mechanical cycling also greatly influences the thermal 

expansion behaviour of the composites [14]. Studying thermal expansion behaviour of 

composites also have significant importance since most of the structural components are 

subjected to variable temperature operation and hence the materials used in these components 

should have lower and stable CTE and outstanding mechanical properties [3]. Thermal 

expansion behaviour of composites is affected by several material parameters such as the 

type of constituents, matrix microstructure, reinforcement volume fraction and architecture, 

the internal stresses due to their CTE mismatch, thermal history, porosity and interface bond 

strength [9].  
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Thermal fatigue study of aluminium matrix composites become important since they are used 

in engine components which are subjected to thermal excursions during service such as 

piston crowns and valves [15].  It is also important to understand the properties like thermal 

conductivity of MMC for various thermal management applications such as heat sinks in 

electronic devices, microprocessors, power semiconductors, high-power laser diodes, light-

emitting diodes (LEDs), and micro-electro-mechanical systems (MEMs) [16,17]. This paper 

reviews the current knowledge on the behaviour of aluminium matrix composites under 

thermal stresses. 

2. Classification of metal matrix composites 

There are mainly four types of metal matrix composites based on the type of reinforcement 

such as:- 

i. Particle reinforced MMC: These are produced by incorporating equiaxed 

reinforcements in the form of particles to the metal matrix. The aspect ratio of 

particles will be less than 5 and are less expensive compared to other reinforcement 

types. But the mechanical properties of particulate reinforced MMCs are less 

compared to that of whisker and fibre reinforced MMCs. These composites are 

usually isotropic in nature and manufactured mainly by powder metallurgy 

processing. Secondary forming operations such as rolling, forging, extrusion etc can 

be performed easily on particulate reinforced MMCs. 

ii. Short fibre and whisker reinforced MMC: Here non continuous fibres with an aspect 

ratio greater than 5 are used. Whisker reinforcements have better mechanical 

properties than both continuous and particles reinforced composites and are mainly 

fabricated using powder metallurgy or squeeze infiltration route. Short fibre 

reinforcements find major application in use as piston and have intermediate 
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properties in between that of continuous fibre reinforced MMCs and particulate 

reinforced MMCs. Since some health hazards are identified with use of whisker as 

reinforcement, their commercial applications have been limited lately.   

iii. Continuous fibre reinforced MMC: Continuous fibres are used here which can be 

parallel or pre woven. They have diameter normally less than 20µm. The highest 

degree of load transfer is provided by them due to their high aspect ratio. Significant 

amount of strengthening takes place along the fibre direction. Liquid infiltration 

techniques are mostly employed for the fabrication of continuous fibre reinforced 

MMCs. But the main disadvantage of these composites is that they have low strength 

in the transverse direction compared to the longitudinal direction which results in 

anisotropic properties. 

iv. Mono filament reinforced MMC: Here fibres having large diameter in the range 100-

150µm, are used as reinforcements. Chemical vapour deposition and diffusion 

bonding techniques are normally used for their fabrication. Their application is 

limited to superplastic forming metal matrices. Like continuous fibre reinforced 

MMCs, these composites also have anisotropic properties.  

In addition to the above types, another variant called hybrid AMCs having more than one 

type of reinforcement are also present, which are in use to some extent [6,18,19]. 

3. Synthesis of aluminium matrix composites 

Primarily fabrication of MMCs can be classified into two processes such as solid state 

processes and liquid state processes. Solid state processes include powder metallurgy process, 

diffusion bonding and deposition process. Powder metallurgy is generally used for the 

fabrication of particulate reinforced aluminium matrix composites which involves blending, 

cold pressing and sintering, or hot pressing. For obtained a near net shaped final product, 
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powder forging technique can be used where forging operation is done after the sintering 

stage. Diffusion bonding is another solid state process for MMC fabrication where 

interdiffusion of atoms between metallic surfaces take place at high temperatures leading to 

bonding. It can be used for production of mono filament-reinforced AMCs through either 

foil-fibre-foil route or by evaporating thick aluminium layers onto the fibre surface. This 

process is not suitable for obtaining high volume fraction of fibres and obtaining complex 

shapes. Also, long processing time and high temperature requirements limits the commercial 

applicability of the process.  

Various deposition techniques are available for MMC production which includes spray 

deposition, physical vapour deposition (PVD) and chemical vapour deposition (CVD). 

Physical vapour deposition process can be used for the fabrication of multilayered MMCs in 

the nanometre range by passing the fibres continuously through a region of high partial 

pressure vapour of the metal to be deposited. Here condensation takes place which results in a 

relatively thick coating of metal on the fibre. Spray deposition technique involves spraying 

the molten metal onto winded fibres to form the composite. Rapid solidification of molten 

matrix and easier control of fibre alignment are the main advantages of spray deposition. The 

decomposition of vaporised metallic component onto the substrate fibre at elevated 

temperature constitutes the chemical vapour deposition technique (CVD). The ease of 

controlling the degree of interfacial bonding is one of the key aspects of deposition 

processing. The main problem with deposition technique is that they are very time consuming 

processes. 

Liquid state processing involves stir casting, infiltration techniques and spray deposition 

process. In Stir casting technique, the ceramic particles are first added to the molten metal 

and then it is allowed to solidify. Proper wetting between the reinforcement and the molten 

metal is an important criterion which determines the mechanical properties of the final 
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product. One of the main problems with this technique is that reaction between the fibre and 

the matrix may takes place which can deteriorate the properties of the composite. Compo 

casting is another variant of stir casting where the particles are incorporated to the matrix 

alloy in the semi solid state. A fibre or particulate preform is being infiltrated by using molten 

metal for the producing the composite in the case of infiltration technique. Here minimal 

reaction takes place between the matrix and the reinforcement due to shorter processing 

period involved. Gas pressure infiltration is another variant of liquid infiltration technique 

where the fibre preform is being infiltrated by using a high pressure inert gas. In spray 

forming process the composites are produced by injecting the ceramic particles into an 

atomized spray of molten metal matrix. Even though expensive compared to other processes, 

this fabrication route is very flexible and here no harmful reaction products are formed since 

the time of flight of composite particles is very less [6,18,19]. 

 

4. Thermal Stresses  

Under uniform temperature change, thermal residual stresses are induced in a composite due 

to thermal expansion mismatch between the matrix and the reinforcing phases. These stresses 

are important as they exist at room temperature and can decrease the initial yield stress, 

relative to its value in the absence of internal stress. Even though a small strain mismatch can 

be accommodated elastically; the entire deformation volume of a MMC may become 

plastically deformed for larger strain mismatch [10-12,20]. For Al-based metal matrix 

composites, it has been reported that dislocations are generated at the reinforcement–matrix 

interfaces to provide sufficient space for the strains originating from the coefficients of 

thermal expansion (CTE) mismatch between the Al matrix and the ceramic reinforcements 

and the internal stresses resulting from this mismatch are being partially relaxed by these 

dislocation processes [21-23]. These residual thermal stresses can accelerate creep by orders 
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of magnitude and when their average value exceeds the externally applied stress, they will 

play a significant role in the determination of plastic deformation rates. When average 

thermal stresses within a composite become similar to (or greater than) the externally applied 

stresses, the thermal stresses will have an important (or dominant) role in determining plastic 

deformation rates [24]. 

Even though experimental determination of residual stress in composites is possible through 

XRD [25], dilatometry and acoustic methods; difficulties arise in measurement which 

includes lowering original value of residual stress due to relaxation processes taking place. 

Original residual stresses can be ascertained by the comparison of stress/strain curves of the 

matrix and the fibre. Generally during the fabrication of composites, a tensile residual stress 

is developed in the matrix which accelerates the change in deformation from elastic to plastic 

in matrix whereas a compressive residual stress is generated in the fibre which slows the 

transition. This transition occurs when the residual stress in the matrix exceeds the yield 

strength of the matrix. During the prestraining of composite, residual stresses are formed in 

the fibre and the matrix which also depends on the value and sign of original residual stress 

[26]. Premature yielding during axial loading and yielding prior to loading occurs due to the 

generation of residual stress in the composites.  

During cooling of a composite from fabrication temperature there are three different stages of 

matrix deformation. In the first stage occurring at high temperatures, there will be negligible 

amount of residual stress build up in the matrix due to stress relaxation. The temperature at 

which first stage ends depends up on the cooling rate employed. In the second stage as 

temperature lowers further, the residual stress build up begins in the constituents rapidly and 

when the value of residual stress is large enough to exceed the yield strength of the matrix, 

plastic deformation occurs in the matrix which marks the beginning of third stage. In the case 

of graphite fibre reinforced aluminium matrix composites there exists anisotropy in the 
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coefficient of thermal expansion of graphite fibre (0°C
-1

 in longitudinal direction and 25x10
-6

 

°C
-1

 in transverse direction) which results in larger residual stress in the longitudinal direction 

compared to the transverse direction. This anisotropy in thermal expansion is beneficial as it 

along with slow cooling rate can eliminate the plastic deformation in the matrix created due 

to coefficient of thermal expansion mismatch [25, 27-29]. Volume fraction of graphite fibres 

also play a significant role in deciding the magnitude, sign and distribution of residual 

thermal stresses [30].  

The effect of modifying the residual thermal stress in a graphite fibre reinforced aluminium 

matrix composite by tailoring the interfacial region was observed to depend on the elastic 

modulus of the interfacial region. A larger elastic modulus resulted in increasing the 

contribution of matrix-interfacial region mismatch terms which is very harmful to the thermal 

stresses in aluminium matrix composites as it increases tensile hoop stresses during cooling 

from processing temperatures [31]. The overall yield surfaces of the particulate reinforced 

composites such as SiC/Al exhibit a combination of kinematic and isotropic plastic hardening 

due to the presence of thermal residual stresses [32]. 

In the majority of the earlier investigations, the residual thermal stresses were determined 

using either Eshelby Method or Finite Element Method [22].  Eshelby model was used for the 

prediction of thermal residual stress in SiC whisker reinforced aluminium composites which 

were in good agreement the experimental results [33]. In the case of SiC short fibre 

reinforced aluminium system it predicts the resultant stress distribution between the phases. 

The relaxation of thermal residual stresses occurs commonly through mechanisms such as 

general plastic deformation (plasticity, creep), fracture (fibre cracking, interfacial decohesion, 

interface gliding), local plastic deformation (dislocation glide) and diffusion (atom 

movements) which affect the stress contributions in many ways. Generally residual stresses 

can be relaxed during cooling at high temperatures, but at low temperatures relaxation is very 
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difficult to take place. But there exists complexity in Al/SiC system where relaxation of 

residual stresses occurs even after it is cooled down to the room temperature [34,35].  

High density of matrix dislocations was observed near the interface in SiC/Al system created 

due to residual stress and these dislocations are emitted from the interface. The effect of 

aspect ratio of SiC fibres on thermal stresses is very little because at short distances from 

fibre corner, the dependence of residual fields on the axial position is negligible. But side to 

side fibre spacing has a profound influence on the magnitude and distribution of residual 

stress in the fibre and on the interfacial stresses at whisker end. As side to side fibre spacing 

was increased greater plastic strains were observed on the fibre corner [36]. Thermal residual 

stresses have very little direct influence on the predicted ductility of the SiCf/Al system even 

during the case when the limiting failure mechanism in modelling the system was assumed to 

be void nucleation by interfacial debonding at the whisker ends. There is a tendency for 

redistribution in residual stresses as interface failure begins to occur. Flow strength in 

compression was observed to be greater than that in tension when a closer end to end spacing 

of fibres was maintained [37]. 

The various factors on which the magnitude of thermal residual stress depends includes 

coefficient of thermal expansion of fibre and matrix, their elastic properties and matrix-

plasticity behaviour. In a unidirectional SiC fibre reinforced 6061 aluminium alloy, the 

amount of age-hardening produced is significantly less than that in the bulk alloy due to the 

plastic strain brought about during cooling. Solute migration tendency to fibres as well as to 

strain induced dislocations may enhance this effect. Stress relaxation behaviour in the matrix 

of the composite is more intricate than that of normal stress relaxation. Due to the elastic 

constraint imposed onto the matrix by the fibres, plastic strain due to stress relaxation will 

create a decrease of elastic strain in both the fibre and the matrix. [38,39]. Analysis of the 

influence of thermal residual stresses and strains on the mechanical behaviour of Al2O3 
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particulate reinforced 6061-T0 Al alloy through finite element method pointed out that the 

residual stress/strains have large influence on composite behaviour under compressive 

loading than tensile loading. Also when the residual thermal stresses/strains are introduced 

prior to external loading, there was a decrease in proportional limit, 0.2% offset yield stress 

and the apparent stiffness. Regions of constrained plasticity and high stress triaxiality in the 

matrix around the particle help in better load transfer in the composite [40]. 

Increased matrix dislocation density as a result of differential thermal contraction is the main 

strengthening mechanism observed in discontinuously reinforced MMCs such as SiC/Al.  

Various undesirable composite properties are caused by thermal stresses such as lowering of 

tensile and yield strengths, elevating Bauschinger effect affecting load transferring capability 

of the matrix to the fibre. Residual stresses can enhance interface strength in the case of 

composites with weak interfaces during tensile loading, which is more prominent in regions 

of plastically deformed matrix near the interface [41,42]. 

Average strain in aluminium matrix composites components resulting from thermal stress can 

be determined by using neutron diffraction and synchrotron techniques. An equivalent 

inclusion method helps in interpreting these thermally induced lattice strains [20,43-45]. The 

effect of thermal stress on the microstructure of Al-metal matrix composites reinforced with 

nanosized dispersoids of mullite and zirconia fabricated using uniaxial hot-pressing was 

studied at three different temperatures in the range of 450°C to 610°C. Through the analysis 

an estimation of the thermal stress of the AMCs using analytical functions was made 

possible. The results revealed that magnitude of the thermal stress increased with the increase 

of processing temperature. As a result the Al matrix was deformed to the extent that the 

effective particle sizes of the matrix decreased, strains increased and the values of dislocation 

density increased with increasing processing temperatures which lead to the betterment of 

hardness and mechanical properties of the composites [46]. Analysis using FEM models 
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depicted that thermal stresses cause pronounced matrix yielding during axial tensile loading 

and elevates flow stress during transverse tension in unidirectional boron fibre reinforced 

6061 Al alloy composite. However, local spacing of the fibres also influences the local 

magnitude and sign of the residual stress in the matrix [47]. 

 In the case of discontinuous SiC whisker reinforced aluminium-matrix composites, it was 

observed that residual stresses significantly affects the constrained matrix plastic flow and 

matrix-fibre load transfer which were the main strengthening mechanisms. The effect of 

thermal residual stress on load transfer was found to be increasing with the whisker volume 

fraction. Thermal residual stresses were found to delay void nucleation in the matrix and 

interfacial decohesion at the fibre-ends during tension at lower whisker volume fraction. This 

was attributed to the induction of hydrostatic compression in the interfacial region of the 

composites. But at higher volume fraction they aids matrix and/or interfacial damage in the 

fibre –ends under tensile loading [48]. In SiC particle reinforced aluminium matrix fabricated 

by casting, residual stress distribution was observed to be increasing with the cooling rate. 

Elastic modulus and yield strength of the composite was increased due to the residual thermal 

stress formation. The value of residual stress was higher at the interface and decreases with 

distance from the interface. Interface stresses are strongly influenced by the thermal residual 

stresses when mechanical loading is applied. Residual stresses was found to be increasing 

with the volume fraction of the fibres in the heat removal direction and the direction normal 

to it for air-cooling and water-cooling but for constant temperature cooling, they remained 

approximately same for different volume fractions in the heat removal directions and 

decreased with volume fraction of fibres in other directions [49-51]. In a nickel coated-carbon 

fibre reinforced aluminium matrix composite, thermal stresses arising due to temperature 

gradient resulted in the failure of nickel coating [52]. Thermal residual stresses were 
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significantly reduced by using a thermal expansion clamp during curing in the case of a 

carbon fibre reinforced aluminium laminates (CARALL) [53]. 

 A twofold effect of pressure rolling on the residual stresses were observed on the residual 

stress state of a SiC particle-reinforced 2014 aluminium alloy which was  investigated by 

using a modified Eshelby model [54]. The residual stresses induced by annealing in silicon 

carbide particle reinforced aluminium metal matrix composite measured using x-ray 

diffraction method indicated that hydrostatic tension was developed for aluminium matrix 

and hydrostatic compression was developed for the SiC reinforcement which  established 

force equilibrium making the macroscopic thermal stress absent in the composite. But when 

the composite was subjected to grinding treatment, the thermal stresses were reduced and 

resulted in a macroscopic stress such that compressive stresses were measured in both the 

constituents [55]. Tensile stress distribution due to the rotation of aluminium based composite 

disc containing silicon carbide whisker was changed significantly due to the presence of 

residual stress. The steady state tensile creep rate was further enhanced by the tensile residual 

stress which may lead to decrease in the service life of component which finds major 

applications in flywheel, shrink fits and turbines [56,57]. When the stiffness of a composite 

material is increased it will also obstruct thermal expansion which in turn will lead to higher 

residual thermal stresses whose maximum along the axial direction occurs in the boundary of 

elastic and plastic zones [12]. 

 In the finite element method analysis of the distribution and the amount of residual stresses 

in the SiC particle reinforced aluminium matrix, carried out recently by Bouafia et al. [58], 

large amount of residual thermal stresses were generated, mostly at the interface region of the 

composite. The SiC particles volume fraction and interparticle spacing plays prominent role 

in the production of residual thermal stresses. Lowering SiC particle volume fraction and 

increasing interparticle spacing resulted in the decrease of internal residual stresses and vice 
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versa. SiC particles with cylindrical shape developed higher thermal stresses compared to 

those with spherical and cubical shape. Increasing the reheating temperature also resulted in 

the increment of normal internal stresses introduced in the matrix and the particle.                                       

Thermal residual stresses are one of the main causes of interface damage and fatigue crack 

initiation during high-cycle fatigue in alumina reinforced aluminium matrix composites. 

Surface treatment capable of inducing compressive residual stresses can be done to improve 

the fatigue behaviour of composite by preventing the crack propagation in the initial stage 

itself [59]. The relaxation of thermal stresses in aluminium-based MMCs subjected to thermal 

cycling was studied using mechanical spectroscopy where the mechanical losses and shear 

modulus measurements were taken as a function of temperature. When the composite was 

cooled, maximum mechanical loss appeared because of the dislocation generation and motion 

near the interfaces due to differential thermal contraction of matrix and reinforcement. This 

mechanical loss maximum is absent in the case of monolithic material. Also, when the 

reinforcement volume fraction was increased, the maximum mechanical loss was found to be 

increased [60]. The change in residual stress on heating and cooling of the magnesium borate 

whisker-reinforced aluminium composite was investigated using coefficient of thermal 

expansion (CTE) curves, where a close relationship was observed between the CTE of the 

composite and the residual stress changing rate.  A linear relationship was observed on tensile 

and compressive stress changing rates with temperature while heating the matrix at lower and 

higher temperature ranges. The CTE of the composite on cooling was found to be smaller 

than that on heating. This is because while heating, the residual stress present in the Al matrix 

is elastically relaxed in lower or higher temperature region [61].             

5. Thermal Cycling  

In the case of AMCs, heat treatment has been widely used as an effective technique for 

acquiring stabilized microstructure and best achievable properties. Thermal cycling is one 
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among the effective heat treatment methods to reduce residual stresses and improve 

dimensional stability of the composite which involves alternatively cooling and heating the 

material to improve its strength and capacity [8]. Information on stress relaxation 

mechanisms can be obtained from the in-cycle creep data for metal matrix composites 

subjected to thermal cycling which are essential in life prediction of structural components 

under thermal cyclic environments [62,63].  

During thermal cycling conditions, the strain rate sensitivity exponent (m) of the composite 

material is unity (Newtonian flow behaviour) since the strain rate will be proportional to the 

applied stress and at higher stresses the material gradually approaches the isothermal flow 

behaviour of the matrix. The internal stresses which block or assist the motion of individual 

dislocations are the main cause for thermal cycling behaviour [64]. During thermal cycling, 

shape instabilities and creep at significant strain rates are observed in metal matrix 

composites, even at unusually low stresses [65,66]. Densification of composites also 

increases during thermal cycling under stress. Thermal cycling of a material can be used to 

induce internal stress in many ways such as (1) thermal cycling of a material through a phase 

change while applying a small external stress; (2) thermal cycling of polycrystalline pure 

metals or single phase alloys with anisotropic coefficients of thermal expansion with 

simultaneous load application and (3) thermal cycling of composite materials in which 

constituents have different coefficient of thermal expansion [67]. 

The behaviour of metal matrix composites will be different from isothermal conditions when 

they are subjected to temperature cycling. Strain rate increases substantially even at lower 

temperatures during thermal cycling when compared to isothermal conditions. Fracture strain 

is also high during thermal cycling. Damage modes occurring during thermal cycling such as 

fibre and interface cracking, interface void formation may not necessarily occur during 

isothermal conditions [10,68]. Plastic flow stress and strain hardening behaviour of the 
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composites are affected by thermal cycling because of the triaxial state of stress generated at 

the particle–matrix interfaces. Residual stress can also have a considerable influence on the 

composites subjected to thermal cycling as they can initiate matrix phase yielding which 

causes the formation of strain hysteresis loops between the heating and cooling segments of 

the cycle. Large percentages of plastic deformation, known as internal stress superplasticity 

(mismatch induced superplasticity [65]) occurs in Al-SiC particulate composite when they 

are subjected to concurrent application of small external stress and thermal cycling [11].
  

Studies show that enhanced creep deformation is observed during the thermal cycling of 

particulate reinforced metal matrix composites and plastic strain per thermal cycle varies 

linearly with the applied stress [69]. 

When the displacement measurements within the graphite fibre of a graphite fibre reinforced 

aluminium matrix composite during thermal cycling was studied using in-situ SEM 

experiments, intrusion/extrusion phenomenon was observed which limits the matrix to fibre 

load transfer across the interface. Once shear begins within the graphite fibre, this 

phenomenon will further lead to modification of CTE of the composite [70]. Superplastic 

behaviour was observed at very low stresses (~ 10% of the yield strength) in SiCp/Al 

composite when it was subjected to thermal cycling on a conventional creep machine at 

relatively low temperatures( <200°C ) [64]. A drastic strength decrease is observed for 

SiCw/Al system when they are subjected to thermal cycling in which plastic flow occurs and 

this effect limits the use of these materials in high temperature applications [71].  

Thermal cycling can result in the generation of internal stresses at SiCw/Al interfaces which 

are produced due to the CTE mismatch between SiC whiskers and aluminium matrix. The 

deformation produced due to these internal stresses results in superplastic behaviour leading 

to very high ductility of the composite (> 1000%) and thus high strain rate sensitivity. Also 

the rate of realignment and redistribution of whiskers are increased as a result of increase in 
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stress during thermal cycling [72]. The influence of thermal cycling on the precipitation 

events in a SiC whisker reinforced aluminium alloy matrix composite was studied by Hall et 

al. [68] at higher temperatures. A dispersion of finer precipitates was observed during thermal 

cycling in addition to the coarser precipitates and large dimensional changes were noticed. 

Neutron diffraction techniques and X-ray synchrotron measurements were found to be useful 

for measuring internal strain changes in SiC whisker reinforced aluminium matrix composite 

undergoing thermal cycling [73-75]. Formation of stable dislocation tangles and cells were 

observed near the interface regions during thermal cycling of 10 vol% alumina particulate 

reinforced 1060-aluminium matrix composite [76]. Internal stresses resulting from CTE 

mismatch between the matrix and the particulates are partially relaxed by such dislocations 

[77]. Creep acceleration and reduction in creep stress exponent was reported [78] in the 

theoretic model of aluminium reinforced with SiC particles, which was subjected to thermal 

cycling under load. This further resulted in superplastic deformation behaviour with 

extensions in excess of 150%. The roughness of squeeze-cast aluminium matrix composite 

reinforced with 15 vol% random discontinuous saffil fibres subjected to thermal cycling was 

found to be increasing with the number of thermal cycles and increased dislocation density 

was observed at the interfacial region [79]. The damage mechanisms at the fibre-matrix 

interface are the chief factor contributing to the enhanced non-linear strain accumulation 

associated with thermal cycling [80].  

 A comparative study was made on the damage in three discontinuously reinforced 

aluminium matrix composites produced by powder metallurgy route such as Al-Mg-Cu alloy-

SiC (as extruded and solution treated), Al-SiC(hot rolled) and in-situ cast Al-TiC (as 

extruded) composites. The matrix and interfaces in the Al alloy-SiC composite show cracks 

as a result of repeated thermal cycling because of the stress generated from the mismatch in 

CTE. This leads to a decrease in the Young’s modulus of the composite and matrix micro 
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hardness near the particle-matrix interfaces. But increase in microhardness of the interface by 

strain hardening due to dislocation generation was observed as shown in Fig.1 in the case of 

as-rolled Al-SiC and in-situ Al-TiC as their interfaces are very strong so that no decohesion 

takes place. Also there was only marginal decrease in Young’s modulus in these composites. 

Bar charts depicting the damages caused by thermal cycling in the Al alloy-SiC, Al-SiC and 

Al-TiC composites against the number of cycles of heating and water quenching are shown in 

Fig.2 [81]. 

The phenomenon where progressive plastic deformation with increasing number of thermal 

cycles occur in composites even at stress level far below the yield strength is known as 

thermal ratchetting which is a function of both the applied stress and the amplitude of thermal 

cycles. Thermal ratchetting behaviour has been observed in SiCf/Al composites [82] and in 

C/Al and SiC/Al laminated composites [83]. Ratchetting rate is not influenced by highest 

temperature of the thermal cycle but it plays a prominent role in composite failure at high 

load levels. Progressive reduction in length was observed during repeated thermal cycling of 

saffil fibre reinforced aluminium matrix composites until a steady state cycle is reached [84]. 

Thermally activated recovery by polygonization was the major microstructural damage 

mechanism involved with thermal cycling at elevated temperature, as observed in the case of 

a short alumina silicate fibre reinforced aluminium alloy (A356) composite fabricated by 

pressure casting. Reduction in residual stresses was observed in Al2O3 fibre reinforced Al 

matrix and SiC whisker reinforced Al matrix during thermal cycling. This effect was mainly 

due to the thermally induced plastic relaxation and the degree of reduction depends on the 

difference in CTE between the constituent phases, volume fraction of the reinforcement and 

drop in temperature [85,86].  

A study on the effect of strain control and thermal cycling on Aluminium alloy (AA6061) 

reinforced with alumina particles produced by casting and extrusion pointed out that thermal 
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stresses produced by thermal cycling can increase the plasticity at the matrix/reinforcement 

interface whose maximum exists at an optimum strain-rate condition. A comparison was 

made on the elongation of the composite with unreinforced AA6061 and re-extruded 6061 

composite under room temperature, isothermal and thermal cycling conditions which are 

represented in the bar chart (Fig. 3) shown below [3]. Loading under thermal cycling does not 

change the dislocation density in the work hardened zone of short fibre reinforced aluminium 

matrix composites once cyclic saturation is achieved. Also, the dislocation loop punching that 

occurs during thermal cycling at high applied stresses acting for a short period of time is 

mainly controlled by dislocation glide mechanism [87]. 

Thermal cycling tests carried out on unidirectional Mo-fibre reinforced aluminium 

composites showed reduced tensile strength due to the presence of interfacial cracks which 

are generated to relax the internal stress built up in the composite. When the thermal cycles 

are increased, the axial length also increased but the density got reduced. The interfacial 

reaction between Mo-fibre and Al matrix is unimportant after thermal cycling as the Mo 

fibres remained intact [88]. During thermal cycling, strain hysteresis was observed in Al-

12wt% Si alloy matrix composite reinforced with potassium titanate whiskers fabricated by 

squeeze casting process. Furthermore, the composite exhibited little dimensional change due 

to the absence of residual plastic strain [89]. A theoretical model based on micromechanical 

approach was developed by Dutta [90] for examining the thermal cycling behaviour of 

continuous graphite fibre reinforced aluminium matrix composites. From the analysis it was 

concluded that the influential deformation mechanism functioning in the matrix changes 

frequently during thermal cycling as a result of continuous stress and temperature revision. 

Overaging, matrix annealing, void coalescence, crack formation and reinforcement 

debonding were observed in SiC whisker reinforced 6061 aluminium matrix composite 

subjected to thermal cycling at beginning of T6 tempering treatment. Due to these defects, the 
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tensile strength, yield strength, Charpy impact energy and the fracture toughness of the 

composite was significantly reduced [91]. 

The maximum residual stresses were found to be generated at the interfacial region during the 

thermal cycling of 10 vol% SiC reinforced aluminium-silicon alloy matrix composite [92]. 

Also crack formation was observed in SEM micrographs under repeated action of thermal 

cycling process. The development of strain hysteresis loops was observed in aluminium-

based composites reinforced with in-situ Al3Ti plate and Al2O3 particles produced by reactive 

hot pressing method, which were exposed to fluctuating temperature environments [11]. 

Thermal damage of composites subjected to practical thermal cycling conditions can be 

assessed by thermal strain parameters deduced from the hysteresis loop and it was observed 

that in-situ composites displayed better dimensional stability compared to Al during thermal 

cycling which are mainly attributed to the higher thermal stability and improved interface 

bonding of in-situ reinforcements. The mechanical strength of graphite fibre reinforced 

aluminium composites produced by gas pressure infiltration method was reduced by 10% due 

to thermal cycling between 60°C and 300°C upto 1020 cycles. There was no effect of thermal 

cycling on the thermal conductivity of the composite [93]. The mechanical properties of 

AlNp/Al composite fabricated by squeeze casting were greatly enhanced after thermal cycling 

treatments. Tensile strength of the composite was mainly improved by wide-range thermal 

cycling treatment whereas stability of material properties was improved by narrow range 

treatment. Moderate-range cycling treatment was found effective in improving yield strength 

and elastic limit. The elastic modulus of the composite was also significantly increased to as 

near as die-casting condition in moderate range and narrow range thermal cycling treatments 

[94]. 

High dislocation density was observed in the cast aluminium alloy matrix composite 

reinforced discontinuously with fine SiC particulates during thermal cycling, which can be 
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attributed to the difference in coefficient of thermal expansion of the constituents [95]. The 

internal friction of Al/SiC particulate MMC was increased by thermal cycling which is 

mainly due to the dislocation motion. Thermal cycling also caused increase in the dislocation 

density, which enhanced the damping capacity of the composite [96]. Reduction in hardness 

after thermal cycling was observed in short fibre reinforced AlSi12CuMgNi piston alloys 

which can be attributed to overaging and matrix recovery [97]. The thermal cycling of 

extruded aluminium–silicon alloy (Al–7% Si–0.7% Mg) based composites reinforced with 

particulate silicon carbide displayed higher ductility mainly due to internal stresses which are 

being generated as a result of CTE mismatch between the matrix and the reinforcement. 

Thermal cycling caused the matrix alloy and its composites to deform at stresses much lower 

than the yield stress. Formation and transversal growth of the cavities was found to be the 

dominating factor in the failure of thermally cycled composites which are present along the 

gauge leading cracks in the matrix in the transverse direction to the applied stress as observed 

in the Fig.4 below [14,98].  

A constant and higher strain rate compared to pure creep conditions was observed in the 

deformation behaviour of an aluminium alloy matrix composite reinforced with SiC particles 

during thermal cycling between the temperature limits of 305K and 443K. The enhanced 

deformation taking place in the thermally cycled composites can be explained on the basis of 

emission and punching out of dislocations from the interfacial region [99]. The plastic strain 

of Al/SiCp composite was observed to be increasing when compared with unreinforced 

aluminium due to CTE mismatch between the aluminium matrix and SiC particles during 

thermal cycling [16].  

The thermal stresses generated in SiCp reinforced aluminium matrix during the early stages of 

thermal cycling relaxes by creep at temperatures above 90°C. Development of strain 

hysteresis loops and residual plastic strains were observed in Al-Mg alloy reinforced with fly 
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ash during thermal cycling. Further addition of fly ash resulted in the reduction of residual 

plastic strains thereby increasing the dimensional stability of the composite [100,101]. Co-

continuous composites such as NiAl-Al2O3 and Al-Al2O3 show more resistance to thermal 

cycling damage when compared with traditional composites [102]. 

Investigations on the thermal cycling behaviour of ultra high modulus carbon fibre reinforced 

aluminium alloy matrix composite revealed occurrence of microcracks and debonding at the 

interface region which increased with the temperature difference. Bending modulus of the 

composite showed an abrupt increase initially and then decreased with thermal cycles due to 

generation and propagation of microcracks. The amount and length of pull-out fibre was seen 

to be increasing with the number of cycles irrespective of temperature difference. Even 

though there is a gradual increase in dislocation density in the Al matrix with the number of 

thermal cycles; it will eventually decrease after a certain period due to the movement and 

annihilation of dislocations of opposite sign [103]. Thermal cycling tests conducted on a 

saffil fibre reinforced 2014 aluminium alloy matrix resulted in an interfacial reaction which 

strengthened the composite and led to a decrease in its coefficient of thermal expansion 

[104]. Thermal–mechanical cycling (TMC) could induce interfacial degradation in the case 

of boron fibre-reinforced aluminium matrix composite. This effect increases with the number 

of TMC cycles and the applied stress levels [105].     

6. Thermal Expansion  

 Low and stable coefficient of thermal expansion (CTE) is a necessity for components which 

are subjected to a change in temperature such as structural parts in aerospace, automobiles, 

sensors, measuring instruments, microwave components etc [106]. Due to suitability of 

AMCs for elevated temperature applications, studying their thermal expansion property is of 

considerable practical interest. The coefficient of thermal expansion (CTE) of MMCs can be 

tailored by controlling the reinforcement type, size, morphology and relative quantity [107-
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110]. The thermal expansion behaviour of metal matrix composites, especially AMC is very 

complicated since the metal matrix can deform plastically in reaction to the thermal stresses 

generated. Super plastic flow behaviour exhibited by metal matrix composites during thermal 

cycling is due to the generation of internal stresses which results from the difference in 

thermal expansion coefficient the matrix and the reinforcement [111-113]. Plastic 

deformation will get increased at elevated temperatures as thermal strains are a function of 

the temperature which increases with temperature [114]. Internal stresses generated due to the 

CTE mismatch between fibres and matrix strongly affect the thermal expansion behaviour 

and dimensional stability of aluminium matrix composites [115]. 

In the case of particulate reinforced aluminium matrix composites it was observed that the 

CTE of the composite can be reduced substantially by the addition of reinforcement particles 

to the aluminium matrix [116,117]. Also the CTEs of both the composite and the 

unreinforced Al matrix were found to be increasing with temperature. The restriction 

imposed by the particles on the Al matrix during thermal expansion resulted in slower 

increasing rate of CTE of composite, compared to that of unreinforced Al [118]. In the case 

of SiC coated boron fibre reinforced aluminium matrix composites fabricated by hot pressing 

the thermal expansion measured perpendicular to the fibres was found to be in good 

agreement with that predicted by theoretical models whereas thermal expansion measured in 

the fibre axis direction was lower than that of theoretical predictions due to the yielding in the 

matrix [119]. Anisotropy of fibre thermal expansion observed in the case of graphite fibre can 

eliminate yielding of the matrix due to thermal stress [27]. Experimental measurement of the 

thermal expansion behaviour of both unreinforced 2080 Al and Al/SiCp extruded composites 

revealed that anisotropic distribution of SiC particles decides the anisotropic thermal 

behaviour of Al/SiCp composites. Also both the particle volume fraction and the orientation 

relative to the extrusion direction have prominent effect on the CTE of composite. The FEM 
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results used to simulate the thermal behaviour showed that orientation of SiC particles 

changes the internal stress in the composite, which results in anisotropic thermal behaviour 

[120]. 

Thermal deformation measurement in aluminium matrix composites can be performed using 

a non-destructive optical technique known as Digital speckle pattern interferometry (DSPI) 

without any restriction on the shape of the specimen [121]. Increasing volume fraction of 

saffil fibres caused a decrease in the value of coefficient of thermal expansion of aluminium 

matrix composite. An elastic response at lower temperatures and a plastic response at higher 

temperatures were exhibited by the measured CTE of the composite [122]. A semi-empirical 

method for determining the average coefficient of thermal expansion (CTE) of components in 

an Al-SiC composite system depicted that when the volume fraction of SiC was increased, 

the average volumetric CTE of both the fibre and the matrix were observed to be decreasing 

[123-125]. The incorporation of alumina fibres as reinforcement into Zn-Al alloys results in a 

significant reduction in the creep rate and the coefficient of thermal expansion [126]. Out of 

the aluminium matrix composites prepared using the reinforcements such as carbon, SiC, 

A1203 and boron fibres, anisotropy of the CTE was found to be very large for aluminium 

matrix composites reinforced with carbon fibres [2]. SiCp reinforced Al alloy composite 

fabricated by stir casting exhibited lower coefficient of thermal expansion values than the Al 

alloy [127]. 

A monotonic increase in CTE with plastic prestrain was observed in alumina particle 

reinforced aluminium matrix composites over smaller temperature ranges. But CTE increase 

was greater for the composite with higher volume fraction of alumina particles when they are 

studied over a wider temperature change. Also, particle cracking in particle reinforced MMCs 

can be monitored using CTE measurements [128]. Plastic yielding and flow of matrix void 

nucleation and volume fraction of broken particles have a prominent influence on the CTE of 
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the composite [15]. In the case of SiC particle reinforced aluminium matrix composites 

produced by vacuum assisted high pressure infiltration, the CTE of the composite increased 

with the size of the particles [129]. The effect of phase connectivity (i.e. metal-matrix, 

ceramic-matrix and interpenetrating where both phases form a continuous network in space) 

has a strong influence on the thermal expansion behaviour of SiC/Al system with the metal-

matrix and ceramic-matrix cases showing the highest and lowest CTE values, respectively 

[130]. The damping capacity of aluminium matrix composites increases with the increase in 

temperature whereas the dynamic modulus was found to decrease with the increase in 

temperature. The Dislocations induced in the matrix alloy due to coefficient of thermal 

expansion (CTE) mismatch between the constituent phases explains the damping capacity of 

the AMCs at low temperatures, whereas matrix–reinforcement interface and thermo elastic 

damping explains the damping capacity at higher temperatures [131]. 

The CTE curves can be used to qualitatively predict the thermal mismatch stress (TMS) and 

change of its states, as observed in the case of a SiC whisker reinforced aluminium matrix 

composite, where the CTE of the composite was fluctuating with test temperature due to the 

presence of larger elastic and plastic thermal mismatch stress in the matrix. Within most 

temperature ranges, the natural shrinkage of the matrix was observed to keep a balance with 

the plastic relaxation of the TMS in the matrix. The orientation distribution of SiC whiskers 

also influences the CTE of aluminium matrix composite [110,132-135]. The CTE of the 

aluminium matrix composite containing β-eucryptite particles and aluminium borate whiskers 

fabricated by squeeze casting technique was affected significantly by the degree of interfacial 

reaction on the surface of β-eucryptite particle. Stronger interface between the β-eucryptite 

particle and the Al matrix resulted in lower CTE of the composite [105,136,137]. The overall 

CTE of aluminium matrix composite is mainly determined by the total volume fraction of the 

reinforcement than the average particle size and particle size distribution [138,139]. The 
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coefficients of thermal expansion of SiCp/Al composite and unreinforced Al matrix fabricated 

by squeeze casting method displayed maxima at 250°C and 350°C, respectively, as shown in 

Fig.5 which then got reduced at higher temperatures. The increase in solubility of Si in Al 

due to the increase in temperature is mainly responsible for this behaviour. Hence, the 

thermal expansion behaviour is greatly influenced by the heterogeneities of Al-based 

materials [140-142]. The temperature dependence of the solubility of Si in Al also influences 

the CTE of Al–Si matrix alloys significantly. In the case of SiC particulate reinforced 

aluminium-matrix composites it was observed that visco-plastic matrix deformations and 

changing void volume fractions were responsible for the anomalies in CTE of the composite 

[143]. Thermal-mechanical cycling significantly affect the thermal expansion behaviour of 

boron fibre-reinforced aluminium matrix composite by inducing interfacial degradation, 

which increases with the number of cycles. Thermal expansion behaviour of the composite 

would depend on the thermal expansion of the fibres, when there is no interfacial sliding or 

fibre fracture observed during CTE measurement [104]. 

Hybrid Al composites reinforced with SiC foam and SiC particles developed using squeeze 

casting technology displayed lower CTE values than those of SiC particle reinforced 

aluminium composite with same SiC content. This was attributed to the characteristic 

interpenetrating structure of hybrid composite which makes them suitable to be used as an 

electronic packaging substrate material [144]. The strengthening due to CTE mismatch was 

not observed in the case of a bulk particulate reinforced nanostructured aluminium matrix 

composite which was fabricated by cryomilling and subsequent consolidation, since the 

formation of geometrically necessary dislocations was constrained to a nanostructuted 

interfacial region containing grains 30-50nm in size [145]. The coefficient of thermal 

expansion of aluminium–graphite composites fabricated by vacuum hot pressing was 
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observed to be decreasing with increasing flake graphite. A control in CTE of the composite 

was achieved by controlling the graphite percentage [146]. 

Phase transformation of reinforcement particle can also affect the thermal expansion 

behaviour of aluminium matrix composite. In the case of β-eucryptic particle reinforced 

aluminium matrix composites prepared by spark plasma sintering, it was observed that the 

metastable phase of eucryptic particle got transferred to normal eucryptic phase due to stress 

relaxation by annealing process. This transformation of the metastable phase has a prominent 

effect on the thermal expansion behaviour of the composite [147,148].  

Thermal expansion behaviour of carbon fibre reinforced Al composite is mainly determined 

by the thermal expansion of aluminium matrix and the restriction of carbon fibre through 

interfaces. This signifies the importance of interface on the thermal expansion behaviour of 

composite [149]. The coefficient of thermal expansion (CTE) has close relationship with the 

changing rate of thermal mismatch stress and the dislocation density of matrix. This was 

observed in the case of SiC whisker reinforced aluminium composite where the composites 

were cooled down from 580°C with lower and higher cooling rates. Analysis pointed out that 

the dislocation density and thermal mismatch stress (TMS) was lower in slowly cooled 

composite compared to fast cooled (water quenched) composite. Hence cooling rate greatly 

influences the thermal expansion behaviour of aluminium matrix composites [9]. 

The thermal expansion response of the fibre-reinforced composites differ from that of the 

particulate composites as they show only very small residual strains when they are cooled 

down from the peak temperature to room temperature [113]. When the fibre content of 

continuous Mo fibre reinforced AMCs produced by diffusion bonding was increased, the 

CTE of the composites decreased as close to the values of Mo fibres. Moreover, the CTE of 

the unidirectional composite was found to be increasing with increase in temperature, 
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whereas in the case of dual directional composites, with increasing temperature the CTE first 

decreased due to the expansion constraints created by large accumulated thermal stress, then 

after reaching a minimum at about 250°C, it starts increasing which may be attributed to 

matrix yielding and interfacial decohesion [1].  

Multi-walled carbon nanotubes reinforced aluminium matrix composites are promising 

material for space structures and electronic packaging due to their low CTE value [150,151]. 

Recently, Lei et al. [152] studied the thermal expansion behaviour of aluminium matrix 

composites reinforced with hybrid (nanometer and micrometer) alumina particles and 

observed that nanoparticle concentration had an important effect on the CTE of the 

composite. Stress relaxation process determines the CTE of composites with lower 

nanoparticle concentration whereas percolation process determines the CTE of composites 

with higher nanoparticle concentration. 

7. Thermal Fatigue  

Thermal fatigue is caused mainly due to the cyclic change of temperature and complete or 

partial restriction of thermal deformation due to external or internal limitations which can 

lead to fatigue cracking at locations with stress concentration. The study of thermal fatigue 

behaviour of particulate reinforced aluminium matrix composites are of great importance 

since they are frequently used in components of engineering applications such as connecting 

rods and cylinder liners that may undergo thermal fatigue during service due to internal and 

external restriction against thermal expansion and contraction [153,154]. It is one of the 

foremost design considerations in diesel engines [155].  

Generally the fatigue behaviour of discontinuously reinforced metal matrix composites is 

characterized by the competition between the cyclic hardening process and the cyclic 

softening process which occurs at elevated temperature. Formation of new dislocations in the 
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matrix and interaction among them constitutes the cyclic hardening behaviour whereas 

interface failure, matrix cavitation, precipitate coarsening and the rearrangement and 

annihilation of dislocations constitutes the cyclic softening process [154]. The dependence of 

fatigue behaviour on temperature and particle size at elevated temperatures are mainly 

attributed to the cyclic softening taking place which results in reduction of strength in the 

matrix [156]. Combinations of cyclic hardening and cyclic softening to failure were observed 

in aluminium alloy matrix discontinuously reinforced with SiC particles during fully-reversed 

strain amplitude control [157-159].  

Cyclic softening was observed in an alumina reinforced 6061-T6 aluminium alloy composite 

at lower strain amplitudes, independent of test temperature. At high strain amplitude, the 

composite displayed cyclic hardening. Also, the low cycle fatigue behaviour of composite 

was inferior to that of the unreinforced 6061-T6 Al alloy, especially in the short-life, high-

amplitude region. The cyclic yield stress decreased with the test temperature. In the high 

cycle fatigue region, the fatigue lives are generally controlled by strength [8]. Submicron-

scale alumina particle reinforced aluminium alloy fabricated using powder metallurgy 

displayed cyclic hardening behaviour under tension and cyclic softening behaviour under 

compression at small strain amplitudes during low-cycle fatigue testing. Rapid stabilization 

of cyclic deformation was observed in the composite which produced symmetric stress-strain 

hysteresis loops at higher strain amplitudes. Bauschinger effect was observed at small strain 

amplitudes due to constrained cyclic deformation created by the distribution of particle 

clusters [160]. 

The main thermal fatigue fracture mechanisms operating in aluminium matrix composites are 

interfacial decoherence between particle and matrix, particle breakage and crack propagation. 

Fatigue crack initiation was always generated in the inclusion or particle cluster area [8,161-

163]. Particle breakage was rare at higher temperatures and most of the cracks were nucleated 
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in the matrix [154,164,165]. In the fatigue behaviour study of aluminium matrix composites 

reinforced with SiC particles, thin matrix ligaments which separate the uncracked subsurface 

particles from free specimen surface were found to be the fatigue crack initiation sites for 

specimens with smaller size SiC particles. But, for specimens with larger size SiC particles, 

crack initiation occurred within the particle [166]. Thermal fatigue damage induced in SiC 

particulate reinforced 6061 Al composite as a result of repeated pulsed laser heating and 

mechanical load was studied and it was found that the damage was initiated at the 

intersection region of laser irradiated brim region and the perpendicular direction of tensile 

load [167]. 

The crack initiation of SiC particulate reinforced aluminium alloy composite subjected to 

fully reversed axial fatigue tests, was found to be dependent on temperature and particle size 

[156]. In the numerical investigation made on alumina reinforced aluminium matrix 

composite under low cycle fatigue it was found that stress and strain concentrations in the 

microstructure plays a major role in the formation of extrusions and intrusions which 

subsequently leads to fatigue crack initiation [168]. Particle fracture, debonding and matrix 

cracking were the chief damage mechanisms that causes fatigue damage in alumina 

particulate reinforced 6061 Al matrix composite. Short fatigue crack initiation and extension 

can occur due to damage localization caused by lump of alumina reinforcement particles. The 

hysteresis loop variation of strain-controlled cylindrical specimens subjected to low cycle 

fatigue test pointed out cyclic plastic strain as the suitable low cycle fatigue damage 

parameter [169]. 

The fatigue crack propagation in aluminium matrix composites takes place preferentially 

through the matrix region. Decrease in the micro-hardness value of composite promotes 

increased crack propagation speed [170]. Higher fatigue life and tensile strength were 

observed for 2124 aluminium alloy reinforced with SiC particles when compared with the 
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unreinforced Al alloy. By decreasing SiC particle size and increasing SiC volume fraction, 

the strength and fatigue life of the composite was found to be increasing. Size and volume 

fraction of SiC particles, stress intensity maximum at crack tip and the matrix strength 

governs the frequency of particle fracture during fatigue crack propagation [171]. The cyclic 

plastic deformation taking place in the fatigue-damaged zone is considered to be the main 

mechanical driving force for the fatigue crack growth [172,173]. The retardation of fatigue 

crack growth was observed when crack propagated from low-high volume fraction of SiC 

and the deflection of cracks also decreased the crack growth rate [174,175].  

The thermal fatigue crack initiation and propagation in SiCp/Al composite fabricated by 

infiltration technique takes place mainly by fracturing of the large reinforcing particles in the 

composite by thermal shock. SEM micrographs representing the initiation and propagation of 

thermal fatigue crack in Al matrix containing 65vol% SiC and 35vol% SiC are shown in 

Fig.6 below. Also it was observed that by reducing the size of the reinforcing particles, the 

thermal fatigue resistance of the composite was found to be increased [153].  

Debonding and cracking of the interface were the main degradation mechanisms associated 

with the zero load thermal fatigue testing of aluminium matrix composites with weak 

interface; whereas matrix plastic deformation and interfacial product formation were the 

degradation mechanisms associated with that of strong interface. All these degradation 

mechanisms are attributed to the CTE mismatch between the fibre and the Al matrix. [176-

178]. Powder metallurgy processing was used to fabricate aluminium matrix composite with 

nickel-titanium (Ni-Ti) shape memory alloy as the reinforcement phase. On comparison with 

the unreinforced Al, the fatigue life, yield strength and ultimate strength of the composite was 

found to be enhanced due to the strengthening effect produced as a result of shape memory 

effect exhibited by the Ni-Ti alloy. Due to shape memory effect, residual internal stresses 

were created around each particle which resulted in the strengthening of the composite [179]. 
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Cyclic softening was observed in SiC whisker reinforced 6061Al matrix composites during 

out-of-phase (OP) and in-phase (IP) thermo-mechanical fatigue (TMF) tests. Thermal and 

mechanical cyclic strains are applied simultaneously to the material during these tests. Also, 

compressive mean stress and tensile mean stress were generated during IP and OP-TMF, 

respectively [180]. In the case of thermal fatigue tests conducted on the aluminium alloy EN 

AW-6061-T6 reinforced with Al2O3 particles fabricated using stir casting, more damage was 

observed near to the particles due to thermal and mechanical mismatch of the phases. Four 

mechanisms causing damage and residual stress development were reported which includes: 

thermally induced global deformation due to inhomogeneous distribution of temperature, 

thermally induced local deformation due to coefficient of thermal expansion (CTE) 

mismatch, mechanically induced local deformation due to different deformation behaviour of 

both phases and overaging. Global deformation was the dominant mechanism in non-

reinforced alloy whereas in composite, local mechanisms were significant [181]. Thermal 

fatigue of short fibre reinforced aluminium AE42 alloys was investigated with an emphasis 

on the changes in the strain and hardness before and after thermal cycling. It was observed 

that the thermal strain was affected by experimental condition of the thermal cycling and the 

strength of matrix. After thermal cycling, a decrease in hardness was observed due to the 

occurrence of matrix overaging and recovery [182,183]. 

8. Thermal Conductivity  

 One of the major advantages offered by the metal matrix composites is that by suitably 

selecting the reinforcement phase and matrix variables, thermal properties of the composite 

can be tailored in such a way as to make it appropriate for electronic packaging applications. 

Particularly, there should be a proper matching between of CTE of materials used for heat 

dissipation with that of semi-conductors and ceramic insulators in electronic packaging so as 

to prevent solder-joint failure during thermal cycling [184,185]. For example, the heat 
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generated due to high power densities of power electronic devices such as IGBT (Insulated 

Gate Bipolar Transistor) should be transported from the ceramic chips to the ceramic 

substrate and then through the solder and the base plate into a heat sink. Here if there is no 

proper matching of CTE between the components then it may lead to delamination of the 

solder when there is a change in temperature [186]. The CTE of metals can be lowered can be 

lowered by reinforcing them with low CTE fillers. Ceramics such as SiC and AlN are suitable 

for this purpose as they have both high thermal conductivity and low CTE. 

 The study of thermal conductivity of AMCs is important since they are increasingly 

considered as a promising material for thermal management applications. Al has high thermal 

conductivity and also high value of CTE. For lowering the CTE of Al it has to be reinforced 

with a higher volume fraction of filler material. Liquid metal infiltration is thus a suitable 

fabrication process for AMCs since it allows high reinforcement volume fractions (upto 70%) 

in addition to its near net shape producing capability. AMCs with high volume fractions of 

SiC, AlN etc are used in a number of electronic applications. Increasing volume fraction of 

these ceramic reinforcements in Al matrix also increases its brittleness which is acceptable 

for electronic applications. In addition to liquid metal infiltration, other liquid phase 

techniques such as stir casting and compo casting can also be used for the fabrication of 

AMCs with high volume fraction of reinforcements. Using powder metallurgy route, 

fabrication of AMCs with high reinforcement volume fractions is difficult since the formation 

of protective alumina layer on surface of each Al particle hinders the sintering process.  The 

thermal conductivity of composites relies on a variety of parameters which includes the 

thermal conductivity of the constituent phases, their volume fraction and shape, and also the 

size of the inclusions due to a finite metal/ceramic interface thermal resistance [184,187-189]. 

By examining the literature it has been observed that the most common ceramic particle used 

for reinforcing Al matrix is silicon carbide (SiC) because of its low cost and low CTE 
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[184,186]. A low value of thermal conductivity was observed in the SiC particulate 

reinforced aluminium matrix composite produced by plasma spraying of the ball milled pure 

Al powders with 55 and 75 vol% SiC particles. Thermal boundary resistance offered by the 

interfacial gaps formed at the Al/SiC interface was found to be the dominant factor 

responsible for lowering the value of thermal conductivity. Porosity, Iron impurity, longer 

ball milling time and finer SiC size also lowers the thermal conductivity of the composite. 

Hot rolling and hot isostatic pressing treatment can be performed to improve the thermal 

conductivity as it improve the interfacial bonding and porosity of the composites. The decline 

in thermal conductivity value due to the finer SiC particle size is due to the fact that as 

particle size becomes small, there will be a large contribution of interface to thermal 

resistance [187,190].  

The effect of SiC particle size distribution on thermal conductivity of Al matrix composite 

was studied by Molina et al. [191] where monomodal and bimodal size distributions of SiC 

particles were compared. In the case of composite based on powders with monomodal size 

distribution, a steady increase in thermal conductivity was observed. For bimodal particle 

mixtures thermal conductivity started increasing with increasing volume fraction of coarse 

particles and then reached a roughly constant value. A theoretical model based on equivalent 

diameter approach (EDA) was successful in predicting whether the composite system such as 

Al/SiCP with multimodal particle mixtures can acquire an appropriate distribution design for 

attaining better thermal conduction properties [192].   

 In the case of SiCp/Al composites
 
with high particle volume fraction fabricated by spark 

plasma sintering
 
[193], a small portion of pores can always appear as an unavoidable phase 

because of the non-wetting nature of SiC and aluminium, resulting in weak interfaces and 

incomplete sintering. The effect of porosity on the thermal conductivity of SiC particulate 

reinforced aluminium matrix composite was analysed numerically using a model based on the 
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effective medium approximation (EMA) scheme. Porosity can intensely deteriorate the 

thermal conductivity of the composite by scattering the flow of heat. EMA approach was 

found to be in good agreement with the experimental data, especially with porosity below 

10%, but for higher levels, predictions were a bit higher compared to the experimental values. 

Furthermore, microstructural features such as voids and matrix/particle interface status also 

contribute to decrease in thermal conductivity as they scatter the heat flow around them 

[194].  

Bad wettability and formation of undesirable interfacial brittle reaction product (Al4C3) are 

the main problems faced with the processing of SiC particulate reinforced aluminium 

composites. Aluminium carbide (Al4C3) weakens the interface and by reacting with 

atmosphere moisture degrades thermal properties. 

3SiC + 4Al    3Si +    Al4C3 

 The Si which is the other reaction product forms also creates non-uniformity in phase 

distribution and mechanical property distribution by dissolving in the aluminium matrix and 

substantially lowering its melting point. The wettability of SiCp/Al composites can be 

enhanced by the co-addition of Si and Mg to it, but care must be taken to maintain a balance 

between the wettability improvement and prevention of interfacial reaction for obtaining 

optimum properties. Using Al-Si alloy as the matrix is one of the effective way to reduce the 

interfacial reaction as the Si present in the alloy promotes an opposite reaction to that of 

interfacial reaction and suppresses it. But the disadvantage is that since Al-Si alloy is less 

ductile compared to aluminium matrix, it will decrease the mechanical properties of the 

composite [184, 188]. The thermal conductivity of SiC particle reinforced Al matrix 

composite decreased with increasing the amount of SiC and increased with increasing SiC 

particle size [195]. 
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Aluminium nitride reinforced aluminium matrix composites offers better thermal 

conductivity than SiC/Al composites due to non-reactivity of AlN with aluminium. Thermal 

conductivity of aluminium nitride particle reinforced composites is very sensitive to the 

relative packing density of the composite [184,196,197].  

Alumina also does not react with aluminium but its agglomeration tendency and low value of 

thermal conductivity limits its usage [184]. Thermal conductivity was found to vary linearly 

with temperature in the case of Al/Al2O3-MMC prepared by powder metallurgy method. Also 

the thermal conductivity of composites decreases with increasing Al2O3 volume fraction and 

decreasing Al2O3 particle size [198]. Thermal conductivity of Al2O3 reinforced Al-AlN 

matrix composite showed a marginal decrease with increase in temperature upto 150°C. 

Carbon fibres, carbon nanotubes and diamond particles are also used as filler material for 

aluminium matrix composites in a number of studies [13,185,199-213].   

Mizuuchi et al. [214] measured the thermal conductivity in diamond particle dispersed 

aluminium matrix composites which were fabricated in solid–liquid coexistent state from the 

powder mixture of diamond, pure Al and 5056-type Al–Mg alloy by spark plasma sintering 

(SPS) process. The thermal conductivity of the Al matrix composite containing 45.5 vol % 

diamond reached 403 W/mK, approximately 76% the theoretical thermal conductivity 

estimated by Maxwell–Eucken’s equation. No interfacial reaction was observed between the 

diamond particle and the Al matrix.  

A steady increase of thermal conductivity was observed in aluminium matrix composites 

reinforced with mixtures of diamond and SiC particles of equal size which were fabricated by 

gas pressure-assisted liquid metal infiltration. Replacing SiC gradually by diamond particles 

results in this increase and thermal conductivity of the nominally pure aluminium matrix is 

influenced by take-up of some silicon from the silicon carbide [215]. Vacuum hot pressing is 
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better than spark plasma sintering to fabricate diamond/Al composites with high thermal 

conductivity for heat management applications [216]. Also the contact time between melt and 

diamond reinforcement during liquid infiltration processing and the addition of silicon to the 

Al matrix material were found to significantly affect the thermal conductivity of the 

composites by modification of the interface [185]. 

9. Conclusions 

        Detailed review was carried out on the behaviour of aluminium matrix composites under 

different kinds of thermal stresses and the following conclusions were made: 

i. Residual thermal stresses generated in AMCs increases with increasing volume 

fraction of the reinforcement and decreases with increase in interparticle spacing. 

They improve the hardness and strength when the AMC is cooled from low 

fabrication temperature. But when the composite is cooled from high fabrication 

temperature, residual stress relaxation mechanisms become prominent and plastic 

deformation takes place which results in premature yielding prior to loading. The 

magnitude of the thermal stress also increases with the increase in processing 

temperature.  

ii. The internal stresses generated which either block or assist the motion of individual 

dislocations determines the thermal cycling behaviour of AMCs. Strength, damping 

capacity and dimensional stability of AMCs are improved by thermal cycling 

treatment when the internal stresses generated due to them blocks the dislocation 

movement. On the other hand, thermal stresses produced by thermal cycling can 

increase the plasticity at the interface resulting in plastic deformation at stresses lower 

than their yield stress. In combination with relatively small applied loads thermal 

cycling can result in superplastic deformation of the composite to very large strains (> 

300%). 
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iii. The coefficient of thermal expansion of AMCs can be lowered by increasing the 

volume fraction of the reinforcement and decreasing the particle size. CTE of 

composite is mainly determined by the thermal expansion and heterogeneities of the 

aluminium matrix.  

iv. The thermal fatigue resistance of AMC can be increased by increasing the 

reinforcement volume fraction and decreasing the particle size. During elevated 

temperatures, cyclic softening was observed at low strain amplitudes and cyclic 

hardening was prominent at high strain amplitudes. Fatigue crack initiation always 

occurred in the inclusion or particle cluster area and the fatigue fracture mechanisms 

were crack propagation, particle breakage and interfacial decoherence between the 

particle and the matrix.  

v. The thermal conductivity of AMCs decreased with increase in reinforcement volume 

fraction. The reduction in particle size also lead to decrease in thermal conductivity 

due to the large contribution of interfacial thermal resistance. Presence of pores and 

voids scatter heat flow and severely lowered the thermal conductivity of the AMCs.  

 

10. Future research scope  

Tailoring the interfacial thermal mismatch and multiplying or reducing the thermal stresses of 

aluminium matrix composites for achieving desired properties is an area facing dearth in 

literature. Proper understanding of mechanism of thermal conductance is required for meeting 

the ever-growing demands of electronics industry. Thermal history of advanced metal matrix 

composites with hybrid reinforcement distribution also lacks detailed study.  
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Figure Captions 

Fig. 1: Bright field TEM image showing dislocation tangles in the matrix of the as 

rolled Al-SiC composite. 

Fig. 2: Bar charts depicting the damages caused by thermal cycling in the Al alloy-

SiC,Al-SiC and Al-TiC composites against the number of cycles of heating and water 

quenching. 

Fig. 3: Elongations for various test conditions and material systems. 

Fig. 4: Longitudinal cross sections of (a) AlSi7/SiCp/10vol% and (b) 

AlSi7/SiCp/20vol% thermally cycled samples tested at 5–14 MPa, showing cavities, 

cracks and interfacial debonding (ID). 

Fig. 5: Temperature dependence of relative linear length change (a) and CTE (b) for 

the composite and unreinforced matrix. 

Fig. 6: SEM micrographs showing (a) crack initiation. (b) Propagation of thermal 

fatigue crack from notch tip in 65vol% SiC reinforced composite. (c) Propagation of 

thermal fatigue crack in 35 vol% SiC reinforced composite. 

 

 

 


