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Composite materials have been steadily substituting metals and alloys due to their better thermomechanical properties. The
successful application of composite materials for high temperature zones in aerospace applications has resulted in extensive
exploration of cost effective ablative materials. High temperature heat shielding to body, be it external or internal, has become
essential in the space vehicles. The heat shielding primarily protects the substrate material from external kinetic heating and the
internal insulation protects the subsystems and helps to keep coefficient of thermal expansion low. The external temperature due
to kinetic heating may increase to about maximum of 500∘C for hypersonic reentry space vehicles while the combustion chamber
temperatures in case of rocket andmissile engines range between 2000∘C and 3000∘C.Compositematerials of which carbon-carbon
composites or the carbon allotropes are themost preferredmaterial for heat shielding applications due to their exceptional chemical
and thermal resistance.

1. Introduction

Discovery of carbon-carbon composites in 1958 by Brennan
Chance Vought Aircraft created an opportunity to these
principle materials for heat shielding appliances due to their
high strength and thermal resistance [1]. Rayon carbon
fabric reinforced phenolic (C–Ph) composites are the broadly
used thermal protection systems due to the low thermal
conductivity of the rayon fabric and high char yields of
the phenolic resin. In general, carbon phenolic composites
show better ablation resistance and continued enhancement
of ablative property with the development of a thinner
ablative composite structure for better pay load and fuel
efficiency [2]. The Space Shuttle Columbia disaster occurred
on February 1, 2003, due to the inadequate impact resistance
of the thermal insulation foam in the external tank against
air, as the spacecraft reentered the earth’s planetary atmo-
spheric domain. The displaced reinforcement foam dam-
aged Columbia’s left reinforced carbon-carbon (RCC) panels
thereby causing the unfortunate accident.This incident paves
way for a detailed research to enhance impact tolerances,

thermal resistance, and fracture toughness of the RCC panels
[3]. Polymer nanocomposites are the three phase composite
systems invented by Toyota research group, wherein nano-
size particles, dispersed in the two phase fiber reinforced
composites, exhibit enhanced structural rigidity and abla-
tion resistance [1]. Nanocomposites have the capability to
withstand the simultaneous action of thermal stresses and
mechanical impact loads. Addition of various nanoparticles
such as nanosilica, montmorillonite (MMT), nanoclays, and
polyhedral oligomeric silsesquioxane (POSS) with surface
functionalization acts as thermal insulative elements for
improving char layer integrity and toughness. Three phase
composite system with heterogeneous composition (fiber
reinforcement, matrix, and nanofillers) exhibits complexity
in its ablation behaviour [4]. The scientific insights into
the ablation and decomposition behaviour of the composite
materials lead us to a trustworthy analysis of the composite
performance at high temperature working environment.
This review has focused on the recent developments in the
carbon-carbon composites and resultant thermal protection
mechanisms. Microstructural changes during the transition
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Figure 1: Carbon-carbon composite system and its constituent elements [8].

from two phase composite system to three phases have been
discussed in detailed manner.

2. Structure Description of Hot Zone Assembly

Missile structures are the extremely crucial components
in aerospace industry. They should have high structural
integrity and fire resistance against severe lateral pressure and
thermal cyclic loading. Nozzle, the exhaust duct of the solid
rocket motor, gives thrust for the missile projectile motion
[5]. During missile flight, nozzle experiences an impact of
jet flow with high temperature and pressure. Since even
slight degradation in nozzle structure severely affects the
engine performance, structural integrity is the main concern
during nozzle operational period. The nozzle liner is the
lining system in the nozzle inner counter to form insulation
barrier. The high temperature fluid flow in the inner contour
of the nozzle system creates a soaring thermomechanical
stresses through the liner cross section. This degrades the
nozzle throat and widens the throat area of cross section [6].
This phenomenon causes a reduction in thrust and nozzle
operational efficiency. Erosion rate of the composite system
depends on the thermal insulation capacity of the ablative
composite char layer. Minimum surface recession rate of the
char layer shows an efficient thermal shielding capacity of
the ablator. Windhorst and Blount have revealed the usage
of pyrolytic graphite as thermal insulation and its brittle
failure due to the thermomechanical stresses [7]. It is reported

that phenolic impregnated carbon composite is a popular
ablative material for rocket nozzle liners due to its shielding
against combustion flame and high velocity erosive fluid
flow [8]. These extreme working environments demand high
structural integrity for nozzle liner with minimum structural
degradation.

3. Ablative Materials

Figure 1 shows the constituent elements in the carbon-carbon
composites.

3.1. Carbon Fibres. Carbon fiber is a synthetic fiber rein-
forcement with a diameter of about 5–10 𝜇m. The crystalline
arrangement of the carbon atoms parallel to the fiber axis
enables high strength-to-volume ratio of the fiber with excel-
lent applications for structural components [9]. The precur-
sors used for the large-scale production of carbon fibers are
PAN, Rayon, and petroleum pitch through melt or solution
spinning. PAN-based fibres show better mechanical strength
as compared to the other fibers [10]. The carbon felt has been
fabricated by alternatively stacked weftless piles and short-
cut-fiber webs by needle-punching technique.This technique
minimizes the fiber bend and breakage with the capability
to tailor the properties by weaving in appropriate directions.
Normally nonwoven carbon composite shows highest tensile
strength over wovenmaterials [11].Weave pattern orientation
of the carbon fabric affects the heat diffusion rate through
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Figure 2: TEM image of Vapour Grown Carbon Fibers (a) magnification 20 nm, (b) magnification 5 nm [21].

the cross section of the composite. Kuo and Keswani studied
the changes in the weave pattern of carbon fibers in different
directions and altered specific properties of carbon composite
[5]. Surface-treatment of the carbon fibres is a current
advancement in the fiber technology, in which surface treat-
ment by means of physical or chemical method improves
the adhesion between carbon fiber and polymer matrix [12].
Production of carbon fiber through fiber spinning is highly
expensive process. The usage of mesophase pitches shows
efficient fiber reinforcement with improved cost effective-
ness. Chand has described the mesophase pitches, which
are of liquid crystalline nature. During graphitization step,
mesophase pitches form a graphitic crystalline structure with
high modulus carbon fibers with high stiffness [11]. Strength
improvement in the fibre reinforcement is mandatory for
ablative composites due to dependency of the ablation rate
of composite with the fiber reinforcement morphology. More
research needs to be focused over the enhancement in fiber
morphology, design of fiber laminate orientation, and cost
effectiveness in fiber production.

3.1.1. Vapour Grown Carbon Nanofiber. Vapour grown car-
bon fibers (VGCFs) are the recent desirable materials in
thermal shielding composites due to their superior thermal
insulation, low thermal conductivity (0.45–0.58W/mk), and
high thermal shock resistance [13]. These nanofibers (VGC-
NFs) are cylindrical nanostructures with graphene layers
arranged in a stacked cones shape. Synthesis of the VGCNFs
is carried out through decomposing gas-phase molecules
at high temperature (deposition of carbon in the presence
of a transition metal catalyst on a substrate) [14]. Tibbetts
et al. grew a series of different diameter (7–30 𝜇m) vapour
grown carbon fibers and from these carbon fibers it was
observed that young’smodulus and tensile strength decreased
with increase in diameter of fibers [15]. Dispersion and
homogeneity are the specialty of VGCNF in the composite
system. It leads to uniformity of properties throughout the
volume of composite. Figures 2(a) and 2(b) illustrate the

fiber morphology of the vapour grown carbon fibers in
different magnification. Patton et al. confirmed that 65%
vapour grown carbon fiber loading in VGCF composite get
a good thermochemical ablation resistance for space shuttle
reusable solid rocket motor [13]. Recent research on the
effect of different oxidative surface treatments (nitric acid,
plasma, air, and carbon dioxide) on the fibres surface shows
the effectiveness of the nitric acid and plasma treatments
for improving the surface reactivity without altering the
morphology of the fibres. This enhances the adhesion of
VGCNFs to the phenolic matrix system [16]. Fiber orienta-
tion in Vapour Grown Carbon fiber is a critical factor during
the modelling of the composite system [17, 18]. This can be
statistically modelled by an orientation distribution function
describing the probability of finding fibres with any given
orientation [19]. Advani and Tucker introduced a compact
tensor description for fibre orientation, which allows easy
integration with conventional rheological and mechanical
tensor descriptions. Due to these advantages, it is now widely
used in works on short fibre composites [20].

3.2. Carbonaceous Matrix

3.2.1. Phenolic Resin. Matrix materials in the carbon-carbon
composite have significant functional properties as it holds
the reinforcement fiber and impart structural integrity to the
composite system. Resol type Phenolic systems have attracted
great scientific interest as they can be effectively used as a
matrix system in ablation resistant composites [21]. During
the fire exposure, phenolic resin receives heat in the initial
stage and decomposes to char and forms a thermal insulation
layer. Large number of aromatic rings in the Resol type
phenolic resin results high carbon yield and effective char
formation ability [27]. High char retention of the Resol type
phenolic resins makes them an effective applicant for ablative
nozzle liner application. Presence of hydroxyl and methyl
linkages in the phenolic is prone to oxidation and demands
further modification in the phenolic resin compound for
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Figure 3: (a) 15-mm thick silica fibre-reinforced phenolic syntactic foam. (b) Photograph of phenolic foam after aerothermal test [22].

practical usage as thermal ablators [28]. Chemical modi-
fications have been well investigated to improve oxidation
resistance of phenolic resin. Modification of phenolic resin
with elements such as Boron, Titanium, Molybdenum, and
Phosphorous shows better ablation resistance and char yield
[29]. Improvement in the tribological properties of the
phenolic resin enhances the wear and aerodynamic shear
resistance of the phenol based carbon composites [30]. Yi
and Yan studied the mechanical and tribological properties
of phenolic composite dispersed with several inorganic fillers
like calcined petroleum coke (CPC), talcum powder (TP),
and hexagonal boron nitride (h-BN) [31]. The phenol based
composite with 10% h-BN shows excellent friction stability
and wear resistance at various testing conditions beyond
125∘C and results in formation of compact friction film on the
rubbing surface of composite.There is always a constant effort
for improving the processability, toughness, and char yield of
the phenolic resin by compounding with highly stable addi-
tives such as SiC, Boron nitride, Nanosilica, and zirconium
diboride [32]. This modification led to better clasping of the
turbostratic carbon, formed as a result of high temperature
pyrolysis of hydrocarbons, consequently reducing the erosive
loss of the char layer [33]. In recent years, Polyhedral
Oligomeric Silsesquioxane finds attention due to their nano-
size in organic cage like cluster morphology which produce
best charred surface on burnt samples with an enhanced
ablation performance in carbon-carbon composite [34].

3.2.2. Phenolic Based Carbon Foam. Phenolic foams are
the light weight ablators with an exceptional fire resistance
used in thermal insulation system for aerospace application.
Cost effectiveness and absence of dripping molten plastic
at the stage of combustion are the added advantages of
phenolic based carbon foams. Generally, pure phenolic resins
foam does not have the required strength to withstand
the aerodynamic stresses and thermal fluctuations due to
its friability [35]. Phenolic foam reinforced with synthetic
fibers is the recent potential material for thermal insulator
applications to improve composite strength, toughness, and
effective fire resistance. Zhou et al. developed lightweight
glass fiber reinforced phenolic foam with high mechanical
performance and excellent flame resistance and noticed the
improvement in storage modulus of the foam with reduction
in loss modulus [36]. The current research is primarily
focusing on the improvement in toughness and peel strength

of the carbon phenolic foams through reinforcement of
flexible synthetic fibers like Glass and Kevlar. Short chopped
glass fibers treated with coupling agents reportedly increased
the strength, toughness, and dimensional stability of pheno-
lic foams. However, Shen et al. studied the improvements
in peel strength of carbon phenolic foams with Kevlar
fiber reinforcement and obtainedmultiple-fold enhancement
in fracture toughness [37]. Various research groups have
attempted to modify the phenolic foam through nano- and
microsize filler dispersion like carbon black, talc, nanosil-
ica, fly ash, asbestos, and cork flours. Exfoliated phenolic
resin/montmorillonite nanocomposite shows excellent ther-
mal insulation behaviour as Montmorillonite (MMT) layers
wrap around the bubbles of the composite foams during high
temperature environment. John et al. developed medium-
density foam composites based on silica fibre-filled phenolic
resin which shows maximum tensile strength at silica fibre
concentration of 15% by volume with K37 glass balloons
[22]. The reinforcement of silica fibre phenolic foam with
microglass balloons before and after the aerothermal test (the
black colour on the surface of the sample is an emissivity
coating) is illustrated in Figures 3(a) and 3(b), respectively.
Nucleating agents are the effective materials used to reduce
bubble size with enhancement of strength and toughness of
phenolic foam. Hollow carbon microspheres from hollow
phenolic microspheres have good potential to be attractive
functional fillers for carbon foams [38]. It shows a significant
improvement in the fracture toughness of syntactic foam at
20–30 vol.% microspheres [39]. Activated carbon reinforced
microcellular phenolic foams are the incipient in heat shield-
ing application as they can be effectively used for thermal
shielding due to the low thermal conductivity, density, and
reliable compressive strength [40].

3.3. Elastomeric Matrix. Elastomeric based heat shielding
materials is a novel concept in the ablative composites
due to their excellent ablation resistance, char yield, and
high strain rate [41]. The high strain rate performance
with excellent dimensional flexibility significantly reduces
the induced thermal stresses during thermal expansion of
composites. The elastomers show high resistance against
rapid removal of char by mechanical shear and spallation
during aeroheating loads [42]. Silicone and Nitrile rubber
based ablative materials are the initial developments in the
elastomeric matrix system due to their high strain rate
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Figure 4: ((a) and (b)) Postburning images of the EPDM based Kynol tested materials. (c) SEM image of the burnt surface of EPDM/Kynol
samples [23].

with reduced thermal stresses. Silicone based elastomeric
ablators show better thermal insulation characteristics due
to the formation of siliceous char, which is an inert char
layer having excellent thermal stability. Among the other
polymeric insulators, elastomeric ablators show high density,
limited shelf life, and inferior thermal resistance, which
limit their wide applications as thermal insulators. Ethylene
propylene diene monomer (EPDM) rubber based matrix
system is a novel approach in the elastomeric heat shielding
materials due to its high oxidation resistance with excellent
low temperature properties [43]. EPDM matrix system can
be effectively strengthened through reinforcement of glass,
carbon, Kevlar, and polysulfonamide fibers. The low density
and high thermal capacity with excellent fire resistant of
these synthetic fibers effectively improve the thermochemical
properties of elastomeric ablative composites [44]. Flame
retardant additives such as ammonium polyphosphate are
used as an efficient method to enhance thermal insulation
properties of the shielding composites.

Recently, Jia et al. have studied the reinforcement effects
of polysulfonamide fibers in the EPDM matrix as a thermal
insulation fibers and also noticed the enhancement in ther-
mal stability due to the presence of additional sulfone group
(–SO
2
–) in the main chain of the sulfonamide fibers [45].

Similarly, Natali et al. have studied the reinforcement effects
of Kynol fibers, made by acid-catalyzed cross-linking of melt-
spun Novolac and noticed that Kynol fiber shows excellent
thermal properties as compared to Kevlar fibers. Figures 4(a)
and 4(b) represent the postburning images of the EPDM
based Kynol tested materials and Figure 4(c) illustrates the
SEM image of the burnt surface of EPDM/Kynol samples
[23]. Since the thermal insulation is inversely proportional to
the density of the materials, low density elastomeric ablators
need to be designed for a better ablation performance.
Reinforcement of additives with a density gradient is an
effective approach for the development of a light weight
ablator without compromising on the ablation performance.
In the recent period, hybrid ablative composites are a topical
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concept in which two or more fibers reinforced in the matrix
system for optimized balance properties in the thermal insu-
lation system. Regarding this, Ahmed and Hoa have studied
the effect of a chopped carbon fiber (CCF) and aramid fiber
on pulp as hybrid reinforcement for ethylene propylene diene
monomer (EPDM) along with ammonium polyphosphate
(AP) flame retardant agent and noticed improvement in the
ablation performance with an improved thermomechanical
performance [46].

4. Nano Filler Enabled Hybrid Composite

Nanoparticles (or nanopowder or nanocluster or nanocrys-
tal) are the microscopic particles which are having excep-
tional high surface area to volume ratio that makes them
an effective filler reinforcement for ablative composites.
Reinforcing effects of the nanoparticle mainly depend on the
crystalline microstructure and effective interfacial bonding
with the parent matrix [47]. Nanofiller embedded ablative
composites show enhancement in thermal degradation and
ability to resist high-temperature erosive aerodynamic shear
forces. This is mainly due to its high thermal stability, low
thermal conductivity, and high adhesive bonding with the
parent matrix. Adhesive bonding is mainly related to the
improvement in interlaminar shear strength (ILSS) in hybrid
composite structure [24]. Recent research works cover the
development of carbon nanofibers, nanoclay, and CNT in
phenolic resin for better ablation resistance. Dash et al.
studied the mechanical characterization of a Red Mud filled
hybridized composite and noticed improvement in flexural
and tensile properties [48]. Generally, the dispersion of
the nanoparticle in the fiber reinforced composite system
is in the range of 1–4wt% [49]. Beyond the percolation
threshold, mechanical and ablation resistance of the com-
posite decreased due to the agglomeration of the nanofillers.
Uniform dispersion of nanofillers effectively improves the
structural integrity of the char layer during ablation. Inor-
ganic fillers are found as more suitable materials for thermal
insulations due to the presence of thermal barrier properties
and surface morphology [50].

4.1. Organic Fillers. Higher aspect ratio and inherent thermo-
mechanical properties are the key factors of organic fillers
for their effective usage as reinforcing agent to protect the
carbon fibers and matrix from aerodynamic forces. Organic
fillers include single wall carbon nanotube (SWCNT), multi-
wall carbon nanotube (MWCNT), carbon nanofiber, carbon
black, and graphene. During ablation, MWCNT in the char
layer reemits the incident heat radiation in to gas phase. This
reemission decreases the heat transfer rate into the inner
layers of the composite panels and reduces the endothermic
pyrolysis [51]. So the presence of MWCNT leads to an
improvement in the thermal insulation and reduction in
mass loss. Tirumali et al. studied different morphologi-
cal nanofibers (stacked-coin-type) and their morphological
shape variation with respect to various mechanical and
chemical treatments [47]. Vapour-grown carbon nanofibers
have the potential to enhance the structural properties of the

char due to its high aspect ratios and fine diameter ranging
from 15 nm to 100 nm [46]. In a review by Tirumali et al.
on Epoxy composites of Graphene Oxide (GO), the mor-
phological characteristics of Graphene Oxide and Graphene
were studied and illustrated that platey like morphology of
GO/Graphene enhanced their reinforcement effect on the
polymeric system [47]. Figure 5 shows the charred surface of
the MWCNT dispersed in carbon-carbon composite. 2 wt%
of filler additionmakes a thermal barrier protection layer over
the carbon fiber and avoids its peel off from the bottom layer.

4.2. Inorganic Fillers. The inorganic nanofillers are the
prominent filler reinforcement in the composite material for
heat shielding applications. These nanofillers, such as mont-
morillonite (MMT) nanoclay, fly ash, nanosilica, zirconia
diboride, calcium carbonate, and barium sulphate, are being
used for their reinforcing ability to enhance the tribological
and thermal properties of the polymer matrix. Microsized
fillers require large amount of filler loading for a uniform
char layer over the surface [47]. Nonuniform dispersion and
large void region inmicrosize fillers create a local nonuniform
erosion rate with a rough surface and hence are prone
to erosion. Nanofillers show a significant reinforcing effect
compared to microsized fillers due to their higher specific
surface area and volume effects. The in-organic fillers melt
during high temperature exposure and form a viscous melt
layer over the burned surface. This layer acts as a protective
antioxidation barrier and radiative cooling system in the high
temperature burned surface. Molten fused silica reacts with
char and produces a SiC phase. Silica melt layer absorbs
significant amount of heat by an endothermic process during
its phase transformation and enhances the cooling rate [52].
Srikanth et al. studied the effect of nanosilica in carbon
phenolic composites and identified an improvement in the
ablation resistance along with reduced thermal conductivity
and improved interlaminar shear strength [52]. Xiao et al.
have reported that addition of zirconium diboride to carbon
phenolic composite significantly improves the ablation resis-
tance during the fire exposure [53]. Polyhedral oligomeric
silsesquioxane is reported to be efficient filler for reducing
thermal conductivity and ablation resistance in the carbon
phenolic composites [53]. Figure 6(a) shows the eroded
carbon fibers during plasma arc treatment, while Figure 6(b)
shows the protective layer of the melt nanosilica over the
carbon fibers.

4.3. Inorganic Nanocoating on Carbon Fibers. Surface coating
on the reinforcement fiber is the new development in fiber
reinforced composite system. The aim of coating on the
reinforced fibers is to improve the oxidation resistance and
adhesive bonding of the carbon fiber with surrounding
matrix. Optimum coating thickness is significant constraint
in order to obtain a good compressibility of the hybrid
composite system, which maintains the fiber reinforcement
volume (%𝑉fiber) in the composite system. Srikanth et al.
studied the effect of zirconium oxide coating (thickness 700–
900 nm) on the carbon fabric and found the reduction in
thermal conductivity and the rear face temperature. Surface
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Figure 5: SEM images of (a) 0.5 wt%, (b) 1 wt%, and (c) 2 wt% MWCNTs ablative nanocomposite samples [18].

(a) (b)

Figure 6: (a) Ablated surface of blank C–Ph composite, (b) 2.0 wt.% nanosilica C–Ph after ablation [24].

coating causes the reduction in the effective interfacial area
between the fiber and the matrix which leads to a decrement
in flexural modulus and interlaminar shear strength [54].
Thermally sprayed tungsten carbide and silicon coating are
an effective method for effective thermal barrier shield-
ing [55]. Recently, Ryu has fabricated C/SiC functionally

graded coating for reducing the thermal residual stresses
between carbon composites and SiC coating layer. As per
his observation SiC rich compositional layer in the Func-
tionally Graded material (FGM) shows effective release of
the thermal stress and increment in oxidation resistance
[56].
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Figure 7: SEM image of the linear continuous gradient microstructure of carbon-based SiC/C FGM and their magnified intermediate
transition layers [25].

5. Functionally Graded Composites

Functionally graded composite material (FGM) is composed
of two different phases in which volume fraction changes
gradually along at least one dimension of the solid. Function-
ally graded nanocomposite features layer by layer variation in
the filler composition and their concentration density profiles
in order to realize a designed functionality. Effective design
of the various layers in FGM makes minimum heat diffu-
sion through thickness with maximum thermal insulation
[57]. Functionally graded materials are considered to have
smooth spatial variation of microstructure and homogenized
material properties [26]. This structural variation improves
the compressive strength and there is enhancement in the
fracture and fatigue strength. Spatial variation of microstruc-
ture significantly minimizes the thermal delamination which
takes place through the difference in the thermal expansion
coefficient of the two materials [58]. The distribution of
residual thermal stresses is very important in the soundness
of FGM composite. Figure 7 shows the SEM image of the
linearly continuous gradient microstructure of carbon-based
SiC/C FGM. It signifies that smooth gradient interface in
the FGM ensures narrow transition from one material to
another and decreases the thermal residual stresses. Srikanth
et al. developed a composite panel in which the top layer
consists of carbon nanotube (CNT) hybrid carbon phenolic
composite and in the bottom layer Zirconium Oxide hybrid
C–Ph composite. Presence of the CNT in the composite
enhances the flexural and shear strength of the composite, but
during charring composite loses its structural integrity due to
the improvement in thermal conductivity of the CNT [50].
Powder metallurgical approach including plasma spraying
method has been widely used in the fabrication of thermal
stress relief type of functionally graded materials [59]. Liu et
al. reported the modelling study of thermal stress in SiC/C
functionally graded composite by finite element numerical
models and noticed the decrement in thermal stresses with
increasing the layer number. The optimum intermediate
graded layer and pure SiC layer thickness was 3-4mm and

0.5–1mm [60]. Bafekrpour et al. studied the flexural prop-
erties of the carbon nanofiber/phenolic functionally graded
composite by varying the compositional gradient of carbon
nanofiber and noticed the improvement in flexural properties
of FGM [61].

6. Ablative Mechanisms

The ablation mechanism of the carbon-carbon composite
in nozzle inserts is a heterogeneous chemical interaction
between the propellant combustion products and nozzle
materials [62]. It is a thermal protection mechanism in
which high temperature radiant energy from the combustion
chamber acts on the material surface and dissipated through
a series of endothermic reaction processes (thermochemical,
thermophysical, and thermomechanical). When the throat
surface temperature is less than of 2000–2500K, ablation
mechanism is dominated by chemical kinetics. The temper-
ature at 2000–2500K, the reaction is significantly controlled
by diffusion rate [62]. The graphite or carbon-carbon mate-
rials validate a superior advantage since their sublimation at
1 atm was about 4000K and it increased with the increase in
pressure. Ablation concedes through a combined action of
heat transfer, chemical reactions, and fluid flow and finally
the material is consumed [63]. Figure 8 shows the ablation
mechanism in the carbon based polymermatrix ablatives and
illustrates the combined thermomechanical decomposition
phenomena during ablation process. During the space craft
propulsion, hypersonic flow of hot air creates an external
boundary layer of low pressure over the ablation surface.
The circulation of the dissipated heat occurs within this
boundary and passes the heat away from thematerial surface.
This phenomenon led to an added advantage for an efficient
thermal shielding mechanism [50]. Normally, the thermo-
chemical degradation of outer layer of the carbon-carbon
composite takes place through convectional heat transfer in
which pyrolyzing layer diffuses towards the heated area of the
shield. In the nozzle design, the pressure and temperature
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Figure 8: Pyrolysis mechanism carbon based polymer matrix [26].

of the combustion gases at the throat could not match the
condition for sublimation, so sublimation was neglected as
an ablation mechanism for the throat erosion [51]. Interface
region of the fiber/matrix and the defective regions of the
composite aremore prone to ablation.This is due to the lower
activation energy and high reactivity of the defective region in
the composite system [64, 65].The ablation always developed
along the direction of interface-to-fiber and interface-to-
matrix due to the high oxidization tendency of the interface
region. Donghwan has explained ablation mechanism by an
erosive phenomenon, who reported that decomposition of
the ablative materials takes place through thermal oxidation
during fire exposure at high temperature of 2000–3000∘C,
resulting in the formation of char and peels off from parent
layer by the combustion flame [12]. These typical ablation
characteristics suggest that super lightweight carbon ablators
require high thermal degradation temperature and less dense
microstructure to perform as an efficient heat shieldingmate-
rial [66]. Figure 9 shows the schematic of parameters influ-
encing ablation resistance of the carbon/carbon composite.

6.1. Thermal Decomposition. In case of carbon-carbon poly-
mer composites, decomposition takes place through the
viscous softening, melting, decomposition, and volatiliza-
tion [67]. So a meticulous study over the decomposition
characteristics to observe the real material degradation phe-
nomenon is essential.The endothermic pyrolysis mechanism
during the ablation process depends on the temperature, heat
flux, time duration of the fire, and type of aerodynamic stress
(e.g., tension, compression, bending, and torsion) [68]. In the
initial stage of the heat flux, heat transfer takes place through
pure conduction and hence it causes rise in temperature.
At a particular temperature, the pyrolysis reaction (thermal
degradation) takes place followed by the elimination of
pendant aromatic rings and retention of all aromatic carbons

[69]. This reaction causes the formation of a thermally cross-
linked intermediate structure of new liquid or gas phases.
In the decomposition process, resin evaporation takes place
and causes development of pressure in the composite due
to the penetration of evaporated gases through the fiber
laminates. The excess pressure creates volume expansion in
the remaining matrix and intense material degradation rate
causes carbon laminates to lose their structural integrity.Dur-
ing thermal degradation thermal conductivity (𝐾), specific
heat (𝐶), and density (𝜌) of the composite change [70]. Fiber
decomposition behaviour depends on the fiber reinforcement
density area. The fiber degrades to cone shape fiber during
ablation in high fiber density area. In the low fiber density
area, the fibers get weakened during ablation and peel off
from the matrix due to aerodynamic stresses [71].

6.2. Pyrolysis Mechanism of Carbon Based Polymer Matrix.
Pyrolysis of carbon based polymermatrix takes place through
a three stage process. First stage of the pyrolysis mechanism
demonstrates the formation of additional cross-links as a
result of two condensation reactions between functional
groups of the cured phenolic. At second stage, breakage of the
cross-links occurred followed by the evolution of methane,
hydrogen and carbon monoxide. Similarly, final stage causes
stripping of the hydrogen atoms from the ring structure
and evolution of hydrogen gas. In pyrolysis reactions, the
phenolic matrix converts into amorphous carbon with less
structural integrity. This is due to the complete elimination
of the noncarbon species and char of coalesced carbon
rings formation during pyrolysis. Evolution of gas during the
pyrolysis mechanism is controlled by controlling the heating
rate of the composite [72]. Clarity in the physiochemical
reaction in pyrolysis mechanism leads to optimization of
the factor of safety during the design of the composite heat
shields. Optimized factor of safety leads to an efficient design
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Figure 9: Parameters affecting ablation resistance of phenolic matrix ablatives.

of heat shields with least material wastages and max thermal
protection.

6.3. Char Formation. Phenolic carbon composites are the
charring ablators which degrade into a carbonaceous residue
(char) during ablation. The char formation leads to an effec-
tive thermal barrier layer against the material degradation.
During ablation, the presence of highly ionized air in the
heating region causes complex pyrolysis reactions at the
surface and within the boundary layer [73]. Microstructural
study of the char layer reveals that gas-filled pores in the
polymermatrix and the fibre-matrix interface aremore prone
to decomposition during pyrolysis mechanism [74]. The
decomposition gases cause pores to grow and coalesce in the
hot viscous matrix under the high internal pressures. This
mechanism leads to the weakening of the strength of the char
layer. Florio et al. calculated the rise in local pressure due
to the coalesces of the pores and noticed that local pressure
rises as high as 15 times the ambient pressure for a phenolic
matrix laminate.This high pressure is strong enough to cause
delamination, matrix cracking, and fibre-matrix deboning
[75]. The key factors which decide the reinforcing effect
of fillers on the char layer is their high melting point and
surface adhesion. Effect of graphene on the char layer has
been studied by many research groups. Graphene nanofillers
act as cementing agents and form network structure in the
char layer and improve the char layer resistance against
stripping during high flow rate of hot gases [74]. Char-fiber
reaction is an intensive area in the thermal decomposition
of composite panel where char structural integrity is highly
dependent. Torre et al. studied the effect of nanosilica in the

thermal insulation properties of the char layer. The higher
concentration of the nanosilica effectively freezes the high
viscosity and forms a melt layer over the ablated surface
of the composite [75]. This causes an improvement in the
protection of the charred substrate and reduces the erosion
rate of composite surface during the jet of hot gases. Natali
et al. have showed that the presence of silica on the surface
ensured higher reradiation efficiency since the adhesion of
the charred layer over the virgin materials was strong enough
for a longer period of time. Presence of nanosilica leads to a
carbothermal reduction between silica and carbon, thereby
making them an effective heat insulator and ablative resistant
during the thermal degradation [76].

7. Thermal Analysis of the
Composite Materials

Thermal analysis and failure modelling of the composite
materials play a significant role in the design of composites for
heat shielding application.Main focus in the thermal analysis
is based on temperature distribution through the composite
laminates during fire exposure [77]. Fiber reinforced compos-
ite structures create explosion at high temperature (>2000∘C)
due to their organic content in the elemental composition.
The fire reaction behaviour of structural composite materials
and their characterization account for information such
as their time-to-ignition, heat release rate, limiting oxygen
index, flame spread, and smoke density [78]. The thermal,
chemical, and mechanical behaviour of the composite panels
during the fire exposure are effectively analyzed through
structural response of composite and degradation kinetics.
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Less research has been performed on laminates with reactive
fibres, sandwich composite materials and the dynamics of
the fire and the fire interaction with composite surface is
totally ignored, that is, assumptions during analysis based
on constant heat flux or temperature conditions. Xie and
DesJardin developed a coupled fluid-structure modelling
approach for analysing the heat transfer from combustion
flame into the ablative materials [79]. Decomposition of
matrix during ablation makes changes in boundary condi-
tions and heat release rate. These phenomena influence the
ablation behaviour of the composites and can be effectively
analysed through a coupled approach between the fire and
composite using computational fluid mechanics (CFD) and
finite element analysis (FEA) [80]. CFD is an analytical tech-
nique used to quantify the flowdynamics and temperatures of
the flame over the composite surface [81].Thermal modelling
developed by Henderson et al. is the common model for
calculating the temperature distribution in composites. This
one-dimensional nonlinear equation accounts for the energy
transfer through heat conduction, pyrolysis mechanism, and
diffusion of decomposition gases which is shown in the
following [82]:
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The first term one the right hand side of (1) accounts for
the heat conduction through thickness of the composite
laminate. The second term accounts for the changes in the
thermal conductivity with increasing temperature. The third
term accounts for the internal convection of thermal energy
due to the flow of volatile gases from pyrolysis reaction.
Similarly the last term accounts for the temperature change
in the composite due to heat generation or consumption
resulting from endothermic reaction of the matrix material.
Equation (1) presumes a one-dimensional material system
with the heat transfer occurring only through thickness
direction. Equation (1) is expanded to analyse two- and
three-dimensional systems with large amount of empirical
data on the thermal and decomposition properties of the
composite. Modification of the Henderson’s thermal model
has been done by many research groups. In the recent
period, Gibson et al. slightly modified the Henderson model
to include the decomposition reaction rate of the polymer
matrix. This model can be used to calculate the mass loss
and extent of charring during decomposition [83]. Gibson
et al. recently proposed a simplified model by avoiding the
use of the Arrhenius decomposition model. The new model
“apparent thermal diffusivity (ATD),” involves expression of

the thermal diffusivity of the composite as a function of
temperature. ATD takes into account the decomposition of
the resin, which is endothermic, as well as consequently
changes specific heat capacity and thermal conductivity of
the composite. The rate dependence of the decomposition
behaviour is neglected, with the decomposition state at any
temperature being calculated directly from theTGAcurve for
the polymer matrix.

7.1. ModellingThermal Properties of Decomposing Composites.
Thermal decomposition of the composite material depends
on thermal and physical properties such as density, thermal
conductivity, specific heat capacity, and gas permeability
of both virgin composite and its char residue [82]. Tem-
perature dependence of these properties is important for
the prediction of thermal response of the composite dur-
ing thermal analysis. During thermal decomposition and
pyrolysis, density of composite varies significantly. Arrhenius
decomposition kinetics is the common approach for finding
the change in densitywith time.Thedensity change in a single
stage decomposition reaction is given by the following:

𝜕𝜌

𝜕𝑡
= − (𝜌V − 𝜌𝑐) [

𝜌 − 𝜌
𝑐

𝜌V − 𝜌𝑐
]

𝑛

𝐴𝑒
(−𝐸/𝑅𝑇)

. (3)

Thermal properties of the fully decomposed phase (char) are
difficult to obtain due to unavailability of the measured data.
So during thermal analysis the properties of the decomposing
composite are assumed to be dependent on the relative mass
fractions of the virgin composite and its char. The mass
fraction of virgin material in a decomposing composite can
be calculated as

𝐹 = [
𝜌 − 𝜌
𝑐

𝜌V − 𝜌𝑐
] . (4)

By considering the density changes as a variable element
in the matrix decomposition, thermal conductivity of the
decomposing composite can be defined as follows:

𝑘 (𝑇) = 𝐹 ⋅ 𝑘V (𝑇) + (1 − 𝐹) ⋅ 𝑘𝑐 (𝑇) . (5)

Thermal conductivity depends on the thermal response of
composites in fire, considered to be an important parameter
for thermal analysis of the composite structure. Henderson
andWiecek have reported that the specific heat capacities for
the virgin composite and char depend on the temperature.
The specific heat capacity is determined using the following:

𝐶
𝑝
(𝑇) = 𝐹 ⋅ 𝐶

𝑝(V) (𝑇) + (1 − 𝐹) ⋅ 𝐶𝑝(𝑐) (𝑇) . (6)

By using different parameters, thermal decomposition
behaviour of the ablative composite can be well analyzed.
However, fire-induced damage such as fibre-matrix
debonding, intraply matrix cracking, and fibre damage
degrade the thermal properties of the composites. Delam-
inations of the laminates affect the reduction in thermal
conductivity of the virgin composite due to the formation
of air gap between debonded ply layers [77]. So there is a
requirement for unified damage model by incorporating the
influence of various damages in the composite structures
during thermal decomposition.
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7.2. Mathematical Model of Phenolic Impregnated Carbon
Composite. Pyrolysis mechanism of the carbon-carbon com-
posite is as same as other ablative materials in terms of
thermal decomposition, charmorphology, and delamination.
In case of phenolic resin, the matrix decomposition takes
place at a particular temperature followed by the char layer
ablation at a little higher temperature [78]. Thermal response
of carbon-carbon composite at various zones (virginmaterial
zone, pyrolysis zone, and porous char layer zone) is different
and the thermal analysis needs to consider for this variation
in thermal response.

The main assumptions during the ablation models are as
follows.

(1) Energy transfer through mass diffusion is neglected.
(2) Mass transfer takes place mainly through the move-

ment of pyrolysis gases.
(3) Pyrolysis gases considered “ideal gases” and their

properties are constant.
(4) The specific heat capacity of the composite is a mass

weighted average of the relative mass fractions of
polymer, char, and fibre remaining in the composite.

(5) Heat conductivity coefficient mainly depends on the
temperature variation.

(6) Thermal decomposition is a single stage process and
considered as first-order reaction.

Heating region in the ablative composite is composed of the
ionized air that has dissociated. Mass and energy transfer of
the volatile products result in complex chemical reactions
at the surface and within the boundary layer. The balance
between the convective energy, chemical energy, and net
radiation at the ablative composite surface are as follows [79]:
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While considering the reaction inside the ablative composite,
the effect of surface recession and pyrolysis gas is to be
taken into account because, rate of recession of the material
thickness affects the conduction and thermal capacitance and
escaping of the volatile gas, significantly affecting the thermal
decomposition [79]. It can be represented as follows:
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(8)

In thermal shielding composites, there is a constant require-
ment of mechanistic based models for analyzing the tem-
perature distribution, damage, softening, and failure of the
ablative composite. However, surplus empirical data in the
mechanistic based model reduce the reliance of the thermal
analysis. Extensive studies need to be performed on the
ablation mechanism in order to enhance the accuracy and
prediction in thermal analysis.

8. Conclusion

Ablative materials are efficient thermal insulators due to
their uniqueness in accommodating high heat flux and
resistance against the heat diffusion. Enhancement in the
ablation properties is achievable through matrix modifica-
tion, improving the surface texture of the fiber reinforcement
and dispersion of various nanofillers. Thermal decompo-
sition resistance, ablation resistance, and char retention of
the phenolic enhanced with modification of high thermal
resistive elements such as Boron, Titanium, and Molybde-
num. Elastomeric matrix based heat shielding composites
show excellent thermal insulation properties due to their
excellent ablation resistance, char yield, and high strain rate.
Reinforcing elastomeric matrix system with the synthetic
fibers leads to a better ablation properties and enhancement
in thermal insulation behaviour. Organic fillers, such as
carbon nanotubes, carbon nanofiber, graphite oxide, and
graphene, have high potentials in both thermal insulation
and char structural integrity. Thermal resistive behaviour
of the nanofillers is based on their morphological features
and inherent physiochemical characteristics. Inorganic fillers
like nanosilica, montmorillonite (MMT) nanoclay, and glass
balloons, have higher thermal barrier property. Nanofillers
having hollow sphere morphology (Fly ash, Glass balloons)
have the effective resistance against heat diffusion rate due
to the air space volume in the hollow sphere. Oxidation
and aerodynamic erosion resistance of the carbon fiber is
achieved by improving the adhesive bonding of the fiber and
inorganic coating over the carbon fiber. The main challenge
lies in the thermal analysis of the composite materials
during ablation. Assessment of the composite properties
during the thermal degradation is quite challenging. Com-
bined thermal-structural analysis methodology is needed for
carbon-carbon composite materials to deal with the varying
working environment and expected service requirement.
Furthermore, mechanical damage during the fire exposure,
such as delamination cracking and skin-core debonding,
needs more attention in the future thermal design of ablation
materials.
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{𝑅}: Load vector in transformed eqn
𝜕𝑇: Change in temperature
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through-thickness direction
𝜕𝜌: Change in density of composite
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decomposing composite
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ℎ: Convection heat transfer coefficient
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: Enthalpy of the composite

ℎ
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: Enthalpy of the volatile gas
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: Through-thickness thermal conductivity
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: Thermal conductivity of decomposed

(char) composite
𝑘V: Thermal conductivity of virgin composite
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𝑛: Order of the decomposition reaction of
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𝑁: Diffusion rate of oxygen
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∞
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: Temperature of medium
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𝑥: Distance in through-thickness direction
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𝛼: Thermal diffusivity
Δ𝑅: Surface recession
𝜀: Emissivity of the composite
V: Velocity component normal to surface,

m/s
𝜌: Instantaneous density of composite
𝜌
𝑐
: Density of decomposed (char) composite

𝜌V: Density of virgin composite
𝜎: Stephen-Boltzmann const.

Superscripts/Subscripts
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𝑑: Diffusion
𝑠: Surface
𝑇: Transpose
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