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ABSTRACT 

Ceramic composites are used in various applications such as for components of turbines, combustion chambers, 

in hot gas ducts, automotive parts, bearing components etc., because of their extraordinary properties of heat, 

shock, corrosion and wear resistance. In addition to the above properties, ceramic composites exhibit high 

strength and modulus at elevated temperatures. Inspite of these excellent properties and wide range of 

applications of ceramic composites, they suffer from the drawback of having poor toughness and brittleness, 

which leads to the catastrophic failure of the components. For this reason, the applications of these composites 

are limited at higher temperatures. This necessitates the improvement of the toughness and decrease of the 

brittleness of the ceramic matrix composites. In this regard, there is a necessity to understand the various 

manufacturing processes, mechanical behavior, strengthening mechanisms of the ceramic matrix composites so 

that we can extend their applications in the structures. Hence, an attempt is made to review the literature on 

various manufacturing processes, characterization of the various thermo physical properties, strengthening 

mechanisms particularly, towards the increase of the toughness and decreasing of the brittleness in the ceramic 

composites.   

KEYWORDS  

Ceramic matrix composites, toughness, catastrophic failure, characterization, strengthening mechanisms 

INTRODUCTION  

Conventional ceramics fracture quickly under mechanical loads, because of very less crack resistance. In order 

to avoid this problem, with the conventional ceramics and to augment the crack resistance, particles are 

embedded or reinforced into the matrix which impart new properties to the ceramics which are not possessed by 

monolithic ceramics. This lead to the development of Ceramic matrix composites (CMCs). Initially, they were 

used in limited applications like ceramic cutting tools, but afterwards, with the integration of multi strand fibers, 

resulted in the enhancement of the properties like crack resistance, thermal shock resistance, elongation and thus 

resulted in developing of several novel applications. Reinforcements augment the fracture toughness of the 

combined material. Reinforcements used in the ceramic matrix composites can be continuous or discontinuous 

fibers. Reinforcement materials comprise of carbon, glass, oxides and non- oxides. Sometimes, filler materials 

are also added to intensify the characteristics of CMC’s to augment certain properties like thermal conductivity, 

electrical properties, hardness etc., The ultimate aim of the reinforcement is to attain holistic improvement in the 

toughness of the brittle matrix. This work focusses on the comprehensive review of literature pertaining to the 

properties, manufacturing, characterization and applications of ceramic matrix composites. More orientation is 

towards the improvement of toughness in the fiber reinforced CMC’s.  

LITERATURE REVIEW 

Ceramic matrix composites (CMC) comprise of ceramic whiskers or fibres ingrained inside a ceramic matrix. 

They envelop a diverse group of inorganic substances which are generally of non-metallic and are commonly 
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used at elevated temperatures. Ceramics can be categorized into in to two groups. First of its kind is the classical 

ceramics. They are mostly available in the monolithic form. Their applications are in the manufacturing of 

bricks, pottery, heat exchangers, burner components, tiles etc. Second category of ceramics comprise of high-

performance ceramics. They are of subjected to chemical processing. They comprise of titanium, zirconium, 

silicon, aluminium, nitrides, oxides, and carbides of aluminium.   

PROPERTIES 

Ceramic Matrix Composites (CMC) are highly attractive because of good stiffness, hardness, hot hardness, 

compressive strength and low density. They offer high resistance to thermal shocks, creep, temperature, 

corrosion and wear. They do not fail under tensile as well as compressive loads quickly. But, they are poor in 

toughness, bulk tensile strength and are susceptible to thermal cracking. Naslain and Pomeroy [1] CMC’s are 

usually represented as inverse composites. This is because of their unique property of having lower failure strain 

of matrix compared to that of the fibers. This is a reverse phenomenon which occurs in polymers of MMC’s. 

Fiber coats are provided as interfaces in order to prevent the primitive failure of the fibers. Few works carried 

out to enhance the mechanical behavior of the CMC’s were furnished below: Rice [2] proposed different models 

and mechanisms of CMC’s and compared them with the existing ones and described the mechanisms for 

apprehending the mechanisms pertaining to toughening of CMC’s like toughening by transformation, deflection 

to crack propagation and micro-cracking. He proposed that crack branching aspects play a vital role in 

toughening of fiber composites.  

Casas et al. [3] developed a model for analyzing creep oxidation. He studied the effect of the glassy phases 

emanating by virtue of oxidation in Sic matrices obtained using micro mechanical model. He analyzed the 

influence of the oxidation and interfacial sliding stress in the presence of glass in terms of delay factor. This 

model predicted the creep for using strain time curves at a particular temperature and for wide range of 

pressures. William and Curtin [4] assessed the pullout work and UTS of CMC’s. They have tested considering 

uniaxial tension as a function of the underlying material behavior with the presumption that the fibers fail 

autonomously. This results in the redistribution of the load and thus results in the fiber fracture. The consecutive 

disintegration of every fiber in the multi fiber composite resembles to that of an individual fiber ingrained in a 

similar huge-collapsed-strain matrix and proposed a theory which provided an elucidation of rupture-mirror 

gauging of drawn-out fiber capacities. Based on this, key capacity and Weibull modulus of the fibers were 

assessed normally.  

Chen et al. [5] analyzed the augmentation in rupture toughness of matrix composites reinforced with carbon 

nanotube (CNT). They carried out analysis based on theory of shear-lag and rupture mechanics. They combined 

the model of shear-lag and rupture mechanics. They proposed that the stronger the interfaces between CNT and 

matrix, the weaker the rupture toughness. They also stated that the optimal chemical bonding density at the 

interfacial is responsible for the mode of failure during the process of CNT pull-out to failure. There exists a 

critical strength at the interface, beneath which the CNT will be stretched out, and the rupture toughness can be 

constructively augmented by enhancing the length at the interface in case of composites with hard matrix. 

However, the rupture toughness intensification by virtue of reinforcement with CNTs rapidly sets off to 

saturation due to an enhancement in length of CNT in case of soft matrix composite. 

Aigbodion et al. [6] focused on the influence of particles of alloy of Aluminum Silicon on the microstructure as 

well as features of Tin Tailings of CMC/s developed using technique of powder metallurgy with various 

percentages of weights. They concluded that the reinforcement by Al-Si alloy enhanced the linear shrinkage, 

capacity as well as impact energy by virtue of reduction in density, porosity as well as hardness. This 

augmentation in capacity as well as impact energy resulted in the definite dispersion and strong bonding 

between the hard ceramic matrix and the soft metal phase. Zhang [7] performed experiments on the tribological 

behavior of CMCs, with an objective to improve the mechanical features of CMCs by ingraining supplementary 

components into the base material.  

METHODS OF MANUFACTURING 

Various methods of manufacturing Fiber reinforced ceramics are: conventional ceramic consolidation, prepreg 

form and porous preform infiltration. Conventional ceramic consolidation is classified into cold pressing and 
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sintering. Prepreg form comprises of slurry impregnation and hot pressing. Porous preform infiltration 

comprises of various techniques like melt, sol gel, polymer and pyrolysis, reactive liquid infiltrations, 

nitridation, reaction bonding and chemical vapour infiltration. Kaya et al. [8] developed a model analyze the 

performance of a low cost as well as trust worthy CMC fabrication, which comprises of coated woven ceramic 

fibers of particulate oxide of the size of Nano- meter by the method of electrophoretic deposition (EPD). This 

process is preceded by ingraining of fiber coating in the ceramic matrix and warm pressing at higher 

temperatures to obtain the “green” component ready for pressure less sintering.  

They concluded that the NdPO4 interface having porosity of ten percentage and fiber loading by 40% by 

volume have better thermo-mechanical characteristics in terms of capacity and damage-tolerant behavior when 

they are in the form of multilayers. Andy et al. [9] analyzed mechanical properties related to inter laminar shear 

features, cumulative failure as well as deviation of crack in CMC’s using FEA. They show cased the importance 

of FESA to assess the properties of CMCs. Fantozzi et al. [10] analyzed creep models to assess the behavior of 

creep of CMCs pertaining to the microstructural features using grain boundaries and sliding models. They 

proposed that the behavior of creep in CMCs rely on various factors like flow in matrix, volume concentration, 

viscosity of the inter granular glassy phase, grain size of the matrix, content in the reinforcement, the analogous 

morphology as well as architecture and the interface, the reinforcement and the matrix. Kim et al. [11] prepared 

composites with Boron nitride (BN) matrix. They used different ceramic fibers as reinforcing materials and low-

viscosity, borazine oligomer. This process yielded in a firm BN matrix, when heated to high temperatures using 

Nextel 440, sumica, FP, Nicalon.  

They manufactured ceramic fibers-FP, Nextel 440, Sumica, and Nicalon. Proportions in the fibers was obtained 

by heating at moderate temperature in the presence of air and proposed that the Nicalon IBN and Sumica/BN 

composites exhibited excellent flexural strengths as well as modulus. Composites having FP/BN as well as 

Nextel/BN displayed brittle characteristics. Carbon coated which acts a buffer for Nicalon fiber enhanced the 

capacity, comprising of fiber stretching within the matrix of Boron Nitride. Other than Nicalon, all the 

composites exhibited less dielectric constant as well as loss. Valerie et al. [12] prepared glass ceramic matrix 

composites reinforced with continuous Unidirectional carbon-fibers for dry contact applications. They described 

the fracture behavior of the composites using Transmission electron microscopy. They concluded that the 

mechanical behavior of composites reinforced with carbon-fiber rely upon the carbon fibers utilized and the 

warm-pressing environment of the bond in the matrix, which control the fracture strength in the composites to a 

great extent. 

Maurice [13] focused his studies on using precursor as silicon carbon nitride matrix for manufacturing ceramic 

matrix composites. He focused mostly on using bi-directional Sic Nicalon fabrics as reinforcing material and 

organic and SiC as Precursor. He stated that the flexural capacity of the composites prepared is only fifty 

percent of that of the classical composites. Porosity and low bonding strength resulted in the degrading of the 

mechanical properties. Caputo et al. [14] prepared CMC’s using Chemical vapor infiltration to accelerate the 

fabrication of CMC’s reinforced with ceramic fiber. They proposed that simultaneous utilization of thermal 

gradient and gas flow accomplished the reduction of infiltration time. A specimen maintained 57% of its 

maximum strength at a strain of approximately at three percent, the specimen didn’t break but deformed 

significantly.   

CHARACTERIZATION OF CMC’S 

Oriol et al. [15] has analyzed both conventional as well as non-traditional machining of CMCs with a focus to 

critically assess the effect of different machining processes. They concluded that none of the machining 

processes suit for CMC’s for achieving the final product. Ballet et al. [16] conducted experiments to assess the 

dispersal of strain in fiber in osumilie SIC FGCM’s. Effect of numerous parameters, like laser power was 

analyzed using laser Raman microprobe (LRM). They proposed that Raman spectroscopy can be applied on 

composite materials possessing opaque matrix like carbon/carbon, Sic/Sic or metal matrix composites. Bent and 

Ramesh [17] estimated the toughness of CMC’s reinforced with a unidirectional fiber experimentally and 

compared different composites using Shear Lag Model. They proposed that for most of the applications, focus 

should be on maximizing the toughness should be rather than the pull-out energy absorption. John and Karl [18] 

analyzed the mechanical as well as thermal features of CMC’s using notched Charpy method by subjecting the 
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specimens to temperatures of approximately 1000
0
C. They concluded that exceptional toughness and high 

temperature creep rates are possible in CMC’s because of its impact strength and is greater compared to the hot 

pressed Si3N4. Mah et al. [19] tested Lithium alumina silicate glass-ceramic-matrix composites by reinforcing 

them with Sic fibers at 900
0
C and 1000°C

 
using UTM for flexural and tensile strengths.  

They found that there is thermomechanical degradation while testing in oxidizing atmospheres. Partial pressure 

of oxygen is found to be responsible for this degradation. They have also stated that P0Z103Pa composites 

failed because of the brittle nature. Single crack propagation was the reason for the failure. Choy et al. [20] 

analyzed the mechanical behavior of several glass–ceramic composites with a focus towards axial as well as off-

axial characteristics. They stated that the formation of a fiber/matrix interfacial reaction layer resulted in the 

brittle nature in composites with cross-ply reinforced with carbon fiber and borosilicate glass. They also stated 

that the off-axial features of cross-ply laminates were strongly relying up on the volume concentration of the 

fibers. Composites comprising comparatively lower fiber volume concentration, exhibited greater inter laminar 

strengths than those with that of the higher fiber volume concentrations. Larger variations in mechanical 

properties are also found because of the link between heterogeneous micro structures.  

APPLICATIONS 

Lino et al. [21] studied the applications of metal and CMC’s in Aerospace Engineering. They concluded that 

even though, there are numerous applications, but still, they have to fully exploited. In order to adequately 

predict the structural behavior, and control the performance features of interest in advanced structural 

applications, and to accelerate the feasible accomplishment of novel CMCs as well as MMCs, there is a 

necessity for possessing reliable modelling as well as simulation tools. Binner et al. [22] analyzed the 

applications of Ultra-high temperature CMC’s in aerospace, Defence, energy, medical and transport sectors 

because of their excellent mechanical as well as physical properties. They found that they have certain 

properties similar to single-phase monolithic components which make them advantageous in structural 

applications. Inspite of the above advantages, they are limited in applications because of their low rupture 

toughness, which makes them highly vulnerable to thermal shock, which is a hindrance to their utilization in 

heat shielding systems on guiding heads and propulsion units.  

John and Frank [23] in their studies revealed that despite of the fibrous look on their ruptured surfaces, global 

load sharing is not found in the CMC’s. They found that the volume dependency is very small when comparison 

is carried with respect to the strength criteria of two configurations by Monte Carlo Simulations. Conversely 

areas of large stress concentration, like those which are found usually ahead of the notches or flaws in 

manufacturing are anticipated to withstand greater stress levels of collapse by virtue of comparatively smaller 

volumes that were exposed to the surge in the stress. Porwal et al [24] analyzed the behavior of GCMC’s, based 

on their synthesis, densification and characterization. They concluded that graphene can be quickly demarked 

from the one that is happening in CMCs consisting CNTs. Sintering assisted by Uniaxial-pressure process 

emanated in prioritized alignment of graphene in the ceramic matrix, emanating in highly anisotropic features. 

Flakes present in graphene augmented various characteristics of GCMCs. They also reported that works related 

to the effect of the size distribution of graphene flakes on the properties of GCMC’s were rarely discussed and 

more focus has to be laid to improve the manufacturing processes and methods to improve the properties of 

ceramic matrix composites.  

CONCLUSIONS 

This review is intended to provide an over view of CMC’s to researchers who are developing CMC’s for various 

applications. From this article, one may get familiarization about properties, characterization, different processes 

of fabrication and its associated problems and applications of CMC’s. In particular, the focus is laid on the 

improvement of fracture toughness of the brittle matrix. The takeaways from this review are as stated below: 

Ceramic matrix composites exhibit superior resistance to wear, strength at high temperature and chemical 

stability. Because of this reason, they are used in widely used in various applications owing to their excellent 

and typical behavior at critical temperatures. Despite of their excellent properties, they are susceptible to fail 

under creep, chemical degradation, stress induced chemical processes at elevated temperatures. These problems 

are to be resolved for developing them for the structural applications. Moreover, CMC’s owing to brittle nature, 
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are prone to catastrophic failure. Various reasons attributed to this type of failure are: Failure due to internal or 

external flaws and thermal shocks. Another reason for failure of CMC’s is thermal mismatch between the 

components. In order to avoid the catastrophic failure in CMC’s, fibers are added. Fiber pullout, micro cracking, 

improper bonding between fiber and matrix, phase transformation are the mechanisms which increase the 

toughness of the CMC’s. Finally, to overcome the barriers like high production costs, lack of strength and 

toughness, difficulty of making complicated shapes, for large scale applications, sintering or sintering associated 

with hot pressing are the possible alternative solutions.  
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