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Abstract
Ablatives are materials used to protect the inner hardware of aerospace structures
from the inimical temperature and shear environments. Fifty six diverse compositions have
been used with numerous incorporations (MWCNTs, nanokaolinite, nanomontmorillonite,
fine natural cork, phenolic resin, carbon fiber, Kevlar fiber, glass fiber, Spectra fiber, and
ceramic fiber) and elastomeric matrices ( ethylene propylene monomer, styrene butadiene,
silicon, and nitrile butadiene rubber) to fabricate polymer ablative composites for
hyperthermal/hypersonic environment encountered during the space vehicle and ballistic
missiles re-entry missions.
The reinforcements have been impregnated into the elastomeric matrices using
internal dispersion kneader and two-roller mixing mill. Three types of mold geometries
have been used according to ASTM standards to fabricate the composites on the hot
isostatic press to evaluate in-situ back-face temperature elevation, linear/radial ablation
resistance, and mechanical properties. High temperature (≈ 3000 oC) oxy–acetylene torch
coupled with the temperature data logging system was used to execute the ablation
measurements of the ablative composites.
Thermal stability and heat absorbing capability investigations have been carried out
on the TG/DTA equipment. Mechanical properties have been executed using Universal
Testing Machine (UTM) and rubber hardness tester. Scanning electron microscopy
coupled with the energy dispersive spectroscopy was performed to demonstrate the
reinforcement’s dispersion, interface quality, char morphology, char–reinforcement
interaction, and compositional analysis of the composites.
The ablation, thermal, and mechanical properties of the fabricated composites have
been positively influenced with increasing the concentration of the nanoclays/synthetic
fibers/nanotubes in the host rubber matrices. The least backface temperature evolution
under 200s flame exposure, best linear/radial/mass ablation resistance, and the utmost
improvement in tensile strength and elongation at break have been observed for 30 wt%
nanokaolinite and 7 wt% chopped Kevlar fiber impregnated ablative composites. High
thermal stability, heat quenching capability, low thermal conductivity, mechanical
strength, and remarkable reinforcement–matrix adhesion are identified as the most
vii

prominent factors for enhanced ablation performance. The novelty of this research work is
the fabrication of new ablative formulations with augmented ablation resistance (linear
ablation rate of ~ 0.002mm/s) and back-face temperatures in the vicinity of 55oC. This
compares with the ablation rates of 0.01mm/s and back-face temperatures 130oC for
contemporary work using elastomeric composites under similar conditions. A host of
ablators have been ranked in terms of linear and radial ablation rate, backface temperature,
and mechanical strength following head-on impingement, or radial flow conditions of oxyacetylene flame. The designer can choose the appropriate combination of ablators for the
situation at hand using the ablation data provided in consolidated form towards the end of
the thesis.
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Section # 1

An Introduction to Ablative Materials and
Investigation Techniques

Chapter 1

Introduction
1.1. Ablative composites
A composite is commonly defined as a combination of two or more distinct
materials, each of which retains its own distinctive properties, to create a new material with
desirable properties that cannot be achieved by any of the components acting alone[1].
A composite material is a macro/micro/nano-scale combination of two or more
discrete materials, having a decipherable interface between them. Composites are used not
only for their structural properties, but also for aeronautical, electrical, electronic, thermal,
biological, and environmental applications [2-6]. Modern composites are usually optimized
to achieve a particular balance of properties for a given range of applications. As a
common practical definition, composite materials may be restricted to emphasize those
materials that contain a continuous phase “matrix” and discontinuous or dispersed phase
“reinforcement”. The resulting composite material has a balance of structural properties
that is superior to either constituent material alone[7, 8]. On the basis of continuous phase
(Matrix), composites materials are classified into three main broad categories, i.e.
 Metal matrix composites (MMCs)
 Ceramic matrix composites (CMCs)
 Polymer matrix composites (PMCs)
Metal-matrix
(aluminum,

composites (MMCs) are composed of a metallic matrix

magnesium, iron, cobalt, copper) as a continuous phase and a dispersed

ceramic (oxides, carbides) or metallic (lead, tungsten, molybdenum) phase.
Ceramic-matrix composites are composed of a ceramic matrix (alumina, zirconia,
silicon carbide, aluminum nitride, etc) as a continuous phase and embedded fibers of other
ceramic materials as dispersed phase in the composite.
PMCs are composed of a matrix (polymer) from thermoset (Unsaturated
Polyesters, Epoxies, phenolic resins, polydimethylsiloxane, etc) or thermoplastic material
(Polycarbonates, Polyvinyl chloride, Nylon, Polystyerene, etc) as continuous phase and
embedded

glass,

carbon,

silica,

clays,

carbon

nanotubes/fibers,

synthetic

chopped/continuous fibers, etc as dispersed phase in the composite[9].
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An ablative composite is a type of composites, which are used to protect certain
structure or equipment from the intense heat environment. Mostly, such types of
composites are used in aerospace industry. The basic definition of ablative composites is
“These are highly endothermic sacrificial materials used to protect the hardware from ultra
high temperatures and shear stresses in the propulsion system.”
In NASA aeronautical dictionary ablation is defined as:
“The essential feature of Ablation cooling is that the thermal energy reaching the body has
to do work at the surface of an expendable protective layer, and thus is largely dissipated.
The work at the surface involves endothermic process such as melting, vaporization and
thermal decomposition. Volatile products of these processes are injected into the boundary
layer- i.e. the shear region near the wall – and decrease the heat transfer by the blocking
action. The ablating mass carries away heat by virtue of its heat capacity. Since the surface
takes the brunt of hyper thermal environment, high surface temperatures are reached and
some heat is rejected by surface radiation. As a net result of all these processes, some
surface material is lost, but the heat penetration to the vulnerable structure is limited and
the pay load is saved.”
Ablative composites are used in the thermal protection system (TPS) of space
vehicles

and

long

range

ballistic

missiles

to

protect

them

from

ultrahigh

temperature/hypersonic atmospheres encountered during their missions[10, 11]. Figure 1
illustrates the theme of an ablative composite in a fascinating approach that an ultrahigh
temperature flame cannot rupture even the pliability of a red rose when an ablator takes its
protection responsibility.

1.2. The role of ablative composites
1.2.1. Thermal Protection System for the space vehicle reentry
A space vehicle moving at orbital velocity possesses a tremendous amount of
kinetic energy, which equals half the mass times the square of the velocity. This energy
must be dissipated in reentry as the vehicle decelerates to its impact or landing velocity. In
the passage through atmosphere, the kinetic energy is converted mostly into thermal
energy, owing to atmospheric friction.

Although very tenuous at high altitudes, the

atmosphere presents a resistive medium to hypervelocity objects, as witnessed by
incandescence and disintegration of meteors[12].
2

Figure 1: Ablative action to protect the red rose from ultrahigh temperature flame

High velocities are described in terms of a Mach number (M), which is defined as
the ratio of the flow speed to the local acoustic velocity. In other words, an object flying at
Mach 2 moves at twice the speed of sound. The speed of sound varies from about 750 mph
at sea level to around 650 mph at very high altitudes. The usual classification of velocities
is subsonic, 𝑀𝑀 < 1; transonic, 𝑀𝑀 ≅ 1; supersonic, 𝑀𝑀 > 1; hypersonic, 𝑀𝑀 > 5. It should be
noted at this point that the re-entry of an orbital manned spacecraft, or of a high

performance missile, involves velocities of Mach 25 to 30. The behavior of hypervelocity
bodies moving in air is the subject of gas dynamic. At 𝑀𝑀 > 1, noise will not precede a

moving body, and the disturbances caused in the air are restricted to a roughly conical
envelope trailing the object. The shock wave manifests itself by the familiar supersonic
boom[13]. To survive, the reentering space vehicle must have adequate thermal protection,
particularly in the stagnation area. Thermal energy reaching the vehicle has to be diverted,
blocked, dissipated, or absorbed in some way, so that only a tolerable amount penetrates
the material.
Heat from the hot gas envelope is transferred to the surface of the body primarily
by convection and, to a lesser extent, by radiation, and then through the material by
transient conduction[14]. The convective heating rate at the stagnation point on the
spherical segment at the nose of a vehicle during re-entry gives approximately by the
following expression:
3
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(1)

Where 𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟 is the reentry heat flux, ρ (Kg/m3) is atmospheric density, V (m/s) is velocity
& R (m) is the nose radius. The rate is proportional to the cube of the velocity. The
reduction in velocity would minimize the problem; however, the slowing down of
spacecraft by rockets cannot be used repeatedly because of propellant weight limitations.
In the lifting reentry, utilization the glider principle, the velocity is lower than in the
ballistic hyperbolic type of descent, and these results in a lower heating rate[15]. The
heating rate is inversely proportional to the square root of the nose radius. The blunt body
is heated less than the slender body because more energy is transferred to the ambient air
via shock waves. The unexpected blunt-body concept revolutionized the shape of missiles
and was kept secret for a time. A look at the shape of the mercury, Gemini, and Apollo
capsules will show that their bases are surfaces with large radius of curvature[16]. They
have a blunt nose in order to maximize the heat carried away by the shock wave. Although
the heat transfer is reduced through the blunt-body design, the remaining heating rate is
such that conventional methods of cooling are inadequate to save the payload. The term
payload is borrowed from commercial aviation and means here astronauts, or
thermonuclear warhead.
Many new schemes of cooling have been tried. One of the earliest approaches was
the solid heat sink method, in which the heat is absorbed into a sufficiently thick outer
layer of a material with high heat capacity[17].

1.2.2. Thermal Protection System for ballistic missiles
The increased interest in the polymer composite materials at NASA is due to the
use of these materials as ablative materials in the solid rocket motor (SRM), space shuttles
and potential follow on solid rocket motor upgrades. In the design of ablative nozzle
components, considerable attention should be given to thermo-structural, thermo-chemical,
process modeling and other computer predictive and analysis codes. Various computers
based analytical and simulation programs are available and have been used successfully in
characterizing ablative materials and their erosion, char, and thermal protection
characteristics. Typical programs that have been used for this purpose are:
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Charring Material Ablator (CMA), Aerothermal Chemical Equilibrium (ACE), momentum
and Energy Integral Techniques (MEIT) (ACE and MEIT are used in conjunction with the
CMA program), and PATRAN (geometry of nozzle, a general model for structural and
thermal analysis). Computational Fluid Dynamics (CFD) is a discipline that is finding
increasing usage in evaluating the exhaust flow in SRM nozzles and in determining
potential heat transfer to nozzle components. These techniques are important tools for the
designer who is applying ablative composites to solid rocket motor nozzles[18].
Figure 2 elucidates that the aluminum structure of the SRM nozzle is protected
from the heat of the expanding gasses by a series of carbon cloth phenolic rings backed up
by glass or silica cloth phenolic rings. The glass and silica cloth phenolic backup rings are
provided for structural, insulation, and galvanic corrosion protection. In view of one single
ring, a series of rings is used for the ease of manufacture and handling. Factors of safety
for ablative carbon cloth phenolic vary between approximately 1.5 and 2.0 for erosion and
are usually about 1.25 for char, depending upon the situations[19-21].

Figure 2: Variant zones of solid rocket motor with their corresponding temperatures and
the use of different ablative materials at different sections of the SRM
5

1.3. Ablation Mechanism
The temperature and velocity are elevated above 3000oC and 3400ms-1,
respectively during the rocket motor’s working. Under these extreme conditions, the
insulation material degrades continuously and carbonizes to form a char layer. A sharp
temperature gradient is formed in the char layer, which slows down the penetration of heat
in the insulator and provides thermal protection for the motor chamber. Therefore, the
mechanical strength of the char layer is crucial for the ablation resistance properties of
these insulating materials. Basically, Ablation is a combination of decomposition,
pyrolysis, and charring reactions. The heat input from the environment is absorbed,
blocked and dissipated by numerous mechanisms [22]:
 Heat conduction into the material substrate and storage by its effective heat
capacity
 Materials phase changes like melting, vaporization, and sublimation
 Heat absorption by gases as they percolate to the surface of ablative
 Convection of heat in the liquid layer, if one exists
 Transpiration of gases from the ablating surface into the boundary layer with
attendant heat absorption
 Surface & bulk reradiation
 Endothermic and exothermic chemical reactions
Typically the following equation describes the ablative action of an ablative composite
material i.e.

Where

𝑄𝑄̇𝑖𝑖𝑖𝑖 = 𝑄𝑄̇𝑐𝑐ℎ + 𝑄𝑄̇𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑄𝑄̇𝑡𝑡𝑡𝑡 + 𝑄𝑄̇𝑠𝑠 + 𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟

(2)

𝑄𝑄̇𝑖𝑖𝑖𝑖 = Input heat flux (convection, conduction or radiation), 𝑄𝑄̇𝑐𝑐ℎ = charring heat flux, 𝑄𝑄̇𝑠𝑠 =

sensitive or conductive heat flux, 𝑄𝑄̇𝑣𝑣𝑣𝑣𝑣𝑣 = vaporization heat flux, 𝑄𝑄̇𝑡𝑡𝑡𝑡 = transpirational heat
flux and 𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟 = surface reradiational heat flux.

Equation 2 elaborates that input heat flux 𝑄𝑄̇𝑖𝑖𝑖𝑖 encountered by an ablator is balanced by the
heat fluxes i.e., 𝑄𝑄̇𝑣𝑣𝑣𝑣𝑣𝑣 , 𝑄𝑄̇𝑠𝑠 , 𝑄𝑄̇𝑐𝑐ℎ , 𝑄𝑄̇𝑡𝑡𝑡𝑡 , and 𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟 . Figure 3 simulates that 𝑄𝑄̇𝑖𝑖𝑖𝑖 is restricted
R

through the endothermic heat quenching phenomena i.e.,𝑄𝑄̇𝑣𝑣𝑣𝑣𝑣𝑣 , 𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟 ,𝑄𝑄̇𝑐𝑐ℎ , 𝑄𝑄̇𝑡𝑡𝑡𝑡 , and only
R

𝑄𝑄̇𝑠𝑠 .is conducted through the ablator and that is sensed at the back-wall.
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Figure 3: The heat dissipating/absorbing and conduction mechanisms of an ablative
composite in the hyperthermal/hypersonic environment
1.3.1. Input heat flux (𝑸𝑸̇𝒊𝒊𝒊𝒊 )

Two types of heat fluxes are encountered by a space vehicle during its reentry

through the earth atmosphere, i.e., radiative and convective heat fluxes whereas conductive
heat flux is also included in the input heat flux during the propulsion of SRM. Equation 2
defines reentry 𝑄𝑄̇𝑠𝑠𝑠𝑠𝑠𝑠 (KJ/m2-s) that depends upon the vehicle velocity (v, m/s), nose cone

radius (R, m), and atmospheric density (ρ, slugs/m3). High v, low R, and high ρ would
result in higher 𝑄𝑄̇𝑖𝑖𝑖𝑖 . Consequently, to lower the incoming heat flux radius of the nose
should have the maximum possible diameter[23].
SRM input heat flux 𝑄𝑄̇𝑠𝑠𝑠𝑠𝑠𝑠

for this is composed of the gases and particles

convection ( 𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ), metal oxide particles radiation flux ( 𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟 ), and conductive flux

(𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) of metals and metal oxide particles occluded in the propulsion system of the

rocket. This phenomenon is described in terms of following mathematical equation:
𝑄𝑄̇𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟

(3)

All heat fluxes are expressed in units of KJ/m2-s. The total heat flux 𝑄𝑄̇𝑠𝑠𝑠𝑠𝑠𝑠 can be
R

determined by evaluating the temperature elevation at the ablator/chamber bond-line or by
calculating the ablation resistance of the ablative composite materials.
Input heat =𝑄𝑄(kJ) = 𝑚𝑚. 𝐶𝐶𝑃𝑃 . ∆𝑇𝑇

(4)
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KJ
𝑄𝑄
Heat per unit area = �𝐴𝐴 �m 2 � = (𝑚𝑚. 𝐶𝐶𝑃𝑃 ). ∆𝑇𝑇

Or

(5)

𝐾𝐾𝐾𝐾
𝑑𝑑(𝑄𝑄 ⁄𝐴𝐴)�
Input heat flux = 𝑄𝑄̇ �𝑚𝑚 2 𝑠𝑠 � =
𝑑𝑑𝑑𝑑 = (𝑚𝑚. 𝐶𝐶𝑃𝑃 ⁄𝐴𝐴). (𝑑𝑑𝑑𝑑⁄𝑑𝑑𝑑𝑑)
𝐾𝐾𝐾𝐾

Input heat flux = 𝑄𝑄̇ �𝑚𝑚 2 𝑠𝑠 � =

(6)

𝑑𝑑(𝑄𝑄 ⁄𝐴𝐴)�
𝑑𝑑𝑑𝑑 = (𝑑𝑑𝑑𝑑⁄𝑑𝑑𝑑𝑑 . 𝐶𝐶𝑃𝑃 ⁄𝐴𝐴). (∆𝑇𝑇)

(7)

Where m, 𝐶𝐶𝑃𝑃 , ΔT, and A are the mass, specific heat, and area of the ablator, respectively.

ΔT, dT/d t and dm/dt are the difference in backface temperature, its time derivative and
mass ablation rate, respectively. Equation 1 and 6 simulate that the total incoming heat flux
during the space vehicle reentry or SRM working can be determined by using the time
dependant backface temperature gradient or by calculating the mass ablation rate of the
TPS material.
Convective heat flux of the incoming gas stream can be determined by using the following
mathematical expression:
𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑤𝑤 )

(7)

where ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , 𝑇𝑇𝑔𝑔 are the convective heat transfer coefficient and temperature of the
combustion gas whereas 𝑇𝑇𝑤𝑤 is the backface temperature of the insulating wall (aligned

ablator). 𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 can be evaluated by monitoring the backface temperature profile of the

ablative material and the input gas temperature.

Conductive heat flux of the metal or metal oxides particles can be executed by the
proceeding equation:
𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜌𝜌. 𝑣𝑣. 𝐶𝐶𝑃𝑃 (𝑇𝑇𝑃𝑃 − 𝑇𝑇𝑠𝑠 )

(8)

where ρ, V, 𝐶𝐶𝑃𝑃 and 𝑇𝑇𝑃𝑃 are the density, volume, specific heat and temperature of the metal

oxide particles in the gas stream, correspondingly whereas T s is the surface temperature of
the ablator.
Radiation heat flux of the incoming gases can be carried out by determining the parameters
described in the following mathematical equation:
𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟 = ∈𝑒𝑒𝑒𝑒𝑒𝑒 . ϭ(𝑇𝑇𝑃𝑃 − 𝑇𝑇𝑠𝑠 )

(9)

ϭ is the Stefan-Boltzmann constant (KJ/s-m2-K4) and ∈𝑒𝑒𝑒𝑒𝑒𝑒 is the effective emissivity for
the source-wall combination which can be determined by the following expression :
1⁄∈𝑒𝑒𝑒𝑒𝑒𝑒 = 1⁄∈𝑃𝑃 + 1⁄∈𝑠𝑠 − 1

(10)
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∈𝑃𝑃 and ∈𝑠𝑠 are the gas particle cloud and ablative surface emissivity[24].
R

R

1.3.2. Pyrolysis or charring heat flux (𝑸𝑸̇𝒄𝒄𝒄𝒄 )

The pyrolysis/charring of a polymer matrix based ablative composite is an efficient source
of heat quenching and dissipation that minimize the conductive heat flux and eventually
the backface temperature of the ablator remains at tolerable level. The 𝑄𝑄̇𝑐𝑐ℎ can be found
R

out by using the following mathematical equation:
𝑄𝑄̇𝑐𝑐ℎ = 𝜌𝜌. 𝑣𝑣. 𝐻𝐻𝑐𝑐ℎ

(11)

where ρ and 𝐻𝐻𝑐𝑐ℎ are the density and heat of pyrolysis (J/g) of the ablator, respectively. The
charring heat can be determined by executing the thermogravimetric/differential thermal

analyses of the composite specimen. In the above equation, v is the linear ablation rate
(mm/s) that can be measured after the ablation testing of the ablator on the plasma or oxy –
acetylene torch assembly.
1.3.3. Vaporization heat flux (𝑸𝑸̇𝒗𝒗𝒗𝒗𝒗𝒗 )

The vaporization of water, processing lubricant, plasticizer, reinforcing fillers, etc is a
remarkable endothermic phenomenon that takes place within the polymeric ablator during
its practice in ultrahigh temperature atmosphere. It can be evaluated by using the following
mathematical equation:
𝑄𝑄̇𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑓𝑓. 𝜌𝜌. 𝑣𝑣. 𝐻𝐻𝑣𝑣

(12)

where f is the fraction of substrate inclusions and 𝐻𝐻𝑣𝑣 (J/g) is the enthalpy of evaporation of
R

the evaporating ingredients that can be executed by using the Clausius – Clapeyron
mathematical relation described in Equation 13.
𝑃𝑃

𝑇𝑇 . 𝑇𝑇

𝐻𝐻𝑣𝑣 = 𝑅𝑅. 𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒 �𝑃𝑃2 � �𝑇𝑇1−𝑇𝑇2 �
1

2

1

(13)

𝑃𝑃1 , 𝑇𝑇1 , and 𝑃𝑃2 , 𝑇𝑇2 are the initial and final pressures and temperatures, correspondingly of
R

the testing liquid or ingredient. R is the universal gas constant (8.3144 J/K.mol).
1.3.4. Transpirational cooling flux (𝑸𝑸̇𝒕𝒕𝒕𝒕 )

Transpirational is assisted with the evaporation of CO, CO 2 , H 2 , H 2 O, NO 2 , NH 3 , NO, and
other exhausted vapors and gases from the surface of the ablator during ablation. The
evaporation of gases cools down by carrying enormous heat out from the ablative
composite and maintains the back-wall temperature at an adequate point[25]. The 𝑸𝑸̇𝒕𝒕𝒓𝒓 of
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the polymeric ablative composite specimen can be executed by evaluating the parameters
that are depicted in Equation (14).
𝑄𝑄̇𝑡𝑡𝑡𝑡 = 𝜌𝜌. 𝑣𝑣. 𝛽𝛽 (𝐻𝐻𝑠𝑠 − 𝐻𝐻𝑤𝑤 )

(14)

where β is the transpiration cooling factor and is determined by the following relationship.
𝛽𝛽 = 0.7 (𝑀𝑀𝑃𝑃 ⁄𝑀𝑀𝑣𝑣 )𝑛𝑛

(15)

Where 𝑀𝑀𝑃𝑃 and 𝑀𝑀𝑣𝑣 are the molecular weights of the ambient and the evaporating gases,

respectively. The exponent (n) depends upon the type of flow laminar or turbulent and it is
0.26 for the laminar flow. 𝐻𝐻𝑠𝑠 and 𝐻𝐻𝑤𝑤 are the free stream gas and ablating wall enthalpies.
1.3.5. Reradiational heat flux (𝑸𝑸̇𝒓𝒓𝒓𝒓𝒓𝒓 )

Surface reradiational heat flux is the primarily heat dissipation effect that rapidly cools
down the surface temperature of the ablative composite.
It can be deduced from the following equation:
𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟 = ∈. ϭ(𝑇𝑇𝑤𝑤 )4

(16)

where ∈ , 𝑇𝑇𝑤𝑤 are the emissivity and wall temperature of the ablative composite. Typically,
the value of emissivity is around 0.92 for the most practical ablators.

1.3.6. Sensitive Heat flux (𝑸𝑸̇𝒔𝒔 )

Sensitive heat flux is that portion of the incoming heat flux that transports through the
ablator and is sensed at the back-wall of the ablator. The 𝑄𝑄̇𝑠𝑠 of the ablator can be measured
from the proceeding equation:

𝑄𝑄̇𝑠𝑠 = 𝜌𝜌. 𝑣𝑣. 𝐶𝐶𝑃𝑃 (𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑜𝑜 )

(17)

where ρ, v, and 𝐶𝐶𝑃𝑃 are the density, ablation resistance, and specific heat of the ablative

composite. 𝑇𝑇𝑠𝑠 is the surface temperature while 𝑇𝑇𝑜𝑜 is the back-wall temperature of the
ablator. T s may be computed or measured using pyrometer. Its value resides between 100-

1300oC for polymer reinforced ablators.

3.7. Incoming heat flux equation encapsulation
The incoming heat flux balancing Equation can be rewritten in the following form for the
conclusive analysis.
𝑄𝑄̇𝑖𝑖𝑖𝑖 = 𝑄𝑄̇𝑐𝑐ℎ + 𝑄𝑄̇𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑄𝑄̇𝑡𝑡𝑡𝑡 + 𝑄𝑄̇𝑠𝑠

(18)
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𝑄𝑄̇𝑖𝑖𝑖𝑖 = 𝐻𝐻𝑐𝑐ℎ . 𝜌𝜌. 𝑣𝑣 + 𝑓𝑓. 𝜌𝜌. 𝑣𝑣. 𝐻𝐻𝑣𝑣 + 𝜌𝜌. 𝑣𝑣. 𝛽𝛽(𝐻𝐻𝑠𝑠 − 𝐻𝐻𝑤𝑤 ) + 𝜖𝜖. б(Tw )4 + ρ. v. CP (Ts − To )
𝑄𝑄̇𝑖𝑖𝑖𝑖 = 𝜌𝜌. 𝑣𝑣[𝐻𝐻𝑐𝑐ℎ + 𝑓𝑓. 𝐻𝐻𝑣𝑣 + 𝛽𝛽. (𝐻𝐻𝑠𝑠 − 𝐻𝐻𝑤𝑤 ) + CP . (Ts − To )] + 𝜖𝜖. б(Tw )4

(19)

The inspection of the Equation 19 discloses the characteristics and features which are
desirable to minimize the sensitive heat flux and to dissipate the incoming heat flux. The
above equation illustrates that with the knowledge of fundamental properties of the ablator,
if the ablation resistance and the back-wall temperature are measured then we can predict
easily about the ablation performance of the TPS material during their practical usage and
performance life.

1.4. Ablation, associated reactions and phase changes
1.4.1. Chemical Reactions and Phase changes in ablation
It lists chemical processes, shows sites of their occurrence and correlates them with
thermal and mechanical phenomena taking place within the ablator during ablation[18, 24].
Here we are dealing with the charring ablation as it covers the whole spectrum of all
possible processes as depicted in Table 1.

1.4.2. Reactions at Ablator Surface
The two main classes of chemical process at the ablator are [26, 27].
 Thermal induced process which would occur even in the absence of external gas.
They include vaporization, dissociative vaporization, sublimation and surface
pyrolysis (Surface pyrolysis can be modified by external gases).
 Chemical interaction of the ablator with a reactive chemical species of external gas,
i.e. gas solid reactions including combustions and “chemical corrosion.” The gas –
gas interactions in the boundary layer and in the wake can also be included here as
an extension of surface processes.

1.4.3. Vaporization and sublimation
The vaporization process in ablation is best illustrated by the case of quartz. i.e. silica.
Quartz alone has been used as the ablator in nose cones. Any silica-reinforced plastic also
leads eventually to a silica melt or silica-rich surface layer[28, 29].
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Table 1: Chemical reactions that are taken place during the ablation of polymeric ablative
composites
Type

Equation

Depolymerization

(𝐶𝐶2 𝐹𝐹4 )𝑛𝑛 → 𝑛𝑛𝐶𝐶2 𝐹𝐹4
𝐶𝐶𝐻𝐻4 → 𝐶𝐶 + 2𝐻𝐻2

Cracking (Volatiles)

Phenolic → 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

Pyrolysis (Resin)
Phase Transition
Char volatiles reaction

𝛼𝛼 − 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 → 𝛽𝛽 − 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄
𝐶𝐶 + 𝐻𝐻2 𝑂𝑂 → 𝐶𝐶𝐶𝐶 + 𝐻𝐻2

3𝐶𝐶 + 𝑆𝑆𝑆𝑆𝑂𝑂2 → 𝑆𝑆𝑆𝑆𝑆𝑆 + 2𝐶𝐶𝐶𝐶

Char reinforcement reaction

𝐶𝐶(𝑠𝑠) → 𝐶𝐶(𝑔𝑔)

Sublimation
Chemical corrosion
Combustion
Melting and vaporization
Dissociative vaporization
Wall catalyzed recombination

Si𝑂𝑂2 + 4𝐻𝐻𝐻𝐻 → 𝑆𝑆𝑆𝑆𝐹𝐹4 + 2𝐻𝐻2 𝑂𝑂
𝐶𝐶 + 𝑂𝑂2 → 𝐶𝐶𝑂𝑂2

𝑆𝑆𝑆𝑆𝑂𝑂2(𝑠𝑠) → 𝑆𝑆𝑆𝑆𝑂𝑂2(𝑙𝑙) → 𝑆𝑆𝑆𝑆𝑂𝑂2(𝑔𝑔)
𝑆𝑆𝑆𝑆𝑂𝑂2(𝑙𝑙) → 𝑆𝑆i𝑂𝑂(𝑔𝑔) + 1/2𝑂𝑂2
𝐻𝐻 + 𝐻𝐻 + 𝑀𝑀 ↔ 𝐻𝐻2 + 𝑀𝑀
𝑁𝑁 + 𝑂𝑂 ↔ 𝑁𝑁𝑂𝑂+ + 𝑒𝑒

Electron Producing reactions
Molecular dissociation
Charged particle reactions
Reactions of atomic species

𝑁𝑁2 + 𝑀𝑀 ↔ 𝑁𝑁 + 𝑁𝑁 + 𝑀𝑀

𝐶𝐶𝐶𝐶𝑂𝑂+ + 𝐻𝐻2 𝑂𝑂 ↔ 𝐶𝐶𝐶𝐶 + 𝐻𝐻3 𝑂𝑂+
𝐶𝐶 + 𝑁𝑁 + 𝑀𝑀 ↔ 𝐶𝐶𝐶𝐶 + 𝑀𝑀

Figure 4 demonstrate the complete scheme of the thermal, mechanical, and chemical
phenomena which occur during the ablation of ablative composite in hyperthermal/
hypersonic environment.
An extensive review of the high-temperature vaporization features of silica has been
written by Schick. The straight vaporization absorbs 134 Kcal/mole at 2000K[11].
𝑆𝑆𝑆𝑆𝑂𝑂2(𝑙𝑙) ↔ 𝑆𝑆𝑆𝑆𝑂𝑂(𝑔𝑔)

This straight vaporization occurs to a small extent only and is overshadowed by the more
endothermic dissociative vaporization of silica
𝑆𝑆𝑆𝑆𝑂𝑂2(𝑙𝑙) ↔ 𝑆𝑆𝑆𝑆𝑂𝑂(𝑔𝑔) + 1/2𝑂𝑂2(𝑔𝑔)
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Figure 4: Thermal, mechanical, and chemical phenomena occurred during the practical
application of an ablator in the ultrahigh temperature/hypersonic atmosphere
13

The heat of this reaction at 2000 K is 179 Kcal/mol. If the heats associated with
various phase transitions in silica are included i.e. if one considers 𝛼𝛼-quartz at 298K as the
starting material. The thermal contribution increases to the estimated 222 kcal/mole. It is
apparent that even at moderate rates, the vaporization of silica represents a major heat sink
in the ablation of silica-reinforced resins. Since, however, it is molten silica that vaporizes;
mechanical losses by liquid runoff and spallation limit the potential benefits of pure
vaporization. Ablation literature usually gives the behavior of Teflon as an example of
sublimation. However, true sublimation i.e. a solid to gas phase change is represented by
carbon. Carbon sublimates at very high temperatures; below 3000 K the total vapor
pressure is 0.489 atm. On sublimation, carbon forms gaseous atomic carbon and various
polymeric carbon molecules, of which C 3(g) is the most important up to 4000 K. carbon is
likely to enter at an earlier stage into chemical reactions, particularly the exothermic
oxidation. In the sublimation regime, the carbon oxidation reactions are forced off the
surface. Practically all materials, including metals and refractories, will lose some surface
material in hyper thermal, high-shear environment, by some type of vaporization or
sublimation. Magnesia is interesting in that it will undergo a dissociative sublimation[30].
𝑀𝑀𝑀𝑀𝑂𝑂(𝑠𝑠) ↔ 𝑀𝑀𝑀𝑀(𝑔𝑔) + 1/2𝑂𝑂2(𝑔𝑔)

The case is parallel to the dissociative vaporization of silica as in Figure 5.

Figure 5: Endothermic transpiration Cooling effect of the ablator during ablation that
reduces the back-wall temperature elevation
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1.4.4. Surface Pyrolysis
In actual practice, ablation may involve a rather special type of pyrolysis. Unlike
the usual bulk pyrolysis in which samples are heated rather uniformly, the ablator surface
is heated much more intensely than the rest, and degradation occurs just on the surface of
the plastic[31].
Referring to the linear rate of surface regression, the process is termed as “surface
pyrolysis” or “linear pyrolysis”. The term “flash pyrolysis” is used for a short-duration
exposure.
In practice, non-charring plastics undergo surface pyrolysis while the degradation of
charring ablative resins has the characteristics of a bulk pyrolysis, since, after a brief initial
period; the decomposition takes place behind the char barrier. The examples of noncharring plastics used in ablation are Teflon and low-melting infiltrants of ceramic
matrices.

Figure 6: Variant zone formation, insulation, and density variations during the ablation
process of an ablator
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Figure 6 elucidates the diverse zones formation during the ultrahigh
velocity/temperature flow of gases during the working of SRM and reentry of a space
vehicle. Properties vary across four material interfaces, namely, the char-gas, chardecomposition zone, decomposition zone-virgin material, and the virgin material-structure
interfaces. The density elevates while thermal conduction through the ablator is reduced by
preceding char zone towards the aerodynamic inner structure[32]. Density varies due to
porosity variation in the char and the morphology of the decomposition zone. The latter is
dictated by the extent of decomposition vs. temperature. A step change in density is, of
course, seen at the ablator-structure interface. The temperature through the ablator drops
primarily owing to substrate melting and sublimation, char reinforcement reactions, and
transpiration cooling in the char[33].
1.4.5. Reactions in the depth of a charring ablator
In charring ablator, a series of chemical reactions and physical processes are
initiated by the thermal energy that penetrates into the material. These reactions and
processes contribute to the heat dissipation. Although the burnt of hyper thermal treatment
is still borne by the surface, a “second line of defense” is formed by the reactions in depth
of a charring ablator which provides reinforcement for the first line [34-36].
In general, chemical reactions in a typical reinforced-resin ablator start with the pyrolysis
of resin; later processes involve the products of this pyrolysis – i.e., volatiles and char.
The reinforcing agent joins the reactants at higher temperatures. The classification thus
takes the form of:
 Pyrolytic reactions (virgin material)
 Postpyrolytic processes (char layer)
 Cracking of volatiles
 Char-volatiles reactions
 Char-reinforcement interactions

1.4.6. Pyrolysis of ablative polymers
Once the initial transient period ends, the pyrolysis of charring plastics, inside the
ablator, takes place. The intense surface heating applies now to the char, while the
decomposition of resin takes place under rather uniform, protected conditions. Analytical
16

and interpretative difficulties are involved due to the complexity of products and the
mechanism of pyrolysis. Conventional kinetic treatments are inadequate because the
changes in the composition of the degrading material are continuously occurring in the
course of the pyrolysis.

1.4.7. Ablative chars
Volatiles produced as a result of pyrolysis effuse through the hot char layer and
pass through various reaction zones. The nature of the char layer involved is important. In
ablation, the term char is used rather loosely to denote the total dark residue from the
pyrolysis; a major portion of the char may thus be unreacted inorganic reinforcement.
From a chemical point of view, the rest of the residue should be distinguished from the
carbonaceous polymeric char. Usually, the meaning of the terms is clear from the context;
otherwise, such expressions as resin char, polymeric residue or polymer carbon are
specifically used. Carbonization of organic polymer on heating is favored by cross-linking,
structural asymmetry, high carbon-to-hydrogen ratio, the presence of aromatic moieties,
and relative ease of removal of pendant groups and substituent atoms. All ablative resins
leave char on pyrolysis, but to different extents. High yields are obtained in case of furane
resins and phenolics, whereas small signatures of char are left by unmodified epoxies. As a
role of thumb cyclic ring structure produce more char than the linear ones. Large
polymeric residues are produced by newer ablative polymers, such as polyphenylenes,
polyphenylene oxides, and aromatic heterocyclics. The cited cases of polypyromellitimide
and polyphenylene show, however, that under specific conditions the char may not form at
all.

1.4.8. Cracking reactions
The pyrolytic volatiles can be classified roughly into two groups:
(1) Stable gases, such as H 2 O, CO, NO 2 , and CO 2
(2) Unstable gases, including CH 4, phenol, cresols, and other higher-molecular-weight
species. The unstable species undergo decomposition, the char functioning as a hightemperature furnace, on passage from the pyrolysis zone through the porous ablative char
layer. This fragmentation process is known as cracking. Actually, the cracking merges
with the pyrolysis; cracking is just a continuation of the initial degradation process in the
17

new, hotter environment. In resemblance to the petroleum industry, cracking involves
thermal or catalytic mechanisms .The possibility of catalysis in the case of ablation is not
excluded; carbon itself acts as a catalyst for similar processes. Generally, cracking
reactions are endothermic in nature. There is some controversy about the magnitude of
thermal contribution brought by cracking in ablation. The thermo chemical calculations
show that if the cracking products contained acetylene then the thermal effect would be
very high. The heat effect is much smaller, though significant for the usually assumed
decomposition to CO and carbon. The char is cooled when both stable and cracked gases
filter through. The sensible enthalpy, or the effectiveness of this cooling, is the greatest for
hydrogen followed by CH 4 , C 2 H 4 , NH 3 , C 2 H 2 , H 2 O, CO and CO 2 , in approximately this
order.

1.4.9. Char-volatiles reactions
In the abovementioned cracking processes, the char has been considered to play a
passive role, as a reaction site only. Actually, at the high temperatures prevailing, the char
also acts as a participant in reactions with filtering reactive gases, such as H 2 O, CO 2 , O 2 ,
and H 2 . Generally these gas reactions of carbon are well known [3]. Use of ablators and
prevailing conditions limit the extent of these reactions in ablation. The exothermic and
facile carbon-oxygen reactions are a major problem in surface processes; they are probably
not significant in the char layer. Two endothermic reactions involving H 2 O and CO 2 are of
more importance[37]:
𝐶𝐶 + 𝐻𝐻2 𝑂𝑂 → 𝐶𝐶𝐶𝐶 + 𝐻𝐻2
𝐶𝐶 + 𝐶𝐶𝑂𝑂2 → 2𝐶𝐶𝐶𝐶

Pyrolysis yields water as a major product. The carbon-water system has been studied
extensively, since this facile reaction is of commercial importance. Kinetically, and in
other respects, the 𝐶𝐶 − 𝐶𝐶𝑂𝑂2 reaction is similar to the carbon-water reaction. In both cases,
R

the effect of pressure is unfavorable in accordance with the Le Chaterlier principle; this
principle, however, predicts a favorable effect of pressure on the reaction:
𝐶𝐶 + 2𝐻𝐻2 → 𝐶𝐶𝐻𝐻4

The amount of water available in the gas, from all sources, will determine the thermal
contribution of the 𝐶𝐶 − 𝐻𝐻2 𝑂𝑂 reaction in ablation. There is no doubt that the 𝐶𝐶 − 𝐻𝐻2 𝑂𝑂

reaction is an important chemical heat sink in asbestos-reinforced resins, the asbestos
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containing up to 14% water. It must be remembered that, unlike the cracking reactions, the
carbon-volatiles reactions consume carbon and deplete the protective char layer.

1.4.10. Char-reinforcement interactions
At the high temperatures in char near the surface, reinforcing agents may enter into
chemical reactions with char. The char-reinforcement interactions involving silica are
thought to be the most significant. An industrial process in which silica reacts with coke to
produce silicon carbide is well known; the proportions of reactants and the temperature
have to be regulated since other silica-carbon reactions can also occur. Potential
participation of silica-carbon reactions in the process of ablation was pointed out early. The
first extensive treatment of these reactions, including thermo chemistry and some kinetic
considerations based on experiments, is due to Beecher and Rosensweig. Three reactions,
all highly endothermic, are possible:
𝑆𝑆𝑆𝑆𝑂𝑂2 + 3𝐶𝐶 → 𝑆𝑆𝑆𝑆𝑆𝑆 + 2𝐶𝐶𝐶𝐶
𝑆𝑆𝑆𝑆𝑂𝑂2 + 2𝐶𝐶 → 𝑆𝑆𝑆𝑆 + 2𝐶𝐶𝐶𝐶
𝑆𝑆𝑆𝑆𝑂𝑂2 + 𝐶𝐶 → 𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐶𝐶

Actually, the second reaction is only a preliminary step to the first, since it is immediately
followed by 𝑆𝑆𝑆𝑆 + 𝐶𝐶 → 𝑆𝑆𝑆𝑆𝑆𝑆 On the basis of their kinetic data, Beecher and Rosensweig [43]

concluded that the first reaction 𝑆𝑆𝑆𝑆𝑂𝑂2 + 3𝐶𝐶 is pre-dominant. The heats of reaction at

2000 K for reactions A, B and C are 137, 169 and 158kcal/mole, respectively. At the
pressure of 5 psi, SiC appears in approximately the 129 to 1794oC range. SiC reacts with
the excess of silica according to the equation:
𝑆𝑆𝑆𝑆𝑆𝑆 + 2𝑆𝑆𝑆𝑆𝑂𝑂2 → 3𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐶𝐶𝐶𝐶

Hence, only SiO, CO, and the remaining silica, appear at temperatures above 1704oC. Still
further, around 2204oC, CO is oxidized to CO 2 at the expense of SiO 2 . A similar graph for
the pressure of 150 psi shows SiC to be shifted to approximately in the 1676 to 2121oC
range. The onset of silica-carbon reactions determined experimentally happens to agree
quite well with thermodynamic computations. Thus, the start of SiC formation is reported
to occur around 1500oC at atmospheric pressure .In the studies of Klinger et al.[44] with
pure reagents and without excess of silica, the rate of gas evolution below 1443oC was too
low to measure, whereas the residue from runs above 1590oC contained only SiC and
graphite; i.e., all the silica was consumed and the SiC remained intact.
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1.5. Ablative density
The role of ablative density is two-fold. Lower density ablatives tend to be not only
more efficient, but have a favorable effect on vehicle mass ratio, as weight is at a premium.
On the other hand lower density translates to higher volume for the same mass. The
downside to this is reduced casing diameter. This reduces the available volume for
propellant (casing length may be increased to compensate) but, perhaps more significantly,
decreases propellant web thickness, thereby reducing burn duration.

1.6. Comparative casing wall temperature (T) profiles of alloy, metals and polymer
Insulators have to be resistant to very high T’s for long duration, or they should
melt at T’s higher than the combustion-T. Few materials can satisfy the latter conditions.
However, for ablatives, the surface-T and hence the structural wall-T can be kept low
owing to the endothermic ablation reaction.
The computed wall T-profiles are presented in Figure 7 for Al, Steel, plastic and an
ablative-Al combination to highlight the T-response of the naked and ablative lined walls
to heat input for the following conditions:
 Initial casing temperature of 20oC
 Combustion temperature of 1450oC.
 Burn time of 1.5 seconds.
 Convection heat transfer coefficient of 1000 Watt/m2-K.

The aluminum has by far the greatest capacity to diffuse absorbed heat, maintaining
a reasonably low temperature in the example, evenly distributed through the thickness. The
stainless steel casing shows a pronounced temperature gradient. However, a similar, and
reasonably low, wall temperature is achieved by the greater heat absorbing capacity of
steel due to its significantly higher density [17, 38, 39]. A very interesting temperature
distribution is shown for polyvinyle chloride plastic. A steep temperature gradient exists
through the thickness, owing to the very low thermal diffusivity of this material. Together
with its low density that resists heat storage, the casing remains relatively cool throughout,
except at the inner surface, which tends to get very hot. The rapid rise of temperature at the
inner surface (Ti) aids by reducing the heat transfer, as evidenced by the ever-narrowing
spacing between temperature bands on the chart. The effectiveness of the ablative liner to
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reduce the wall-T is obvious. Note, the ablative surface-T does not rise as much as was the
case with PVC alone [28, 40-42]. The high alpha metal backing dissipates the accumulated
heat quickly.

Temperature Distribution through casing wall
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Figure 7: Comparative back-wall temperature profiles of metal, metal alloy, and polymer
In actuality, the ablative liner starts to decompose (carbonize) at about 225- 450oC, which
is not considered in this analysis. Decomposition, however, will result in less heat transfer
to the walls, as heat energy is absorbed by this process of ablative thermal protection, and
hence the wall-T will be reduced even further. Consequently, heat flux ( 𝑞𝑞̇ ) will be
dissipated as sensitive heat plus the heat absorbed in the ablation process. As mentioned,

heat transfer depends upon the diffusivity of the casing material. Thermal diffusivity is the
controlling property for transient (time-varying) diffusion of heat, and is given by:
𝛼𝛼 (𝑚𝑚2 ⁄𝑠𝑠) =

𝑘𝑘
(𝜌𝜌𝐶𝐶𝑃𝑃 )

where k is the thermal conductivity, ρ is the mass density, and Cp is the heat capacity of
the casing material. All three parameters are temperature dependant, although density
change may be considered to be negligible.
Thermal diffusivity of Aluminum alloy (6061-T6) = α = 690𝑚𝑚2 ⁄𝑠𝑠
Thermal diffusivity of Stainless steel (AISI 304) = α = 40𝑚𝑚2 ⁄𝑠𝑠
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Thermal diffusivity of Polyvinylchloride (PVC) = α = 3.4𝑚𝑚2 ⁄𝑠𝑠
1.7. Ideal ablative requisites
An analysis of the ablation process in the previous sections and prudent
considerations show that good ablators must possess the following requisites to enhance
their performance during practical applications.
 Low backface temperature
 High linear/mass ablation resistance
 Good insulation properties
 Low thermal conductivity
 Low density
 Low cost
 Readily available materials
 Good bonding to both propellant and case
 Flexible at low temperature
 Long uncured shelf life
 Low propellant plasticizer absorption
 Good thermal shock resistance
 Compatible with propellant
 High heat capacity (greater sensitive heat absorption)
 low subsurface conduction
 High endothermic heat of pyrolysis (low surface-T)
 High surface emissivity (high re-radiation)
 High heat of vaporization
 Low molecular weight of transpiration gases (low M v , low H w )
 Char forming polymer of high heat of pyrolysis
 Refractory inclusions of low thermal conductivity, high heat capacity, high heat of
melting/sublimation, and capable of reacting with the char
 Coupling agents to anchor the refractory into the polymer matrix for increased
cohesion
 Hydrates for high endothermic and high enthalpy removal of water vapor during
ablation
22

 Antioxidant and fire retardants for delayed decomposition of the polymer
component, etc
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Chapter 2

Ablative Materials
2.1. Brief History of ablative materials
Since the beginning of the space age in the late 1950’s research and development of
new thermally stable polymers has proceeded at an incredible rate. With this explosion of
new effort have come new concepts and criteria for achieving thermal stability in plastics.
In this work, we attempt to illustrate the materials that have been used to fabricate ablative
composites by several researchers[1, 2]. The increasing trend toward miniaturization and
speed of the machines used in aeronautics, exploration and utilization of space has resulted
in rapidly growing needs for thermally stable polymers. Prior to 1957, such polymeric
materials were employed only in terrestrial applications and were expected to retain useful
properties in air for one to five years at temperatures in the range of 100 to 150oC.
In the 1960’s the needs which coincided largely with aeronautical and aerospace
development, demanded from polymeric materials new levels of thermal, oxidative, and
radiation stability. Polymers were required to function in air for one to three years in the
temperature span from 150 to 200oC and also for short times at temperatures above 500oC.
In a few years, routine operating temperature may be expected to be in the 250 to 350oC
range.
Higher temperature demands will be made on electrical insulation such as circuit
boards, connectors, wire enamels, potting compounds, and slot insulation in motors.
Organic adhesives, elastomers, structural composites (which are finding increased use on
aircraft operating at supersonic speeds), and advance ablation systems would also demand
for the organic materials with improved thermal endurance[3]. Future applications may
occur in thermoelectric isotope generators, nuclear propulsion systems, heat pipes, and
more efficient modes of subsonic transportation[4, 5].
New demands for material of light weight and high modulus properties inherent in
many thermally stable polymers will arise as hardware is designed for large space stations
and underwater exploration[6]. Cryogenic application is expected to increase, owing to the
very low transition temperatures of many of these new polymers. They can maintain useful
properties at temperatures extreme of hundreds of degree below and above ambient
condition.
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Progress in the development of thermally durable polymers has been supported not
only by defense and aerospace needs but also by terrestrial requirements, both industrial
and commercial for electrical and thermal insulation, coatings and films, fire – resistant
fibers, adhesives and elastomers, structural foams, bearing races, vacuum value seats, and
coated cookware. Actually the successful commercial development of the aromatic
polyimide in the early 1960’s stimulated research in this new area of polymer chemistry [5,
7-9].
Different types of ablative tiles have been designed, fabricated, and aligned on the
aero-structures of the space vehicles. High purity (99.4%) amorphous silica fibers, carbon–
carbon composites, alumina boro-silicate fiber, silicon carbide, and porous silica based
ablative tiles have been used successfully as TPS for space shuttles[3, 5, 10-20]. Phenolic
resins, ethylene propylene diene monomer rubber (EPDM), nitrile butadiene rubber
(NBR), and silicone rubber with nanocarbonacious, nanosilica, nanoclays, high
temperature synthetic fibers (glass, carbon, ceramic, etc) are used for the insulation of
intercontinental ballistic missiles (ICBM) and SRM [4, 21-25].
Jong Kyoo Park et al [26]have studied the effect of low/high temperature carbon
fiber’s concentration and orientation on the ablation performance, thermal resistance, and
coefficient of thermal expansion and he found that the aforementioned characteristic have
been improved with increasing fiber concentration and also by placing them in
perpendicular direction. Li, B has studied the influence of silicon carbide coating on the
ablation resistance of carbon fiber reinforced silicon nitride ablative composites. Yan et al
has elucidated that the carbon cloth impregnation in polyaryl acetylene has enhanced the
ablation resistance of the ablative composite[28]. Li Wei-Dong et al has used basalt fibers
to elevate the ablation, thermal, and mechanical properties of phenol formaldehyde
ablative composites[29].
Koo, JH. et al. was used glass, silica, quartz, Nextel, and Nicalon in the organic
silicon polymer to progress thermal stability and high temperature ablation resistance. He
has also studied the effect of nanostructure materials (nanoclays, nanocarbon, nanosilica,
carbon nanofibers, POSS etc) in the polymer matrices (polyimide, silicon polymer,
polyvinyl acetate-acrylic copolymer) to fabricate polymeric ablative composites with
improved thermal and ablation characteristics[27, 30-32]. Mir, A et al. incorporated a
mixed powder of cork into the jute/epoxy matrix to enhance the thermal stability of the
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composites [33]. Firouzmanesh et al. used carbon fabrics to augment the thermal and
ablation performance of epoxy-novalac composites[13]. Gul, J et al. used natural cork to
enhance the thermal endurance and ablation characteristics of the EPDM rubber ablative
composites[34]. Bahramian, AR et al. reinforced kaolinite in the phenolic resin to improve
the thermal stability, endothermic capability, and ablation performance of the fabricated
ablative composites[19]. Venkatapathy, E et al. fabricated the ablative composite
specimens with Mitsui silicon containing polymer as a matrix and carbon fibers as a
reinforcement to simulate the enhancement in thermal and ablation performance with
increasing fiber contents in the polymer matrix[2]. Khan, MB investigated the carbon and
refractory fibers reinforced EPDM ablative composites and found that the thermal and
ablation characteristics of the fabricated composites have been augmented with increasing
fiber contents in the rubber matrix[5]. Pristine multiwalled carbon nanotubes (Pr-MWNT)
were impregnated in the silicone elastomer by Nadeem Iqbal (present author) to enhance
the ablation resistance and thermal stability of the ablative composites.
PPO blend with multiple ceramic fillers, silica fibers and microbaloons
impregnated phenolic resin, carbon fiber incorporated zirconium carbide composites,
organo montmorillonite filled hydrogenated NBR composites, ZrB 2 -SiC composites,
polyphenyl silsquioxane and aramid fiber reinforced EPDM composites, EPDM/NBR
blended composites, have been used to fabricate ablative composites for space shuttles and
ICBM[10, 24, 35]. Table 2 simulates various combinations used by variant researchers to
fabricate ablative composites to date along with their ablation properties. The presented
table simulates the ablation performance of diverse ablative composites in regard to their
ablation resistance and highest backface temperature elevation with their respective
thickness and ablation testing duration that helps to compare our experimental results with
the prior research.
TABLE 1: Ablative materials fabricated for ultrahigh temperature applications along with
their ablation characteristics
Sr#

Publication

Ablative

Reinforcements

Matrix

Ablative

Ablation

Linear ablation

Peak back-

thickness

testing

resistance (mm/s)

face

(mm)

duration

temperature

(s)

(oC)

1

R.A Vaia (1999)[21]

Nylon -6

Layered silicate/ Kevlar

--------

8

--------

--------

2

L. Torre (2000)[9]

Silicone

Glass fiber

--------

--------

--------

--------
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3

4

5

6

R.D. Patton

Phenolic

(2002)[36]

Resin

Jong Kyoo Park

Phenolic

(2002)[26]

resin

M. R. Firouzmanesh
(2003)[13]

9

Resin

10

11

12

13
14
15

16

17

18

19

20

(2006)[39]

Resin

(2007)[40]

--------

70

0.1303 & 0.079

700

Carbon fabric

6

60

--------

2100

Carbon fabric

10

Asbestos

6

20

0.0015

1800

LTC

10

--------

0.105

--------

C4

TiB2/(Cu,Ni)

--------

60

--------

--------

Kaolinite/Asbestos

6

15

--------

150

240

0.0003

--------

30

0.003

--------

Bahramian(2008)[41]

resin

Sun Wei(2009)[42]

C/C

ZrC

C/C

HfC

10

Carbon fabric

10

(2009)[43]

--------

Carbon Fiber(LT &HT)

Phenolic

Li Shu Ping

1.68

torch

Ahmad Reza

Thin
coating

Insulation Index

Vineta Srebrenkoska

Phenolic

(2009)[44]

resin

Wang Yi(2010)

C/SiC

HfC

--------

--------

0.038

--------

EPDM

Aramid fiber /PBO

10

20

0.2/0.1

--------

EPDM/NBR

Aramid fiber

10

18

0.034

38

EPDM

Phenolic resin (TSBPR)

10

20

0.095

--------

EPDM

Polyphenylsilsesquioxane

10

20

0.047

--------

10

20

0.063/0.047/0.067

--------

--------

60

--------

200/600

20

0.002

--------

500

--------

70

Guoxin Gao
(2010)[24]
Guoxin Gao
(2010)[45]
Guoxin Gao
(2010)[46]
Yunyun Jiang
(2011)[47]
Yue Guan (2011)[48]

HNBR

Maurizio Natali

Phenolic

(2011)[49]

resin

Y.J. Wang(2011)[50]

22

Bibin John(2011)[51]

24

Resin
Phenolic

21

23

Phenolic

Tae Jin Kang

Changqing Hong

Plasma

resin
Phenolic

(2006)[38]
8

novolac

(2004)[37]

Bahramian

--------

Epoxy-

Jong Kyoo Park

Ahmad Reza
7

Against
Carbon fabric

C/C
composite
Phenolic
resin

P. Fino, M.

PPO/PS

Lombardi(2011)[52]

matrix

Maurizio Natali
(2012)[49]

Silica/OMMT /expanded
graphite
Glass/silica fiber

HfC & SiC coating

Silica fiber

50micron
coating
25

With TG/DTA and DSC

quasi-spherical oxide and
non-oxide ceramic

TG/DTA & DSC

particles
Carbon black & MWNTs

5

60

--------

760

29

25

Nadeem Iqbal

Silicone

(2012)[6]

elastomer

MWCNTs

10

120

0.010

85

2.2. Polymeric matrices
Polymer matrices (EPDM rubber, NBR, SBR, SR and phenolic resin) used in the
present study to fabricate composite specimens for ablation, thermal oxidation, and
mechanical investigations are discussed in the subsequent sections.
2.2.1. Silicon rubber
Silicon Rubber (SR) is a specifically synthesized polymer of dimethylsiloxane
monomer. The polymerization process of SR is controlled to acquire linear polymeric
chains of several thousand monomer units of silicon-oxygen with two methyl radicals
having molecular weights of the order of 500,000. The SR polymer is in the form of a gum
that is reinforced with the suitable inorganic filler to give better thermo-physical
properties. The bonding energy of Si–O bond is 1.5 times better than the C–C bond. It can
be cured by dicumyl peroxide or dibenzoyl peroxide. Usually, silica is used to tailor the
rubber hardness of the silicon rubber. The merits and drawbacks of silicone rubber are
listed in Table 2. The chemical structure of SR monomer is portrayed in Figure 1[6, 53,
54].

TABLE 2: Pros and Cons of silicon rubber
Pros

Cons

Excellent heat resistance and low

Moderate mechanical

temperature resistance; excellent

properties; moderate resistance

resistance to weathering, ageing and

to oil; sensitive to hot water and

ozone

steam

Good electrical insulating properties;

Poor resistance to fuels

constant values of mechanical
properties over a wide temperature
range
Physiologically unobjectionable

30

2.2.1.1. Uses
Silicone rubber is employed for manufacturing of shaft sealing rings, spark plug
caps, aerospace industry, radiator and automotive heating hoses, o-rings, corona and
embossing roller gaskets, window and door seals, expansion Joints, cables and their
termination, corona resistant insulating tubing, contact mats and keyboards, conductive
profiled seals, tubing for dialysis and transfusion equipment, catheters, bellows for
artificial respirators, and dummies for babies[53, 55-57].
In the present thesis, pristine multiwalled carbon nanotubes with five diverse
concentrations were incorporated into the polymer matrix to fabricate silicon rubber
ablative composites to investigate the ablation, thermal oxidation, heat absorbing
capability and mechanical characteristics of the silicone rubber nanocomposites. Silicon
rubber (SN-7280) used in this research, was received from Jiangyin Huaqiang Rubbers &
Plastics Co., Ltd. China. The pros and cons of SR are presented in Table 2[30, 58-60].

Figure 1: Chemical structure of SR monomer

2.2.2. Ethylene Propylene Diene Monomer (EPDM) rubber
EPDM rubber is an elastomeric unsaturated form of ethylene and propylene with
additionally a non-conjugated third monomer diene. Its composites perform excellent in
low as well as high temperature environments [61, 62]. It elucidates little crystallization
on elongation and takes the appropriate dose of reinforcing fillers to improve the thermal
and mechanical properties of the rubber [63, 64]. Sulphur or peroxides vulcanization
systems are used to crosslink the polymer. The chemical structure of EPDM is given in
Figure 2. The pros and cons of EPDM rubber are portrayed in Table 3[61, 63, 65-69].
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Figure 2: Chemical structure of the EPDM monomer

2.2.2.1. Uses
EPDM is used in electric cable insulation, special moulded articles, bridge
construction to absorb damping energy, marine applications, and thermal insulations.
In the present study, pristine multiwalled carbon nanotubes with five different loading
concentrations were doped in the rubber matrix to synthesize EPDM ablative composites
to execute the ablation, thermal decomposition, and mechanical properties of the polymer
nanocomposites. . EPDM rubber (KELTAN 4331A) used as a host matrix in the present
investigation, was supplied by Technical Rubber Products, China.

2.2.3. Styrene butadiene rubber (SBR)
SBR is a random copolymer of styrene and butadiene. This is a relatively high
hysteresis rubber. Chemically SBR is a copolymer of styrene and butadiene. In the 1930’s,
the first emulsion polymerized SBR known as Buna S was prepared by I. G. Farben
industries in Germany. The U. S. Government in 1940 established the Rubber Reserve
Company to start a stockpile of natural rubber and a synthetic rubber program. These
programs were expanded when the United States entered World War II. The synthetic
rubber efforts were initially focused on a hot polymerized (41°C) E-SBR. Production of a
23.5% styrene and 76.5% butadiene copolymer began in 1942. Cold polymerized E-SBR
(5oC), that has significantly better physical properties than hot polymerized SBR, was
developed in 1947. Polymerization can be carried out either in solution medium or in
aqueous emulsion of the monomer. Cold or hot conditions (5 or 500oC) can also be
selected for polymerization, depending on the recipe. In addition, the ratio of styrene to
butadiene, the type of emulsifier and deterioration inhibitors, the use of extender oils, etc

32

can also be varied[12, 70-75]. The chemical structure of the SBR monomer is displayed in
Figure 3.

Figure 3: Chemical structure of the SBR monomer

The salts contribute to water swelling, decreased electrical resistance and poorer
ageing properties are usually controlled to an absolute minimum. The pros and cons of
SBR are presented in Table 4.

TABLE 3: Pros and Cons of EPDM rubber
Pros

Cons

Good mechanical properties flexing and resilience

Moderate adhesion to fabrics

characteristics

and metals

Wide range of operating temperatures: continuous

Must be reinforced with Carbon

125oC (specials 175oC) intermittent exposure to

black or special white fillers

200 C, low temperature flexibility is good at -70oC
and retains 60% tensile strength at 100oC
Outstanding resistance to ozone and weathering

Very poor oil and hydrocarbon
resistance

Resistant to superheated steam and hot water

Tear resistance not as good as
NBR but similar to SBR

Good resistance to acids and bases accepts paints
Wide range of formulations with compounds
exhibiting high and low hysteresis for energy
absorption and resilience respectively
Some formulation suitable for injection molding.
Excellent abrasion resistance
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2.2.3.1. Uses
About 75% of the SBR used in the rubber industry goes into tyres. The uses of SBR
includes house ware mats, drain board trays, shoe sole and heels, chewing gum, food
container sealants, tires, conveyor belts, sponge articles, adhesives and caulks, automobile
mats, brake and clutch pads, hose, V-belts, flooring, military tank pads, hard rubber battery
box cases, extruded gaskets, rubber toys, molded rubber goods, shoe soling, cable
insulation and jacketing, pharmaceutical, surgical, and sanitary products, food packaging,
etc. In the present thesis, pristine multiwalled carbon nanotubes with five different
concentrations were impregnated in the rubber matrix to fabricate SBR ablative composites
to study the ablation, thermal decomposition, and mechanical aspects of the polymer
nanocomposites. Emulsified Styrene butadiene rubber (INDOPOL 1502) used in this study
was supplied by Evergreen Global Pte. Singapore.

TABLE 4: Pros and Cons of SBR
Pros

Cons

Better abrasion resistance and ageing

Fair/poor resistance to oils, greases and

resistance than SBR

fuels

Withstands for short periods of time

Less tear growth resistance than SBR

higher temperatures than SBR
Flammable

2.2.4. Acrylonitrile butadiene rubber (NBR)
The ACN content is one of two primary criteria defining each specific NBR grade.
The ACN level, by reason of polarity, determines several basic properties, such as oil and
solvent resistance, low-temperature flexibility/glass transition temperature, and abrasion
resistance[76, 77]. Table 5 summarizes most of the common properties for conventional
NBR polymers. The direction of the arrows signifies an increase/improvement in the
respective value [48, 71, 78].
NBR is produced in an emulsion polymerization system [67]. The emulsion process
yields a polymer latex that is coagulated using various materials (e.g. calcium chloride,
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aluminum sulfate) to form crumb rubber that is dried and compressed into bales. NBR
producers vary polymerization temperatures to make "hot" and "cold" polymers.
Acrylonitrile (ACN) and butadiene (BD) ratios are varied for specific oil and fuel
resistance and low temperature requirements [78-80]. Specialty NBR polymers which
contain a third monomer (e.g. divinyl benzene, methacrylic acid) are also offered. Some
NBR elastomers are hydrogenated to reduce the chemical reactivity of the polymer
backbone, significantly improving heat resistance (see HNBR product summary). Each
modification contributes uniquely different properties.

TABLE 5: Thermo-physical characteristics of the nitrile butadiene rubber
NBR with
lower
Acrylonitrile
content

Properties

NBR with higher
Acrylonitrile
content

Cure rate with Sulphur cure
system
Abrasion resistance
Compatibility with polar polymer
Oil/Fuel resistance
Air/Gas impermeability
Tensile Strength
Cure rate with peroxide cure
system
Heat aging
Resilience
Hysteresis
Compression set
Low temperature flexibility
The current generation of cold NBR’s spans a wide variety of compositions.
Acrylonitrile content ranges from 15 to 51%. Mooney values range from a very tough 110,
to pourable liquids, with 20-25 as the lowest practical limit for solid material. They are
made with a wide array of emulsifier systems, coagulants, stabilizers, molecular weight
modifiers, and chemical compositions. Third monomers are added to the polymer
backbone to provide advanced performance. Each variation provides a specific function.
Cold polymers are polymerized at a temperature range of 5 to 15°C, depending on the
balance of linear-to-branched

configuration desired. The lower polymerization

temperatures yield more-linear polymer chains. Reactions are conducted in processes
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universally known as continuous, semi-continuous and batch polymerization [81]. The
chemical structure of NBR is indicating the three possible isomeric structures for the
butadiene segments. The chemical structure of the NBR monomer is displayed in Figure 4.

Figure 4: Chemical structure of the NBR monomer

Hot NBR polymers are polymerized at the temperature range of 30 to 40°C. This
process yields highly branched polymers. Branching supports good tack and a strong bond
in adhesive applications. The physically entangled structure of this kind of polymer also
provides a significant improvement in hot tear strength compared with a cold-polymerized
counterpart. The hot polymers' natural resistance to flow makes them excellent candidates
for compression molding and sponge. Other applications are thin-walled or complex
extrusions where shape retention is important [45, 82]. Thermal and mechanical properties
of NBR are summarized in Table 6.
Crosslinked hot NBR’s are branched polymers that are further cross-linked by the
addition of a di-functional monomer. These products are typically used in molded parts to
provide sufficient molding forces, or back pressure, to eliminate trapped air. Another use is
to provide increased dimensional stability or shape retention for extruded goods and
calendered goods. Addition of carboxylic acid groups to the NBR polymer's backbone
significantly alters processing and cured properties. The result is a polymer matrix with
significantly increased strength, measured by improved tensile, tear, modulus and abrasion
resistance. The negative effects include reduction in compression set, water resistance,
resilience and some low-temperature properties.
Nitrile rubbers are available with an antioxidant polymerized into the polymer
chain. The purpose is to provide additional protection for the NBR during prolonged fluid
service or in cyclic fluid and air exposure. When compounding with highly reinforcing
furnace carbon black the chemical reactivity between the polymer and the pigment can
limit hot air aging capability. Abrasion resistance is improved when compared with
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conventional NBR, especially at elevated temperatures. They have also been found to
exhibit excellent dynamic properties. The pros and cons of NBR are displayed in Table 7.

TABLE 6: Thermal and mechanical properties of NBR
NBR Characteristics

Respective range and performance

Brittle Point
Flame Resistance
Water Resistance
Weather Resistance
Low Temperature Range
High Temperature Range
Hardness range
Tensile Strength
Elongation

- 70 to 0º F
Poor
Good To excellent
Fair To Good
- 70 to 0º F
+ 210 to + 250º F
20-95 Shore A
200 – 3,500 psi
350 – 650 %

2.2.4.1. Uses
NBR is used in gloves manufacturing, oil seals, gaskets, automotive transmission
belts, synthetic leather industry. Ten different types of reinforcements have been used to
fabricate NBR ablative composites with diverse loading concentrations of each formulation
scheme. Comprehensive ablation, thermal, and mechanical investigations of the composite
specimens were carried out in this research thesis. Nitrile butadiene rubber (Kumho KNB
35L) used in this study was purchased from ABF International Corporation limited, Korea.

2.2.5. Phenolic resin
Phenolics are condensation polymers formed by the reaction of phenol with
formaldehyde. Two types, namely RESOL and NOVALAK are produced, depending on
the OH:CH 2 O ratio. The RESOL is normally used as a liquid adhesive in marine
applications [18, 19, 25, 83, 84]. It cures by heat and pressure during fabrication of
laminates. The NOVALAK is converted into rigid infusible product by compression
molding after incorporation of catalyst, filler or fibers [32, 49, 83, 85]. The chemical
structure of RESOL and NOVALAK are presented in the following Figure 5. Pros and
cons of the phenolic resins are depicted in Table 8.
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TABLE 7: Pros and Cons of nitrile butadiene rubber
Pros

Cons

High filler absorbability

Flammable

Ability to recover after applied

Poor resistance to aromatics and polar

deformation, Very good resilience and

solvents, and oil

mechanical properties (tensile strength,
elongation, abrasion resistance)
Better heat resistance than SBR, low gas

Fair weathering resistance; flammable

permeability

with formation of toxic flue gases,
Fair/poor heat resistance

Very good resistance to oil and fuels;
good compression set properties

Figure 5: Chemical structures of RESOL and NOVALAC phenolic resins

TABLE 8: Pros and Cons of Phenolic Resin
Pros

Cons

High filler absorbability

Brittle

High thermal stability

High backface temperature compared to
elastomeric composites

Easy processing

Poor adhesion with metals

Highly crosslinked polymer

Volatiles released during curing cycle

Very good resistance to oil and fuels;

Poor resistance to oxidizers and bases

good compression set properties
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2.2.5.1. Uses
Phenolic resin is used for fabrication of ICBM & SRM components, automotive
applications, electrical and electronic industry, laminates, connection formation, and
micro–balloons[31, 37, 86]. In the present study, four diverse loading blending
concentrations of phenol formaldehyde resin were blended with the NBR to synthesize
blended ablative composites to execute the ablation, thermal decomposition, and
mechanical properties of the polymer composites. Phenolic resin (NOVALAC) used in the
present study was supplied Plastics Engineering Company, Lakeshore Road, Sheboygan,
USA.

2.3. Processing aids
Processing aids for a rubber are those materials which tune the crosslinking,
plasticity, polymeric chain mobility, curing behavior, and some other characteristics of the
fabricated composites.

2.3.1. Crosslinker
2.3.1.1. Sulphur
The chemical crosslinking between the polymeric chains or macromolecules take
place in polymerization or in fabricating articles, resulting in polymers with network
structures. The reaction which occurs during fabrication of elastomers is known as
vulcanization in rubber industry, and curing or hardening in the plastic industry. Crosslinks
in rubber are formed by the reaction with a suitable vulcanizing agent, usually sulphur.
Owing to the greater restriction on the mobility of the macromolecules chains as a result of
crosslinking, the modulus and glass transition temperature increases in both hardened
resins and sulphur crosslinked rubber. All aforementioned rubbers except silicon rubber
were vulcanized with sulphur [87] supplied by BDH. The chemical structure of Sulphur is
presented in the following Figure 6.

Figure 6: Chemical structure of the sulphur (S 8 ) used in the rubber industry
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2.3.1.2. Dicumyl peroxide
Organic peroxides, such as dicumyl peroxide (DCP) or benzoyl peroxide, are used
to crosslink totally saturated elastomers. Upon heating the peroxides, the O-O bond breaks,
generating free radicals which abstract an H-atom from a polymer backbone. The reaction
proceeds by a radical mechanism and the rubber has C-C crosslinks. The DCP used to
vulcanize silicon rubber in the present research was supplied by Jiangsu Yuanyang
Pharmaceutical Co., Ltd. China. The chemical structure of DCP is shown in the following
Figure 7.

Figure 7: Chemical structure of DCP

2.3.2. Primary accelerator (MBTS)
The sulphur crosslinking is initiated, accelerated and completed in the presence of
some organic ingredients that are called accelerators. The 2, 2 Mercaptobenzthiazole
Disulfide (MBTS) is used as primary accelerator for EPDM rubber, NBR, and SBR [88,
89]. In the present ablative fabrication 1–3wt% MBTS was used in the rubber
formulations. MBTS was supplied by Dalian Richon Chemical Co. Ltd, China. The
chemical structure of MBTS is given below in Figure 8.

Figure 8: Chemical structure of MBTS

2.3.3. Secondary accelerator HBS
Cyclohexyl Benzthiazyl Sulphenamide (HBS) is delayed action sulphenamide
secondary accelerator. It produces a vulcanization system within the rubber
macromolecules that has better mechanical and ageing properties compared to thiazole
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accelerators [103]. HBS with 2–3wt% was used as the secondary accelerator for EPDM
and SBR to fabricate polymer ablative composites. HBS was supplied by Dalian Richon
Chemical Co. Ltd, China. The chemical structure of HBS is given as in Figure 9.

Figure 9: Chemical structure of HBS

2.3.4. Secondary accelerator TMTD
Tetramethylthiuram Disulfide (TMTD) is used as secondary accelerator for NBR in
the present research to fabricate rubber based ablative composites. It is very active, nondiscoloring and sulphur bearing accelerator [103]. TMTD is often used to activate thiazole
or sulfonamide cure systems. TMTD were purchased from Dalian Richon Chemical Co.
Ltd, China and 2–3 wt% was used in the NBR composition schemes. The chemical
structure of TMTD is given below in Figure 10.

Figure 10: Chemical structure of TMTD

2.3.5. Processing oils
Rubber processing oils are used during the compounding of rubber composites to
enhance the rubber flow, plasticity, filler absorption, and diffusion during the rubber
compounding [103]. Aromatic oil (10 wt%) was used for EPDM and SBR and dioctyl
phathalate (DOP) (10 wt%) was used as processing oil for NBR. Both processing oils were
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purchased from International petrochemicals (Pvt) Ltd, Pakistan. Apart from processing
this research has unveiled features that are beneficial to ablator.

2.3.6. Paraffin wax
Waxes are long chain hydrocarbons with low melting points. Paraffin wax is a
petroleum derived product used in the rubber industry to plasticize and reduce the rubber
viscosity during compounding. It also improves the reinforcement diffusion in the rubber
matrix. Paraffin wax used in the present study was purchased from International
petrochemicals (Pvt) Ltd, Pakistan. The chemical structure of paraffin wax is given in
Figure 11.

Figure 11: Chemical structure of paraffin wax

2.3.7. Activators
Activators are the materials used in rubber compounding which activate the sulphur
crosslinking process during the vulcanization of the polymeric chains. Zinc oxide and
stearic oxide are the useful rubber activators used in the polymer industry. Stearic acid also
enhances the polymer–reinforcement interaction by interacting with both filler and matrix
and provides active sites to interact with each other [104]. Zinc oxide and stearic acid were
supplied by BDH. The chemical structure of a stearic acid is portrayed in Figure 12.

Figure 12: Chemical structure of stearic acid

2.3.8. Silane coupling agent
A silane coupling agent has the capability to develop a strong bonding between the
polymeric matrix and the inorganic/organic reinforcement. The presence of silane coupling
agent in the rubber formulation improves the filler dispersion within the matrix and form a
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durable filler-matrix bond that augment the thermal and mechanical characteristics of the
fabricated composite[105]. Bis 3-triethoxysilylpropyl tetrasulphide was used in the present
research to formulate ablative composites with efficient thermal, ablation, and mechanical
characteristics. The silane coupling agent (SCA-98) was supplied by STRUKTOL, USA.
The chemical structure of the silane coupling agent is portrayed in Figure 13.

Figure 13: Chemical structure of bis 3-triethoxysilylpropyl tetrasulphide

2.4. Reinforcements
The designed reinforcements (MWCNTs, nanosilica, nanocarbon, nanokaolinite,
sodium montmorillonite, fine cork, carbon fiber, Kevlar fiber, glass fiber, Spectra fiber,
and ceramic fiber) were incorporated into the rubber matrix to enhance the ablation,
thermal and mechanical performance of the fabricated ablative composites[12, 19, 90-98].
MWNTs (fabricated through CVD method with Fe catalyst, Purity > 95%, diameter 2030nm, and length 50-70µm, average aspect ratio 2400:1) were purchased from Nanoport
Co. Ltd, China and they were used as received. Nanocarbon, nanoclays and nanosilica
were received from BDH. Kevlar 49 was received from DuPont, USA. UHMWPE fiber
(Spectra fiber) was received from Honeywell Shanghai China. Ceramic fibers (Diameter ≈
2-6µm) were purchased from Shandong alert soluble ceramic fiber and equipment Co. Ltd,
China. Pitch based carbon fiber was supplied by NIPPON, Japan.
The densities of the fabricated ablative composites with maximum reinforcement’s
concentration in the host matrices are presented in Table 9. The least densities are observed
for cork and phenolic resin impregnated NBR ablatives due to the low densities of the
corresponding reinforcements. Low density ablatives are favorable for a space vehicle or
ballistic missile because the possibility to carry the effective pay load enhances with light
weight thermal insulation. The appropriate description of each impregnated rubber
reinforcements is sited in their corresponding chapters.
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TABLE 9: Densities of the fabricated ablative composites with maximum reinforcement
concentrations
Sr #
1
2
3
4
5
6
7
8
9
10
11
12
13

Sample ID
Silicone 14
EPDM 14
SBR 14
NBR 14
NBR 23
NBR 33
NBR 43
NBR 53
NBR 63
NBR 73
NBR 83
NBR 93
NBR 103

Reinforcement
MWCNTs
MWCNTs
MWCNTs
MWCNTs
NanoKaolinite
MMT
Cork
Phenolic Resin
Carbon Fiber
Glass Fiber
Kevlar Fiber
Spectra
Ceramic Fiber

Wt%
1
1
1
1
30
30
10
30
6
6
7
8
8

Density (Kg/m3)
1723
1771
1800
1837
1849
2033
1550
1617
1808
1791
1846
1942
1833
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Chapter 3

Ablatives Fabrication, Investigation and
Characterization Techniques
3.1 Fabrication of Ablative Rubber Composites
Uniform dispersion of reinforcements in polymeric matrixes is a challenging task.
This goal has been achieved using dispersion kneader and two roller mixing mill for the
uniform dispersion of incorporations in the polymer matrix, Figure 1&2[1]. The dispersion
kneader was kept at 140oC for around 40 minutes during the filler mixing in the rubber
matrix. First of all the silane coupling agent (SCA 98) along with the processing oil/wax is
incorporated in the rubber followed by the addition of reinforcements[2-4]. Then addition
of crosslinker, accelerators, activators, and the post-mixing of the impregnated filler/fibers
were carried out on two roller mixing mill at 70oC and a roller speed of 40rpm for about 30
minutes. Various types of composite samples were fabricated at the different reinforcement
loading levels on two roller mixing mill which imparts Kneading, mixing and elongation
flow during the passage of material through the twin roll nip. The procedure is a customary
practice in the rubber industry and ensured the even distribution of filler/fibers in the host
matrix.
Two types of ablative composite specimens according to ASTM E285-08 were
fabricated on the hot isostatic press at 140oC, and 1500psi for 50 minutes, that were 100 x
100 x 10mm3 (P ablator) and 100 x 100 x 10mm3 with 10mm diameter cavity in the center
of the specimen (R ablator). Four specimens for each composition were fabricated in each
turn according to the above processing conditions as shown in Figure 4(a, b). Similar
process was adopted to fabricate the tensile testing samples according to ASTM D412-98A
and for each turn six samples were collected.
P ablators were used to investigate the linear ablation resistance and backface
temperature evolution during the ablation testing in head on impingement (HOI) mode of
oxy–acetylene (O–A) torch flame. Radial/mass ablation rates and % char yield were
measured for R ablated specimens i.e. ablated in parallel flow (PF) of O–A flame trough
the 10mm cavity. HOI is meant to simulate the direct impingement of shock waves or
flame fronts on the aerodynamic/included surfaces in reentry or propulsion modules[5].
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While PF configuration simulates the shear effects generated on the bounding walls of
flow such as encountered at the aft-end and nozzle throat of propulsion modules[6].

Figure 1: Internal dispersion kneader at Longman Mills, Lahore, Pakistan

Figure 2: Two roller mixing mill at Longman Mills, Lahore, Pakistan
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Figure 1, 2 and 3 display the internal dispersion kneader, two roller mixing mill, and
isostatic hot press, respectively which are used for the compounding and fabrication of the
ablative composites for the present study.

Figure 3: Isostatic compression molding machine at Longman Mills, Lahore, Pakistan

The photographs of the fabricated P/R ablators and tensile testing samples testing after
final finishing are portrayed in Figure 4.

Figure 4: Photographs of the fabricated R and P ablative composites for parallel flow mode
(a) and head on collision mode (b) respectively, of oxy–acetylene flame during
the ablation testing and rubber composite specimen for tensile testing (c)
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3.2 Ablation Investigation
3.2.1. Backface temperature recording
Ablation testing of P & R ablators was carried out using ASTM 285-08 in HOI and PF
modes of O–A flame[7]. Experimental setup for the anti-ablation study of ablative
nanocomposites is demonstrated in Figure 5. O–A torch was used as a high temperature
source (Flame temperature ~3000oC with heat flux of 8x106W/m2 measured with
pyrometer IRAH35 U, Japan) i.e. exposed on the central front face of the P ablators and
the flame let to pass through the 10mm cavity in case of R ablators. The flow rate of both
Oxygen and acetylene gases was maintained at 0.35m3/h and their pressures were 50psi
and 23psi, respectively during the ablation testing. The torch was kept at 10mm far from
the P ablator surface. Three thermocouples (K type) having temperature sensing range -200
to 1350oC, were used at the backface central region of the P ablator. These thermocouples
linked with the data logger TECPEL 319, also connected to the laptop with RS-232 data
cable. Time-temperature online contours for a specific duration were established on the
laptop screen during the O-A torch exposure on the P ablator’s front face. All equipment
used for the current investigations are calibrated prior to their utilization according to
ASTM standards[4].

Figure 5: Schematic illustration of the experimental setup for ablation testing
53

Figure 6 demonstrates the K-type thermocouples attachment with the ablator using
aluminum adhesive, RS-232 cable used to interlink the TECPEL temperature data logger
and laptop that are used during the ablation testing of the ablative composites.

Figure 6: Thermocouples attachment with the ablator using aluminum adhesive tape (a),
RS-232 cable used to interlink (b), TECPEL temperature data logger (c), and
Laptop (d) that are used during the ablation testing of the ablative composites

Figure 7 illustrates the online ablation testing of the ablative composite specimens in headon impingement mode setup to record the backface temperature elevation with the
assistance of a temperature data logging and display system at Pakistan Railway Carriage
Factory, Islamabad.
Figure 8 demonstrates the in situ experimental setup to investigate the radial ablation
resistance, radial mass disintegration rates, and % char yields of the R ablators in parallel
flow (shear) mode of the oxy–acetylene torch flame. Figure 9 simulates the ultrahigh
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temperature oxy–acetylene flame plumes in full bloom in head on impingement and shear
modes during the ablation testing of the ablative composite[8].

Figure 7: Online ablation testing of the ablative composites in head-on impingement mode
at Pakistan Railway Carriage Factory, Islamabad, complete setup (a) and front
view of the high temperature flame (b)

Figure 8: Experimental setup to investigate radial ablation resistance, radial mass
disintegration rates, and % char yields of the R ablators in parallel flow mode of
oxy–acetylene torch
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Figure 9: Ultrahigh temperature oxy–acetylene flame plumes in full bloom in head on
impingement (a) and shear modes (b) during the ablation testing of the ablative
composites

3.2.2. Ablation rates
Linear/radial/mass ablation rates and % char yield for P & R ablators were measured
according to the following formulae [9-12].
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑓𝑓𝑓𝑓𝑓𝑓 𝑃𝑃 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑚𝑚𝑚𝑚/𝑠𝑠) = 𝑉𝑉𝑃𝑃𝑃𝑃 =

(𝑇𝑇0 −𝑇𝑇1 )
𝑡𝑡

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑓𝑓𝑓𝑓𝑓𝑓 𝑃𝑃 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑔𝑔/𝑠𝑠) = 𝑉𝑉𝑃𝑃𝑃𝑃 =
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶ℎ𝑎𝑎𝑎𝑎 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 (%) = 𝑌𝑌𝑃𝑃 =

(𝑀𝑀0 −𝑀𝑀1 )∗100
𝑀𝑀0

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑓𝑓𝑓𝑓𝑓𝑓 𝑅𝑅 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑚𝑚𝑚𝑚/𝑠𝑠) = 𝑉𝑉𝑅𝑅𝑅𝑅 =
�𝑀𝑀0′ −𝑀𝑀1′ �∗100
𝑡𝑡

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 (𝑠𝑠/𝑚𝑚) = 𝐼𝐼𝑇𝑇 = 𝑇𝑇𝑇𝑇

Where

0

𝑀𝑀1

(𝑀𝑀0 −𝑀𝑀1 )
𝑡𝑡

(𝐷𝐷0 −𝐷𝐷1 )
𝑡𝑡

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑓𝑓𝑓𝑓𝑓𝑓 𝑅𝑅 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑔𝑔/𝑠𝑠) = 𝑉𝑉𝑅𝑅𝑅𝑅 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶ℎ𝑎𝑎𝑎𝑎 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 (%) = 𝑌𝑌𝑅𝑅 =

(3.1)
(3.2)
(3.3)
(3.4)

�𝑀𝑀0′ −𝑀𝑀1′ �
𝑡𝑡

(3.5)
(3.6)
(3.7)

𝑇𝑇0 , 𝑀𝑀0 , & 𝑇𝑇1 , 𝑀𝑀1 are the thickness and mass of the P ablator before and after ablation
testing, respectively. 𝐷𝐷0 , 𝑀𝑀0′ & 𝐷𝐷1 , 𝑀𝑀1′ are the diameter and mass of the R ablator before and

after O-A flame exposure, respectively and t is the ablation testing duration. 𝐼𝐼𝑇𝑇 is the time

taken to raise the backface temperature at a specific temperature (T) and 𝑇𝑇0 is the specimen
thickness. The measurement of ablation rates of the post-burnt ablative composites is
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depicted in Figure 10. The photographs of the post burnt ablators in HOI and PF modes are
displayed in Figure 11.

Figure 10: Measurement of ablation rates of the post burnt ablative composites with
vernier caliper

Figure 11: Post burnt R and P charred ablators

3.3 Characterization techniques
3.3.1. Mechanical testing
Tensile testing of the ablative composite specimens was carried out on the
universal tensile testing machine (AG-20KNXD Plus, Shimadzu) according to the ASTM
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standard D412-98A to evaluate ultimate tensile strength, elongation at break, elastic
modulus and plasticity of the polymer composite specimens. Shore A hardness of the
rubber composites was examined on Torsee, Tokyo testing machine to simulate the effect
of the variant reinforcements and their loading concentrations on the rubber hardness of the
host polymer matrices[13]. Figure 12 presents the tensile testing of the polymer composite
on the universal tensile testing machine at the School of Chemical and Materials
Engineering (SCME), National university of Sciences and Technology (NUST),
Islamabad.

Figure 12: Tensile testing of the polymer composite on the universal tensile testing
machine at SCME, NUST, Islamabad, Pakistan

3.3.2. Scanning electron microscopy
Porous char morphology, silica formation, char reinforcement reaction and char
composition of burnt ablators were analyzed using scanning electron microscopy (SEM,
JSM 6490A, Jeol, Japan) coupled with energy dispersive x-ray spectroscopy (EDS)[5, 14].
The composite specimens were fractured in the liquid nitrogen and coated with gold
(30nm) to make them conductive for SEM analysis and their cross-sectional area was
analyzed to observe the MWNTs dispersion in the rubber matrix. Figure 13 shows the
scanning electron microscopy coupled with energy dispersive spectroscopy at SCME,
NUST, Islamabad, Pakistan
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Figure 13: Scanning electron microscopy coupled with energy dispersive spectroscopy at
SCME, NUST, Islamabad, Pakistan

3.3.3. Thermogravimetric and differential thermal analysis
Perkin Elmer diamond TG/DTA was used to analyze the thermal degradation and
endothermic/exothermic response of the ablative composites within the temperature range
of 25 to 1000oC at a temperature rise rate of 10oC/min in ambient atmosphere [5, 11, 12,
15]. Figure 14 displays the thermogravimetric and differential thermal analysis equipment
at SCME, NUST, Islamabad.

Figure 14: Thermogravimetric and differential thermal analysis equipment at SCME,
NUST, Islamabad
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3.3.4. Thermal Conductivity Measurements
Thermal conductivity (λ N ) of the nanocomposite specimens were carried out using ASTM
E1225-99. The tested specimen has 1inch2 area and 3mm thickness. Copper was used as a
relativistic material for the measurement of λ N and R. Schematic illustration of
comparative guarded longitudinal heat flow system in Figure 15 shows the possible
locations of temperature sensors, heating source, water heat sink, temperature data logger
and a laptop.

Figure 15: Schematic illustration of the thermal conductivity measurement system at
SCME, NUST, Islamabad, Pakistan

Time–temperature contours of all thermocouples located at specific positions were
monitored on the laptop screen through OQ610 6 Channel Thermocouple data logger. λ N
of the EPDM nanocomposite specimens was measured using Equation 3.8.
Thermal conductivity of specimen (W/m-K) 𝜆𝜆𝑁𝑁 = 𝜆𝜆𝑠𝑠

�𝑄𝑄𝑇𝑇′ +𝑄𝑄𝐵𝐵′ �(𝐷𝐷4 −𝐷𝐷3 )
2(𝑇𝑇4 −𝑇𝑇3 )

(3.8)

where

Heat flow at top bar= 𝑄𝑄𝑇𝑇′ =

𝜆𝜆 𝑆𝑆 (𝑇𝑇2 −𝑇𝑇1 )
𝐷𝐷2 −𝐷𝐷1
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Heat flow at bottom bar= 𝑄𝑄𝐵𝐵′ =

𝜆𝜆 𝑆𝑆 (𝑇𝑇6 −𝑇𝑇5 )
𝐷𝐷6 −𝐷𝐷5

λ S = Thermal conductivity of the copper meter bar
T 1 , T 2 , T 3 , T 4 , T 5 , and T 6 are the temperatures of six thermocouples and D 1 , D 2 , D 3 ,
D 4 , D 5 , and D 6 are the corresponding positions of these six thermocouples.
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Section # 2

MWCNTs Impregnated Ablative
nanocomposites

Chapter 4

Ablation, Thermal and Mechanical
Characteristics of MWCNT/Silicon
Rubber Nanocomposites
4. Introduction
Ablation is a mass reduction process of a material due to the action of heat fluxes
and thermo-mechanical loads due to the gas flows and shear stresses generated during the
reentry of space vehicles and ballistic missiles (ICBM) flights[1, 2]. Elastomeric ablative
composite materials are frequently used as heat shielding materials. Phenolic resins,
elastomers (Nitrile butadiene rubber, Styrene butadiene rubber, Ethylene propylene diene
monomer rubber, Silicone rubber (SR) etc.), carbon–carbon and ceramic (ZrC, Titanium
diboride, Alumina etc.) matrices are used to fabricate ablative composites. Nanofillers
(silica, carbon, carbon nanotubes (CNTs), carbon fiber, alumina, zirconia, and
woven/chopped fibers i.e. glass, ceramic, carbon etc.) have been used as reinforcements in
these polymer matrices [3-8].
Polymeric ablative composites limit the heat conduction in hyperthermal
environment encountered by reentry vehicles/ICBM, through their charring, surface
reradiational, transpirational cooling, polymer pyrolysis, char reinforcement reactions, and
vaporization effects[9-14]. SR has remarkable performances in low (-200oC) as well as
high (500oC) temperature environments due to high thermal stability, low density, high
heat capacity, and low thermal conductivity. CNTs have tremendous mechanical,
electrical, magnetic and thermal properties and due to their spectacular character, they are
used in aerospace, electronic, electrical, and sports industries. Nanosilica, nanoclay, SiCcoated CNTs, and carbon fibers have been previously incorporated in the SR/paste to
examine the thermal, mechanical and ablation characteristics of the fabricated composites.
The aforementioned fillers have effectively influenced the thermal/ mechanical properties
and ablation resistance of the rubber matrix [10, 15-19].
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In this chapter, four diverse loadings of pristine multiwalled carbon nanotubes
(MWCNTs) are incorporated in the SR matrix using dispersion kneader and two-roller
mixing mill to disperse the nanotubes evenly in the polymer matrix. Ablation, thermal, and
mechanical properties are examined of the fabricated nanocomposites. Ultrahigh
temperature ablation testing in parallel flow (PF) and head-on impingement (HOI) mode
for R ablator and P ablator, respectively against the oxy–acetylene flame exposure to
determine the in-situ backface temperature evolution, linear/radial/mass ablation
resistance, and % char yields of the MWCNT-SR composite specimens. Furthermore, the
effect of nanotubes concentration on the aforementioned properties of the polymer
nanocomposites is scrutinized in this chapter.
4.1. Formulation MWCNTs-Silicone rubber nanocomposites
Table I elucidates the five different formulations of rubber composites with 0–1 wt
% progressive incorporations of MWCNTs in the rubber matrix.

TABLE 1: Composition scheme of the ablative composite specimens with diverse
MWCNTs concentrations
Sample ID
SR10 SR11 SR12 SR13 SR14
Multi walled Carbon
0
0.1
0.3
0.5
1.0
Nanotubes (wt %)
Silicone Rubber (100 wt %), DCP: Dicumyl peroxide (0.5 wt % )
SCA: Silane coupling agent (3 wt %)
4.2. Dispersion of MWCNTs in silicone matrix
The dispersion of MWCNTs in the SR matrix was achieved using a dispersion
kneader followed by their post mixing on a two-roller mixing mill. The dispersion of
embedded MWCNTs in the rubber matrix can be observed in the SEM micrographs at four
different magnifications as elucidated in Figure 1(a–d). Spot elemental analysis of
MWCNTs implanted in the host matrix is depicted in Figure 1(e) that showed the presence
of 100% carbon in the nanotube.
4.3. Ablation Testing
4.3.1. Backface temperature analysis
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The average temperature evolution rates during the 120s of O–A flame exposure
are 0.872, 0.766, 0.687, 0.630, and 0.575oC/s for SR10, SR11, SR12, SR13, and SR14 and
this decline exhibits that the incorporation of MWCNTs in the SR matrix has remarkably
reduced the temperature elevation at the backface of the P ablators as illustrated in Figure
2. The peak backface temperatures and backface temperature evolution rates of the
polymer nanocomposites are exhibited in Figure 3, which elucidated a remarkable decline
in both parameters with increasing filler contents in the rubber matrix[2, 20].

Figure 1(a, b, c, d, e): SEM micrographs at diverse magnifications, which show the
dispersion of MWCNTs (1 wt % loading) in the SR matrix and spot
elemental analysis of nanotubes

The pleasurable reason for the minimum temperature evolution rate and the left
peak temperature at the backface of P ablator (SR14) is the thermal endurance and good
dispersion of MWCNTs in the host polymer matrix and also due to nanoscale interaction
of the nanotubes with the polymeric chains of the host matrix. During the O–A torch
exposure, MWCNTs constraints the thermal motion of polymer molecular chains of the SR
matrix that helps to improve the thermal stability of the rubber composite. SR ablators
block the incoming heat flux of O–A gases through the endothermic phenomena occurred
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within the ablator, i.e., water and hot gases evaporation, polymer pyrolysis, surface
reradiations, silica formation and melting during ablation and in addition, heat quenching
by the MWCNT’s incorporated in the rubber matrix[21].
120

SR11
SR10

Temperature (oC)

100
80
60

SR12

40
SR13
SR14

20
0

20

40

60

80

100

120

Time (sec)

Figure 2: Effect of MWCNTs contents on the temperature evolution during the ablation
testing of ablative nanocomposites.
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Figure 3: Peak backface temperature and backface temperature rate trends of the
MWCNTs incorporated silicon rubber nanocomposites
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Figure 4: Effect of carbon nanotubes on the insulation index character of the silicon rubber

Insulation indexes of the ablative nanocomposites were amassed using equation
3.7. Incorporation of MWCNTs yields improved ablation performance owing to nanoscale
interaction that holds the rubber matrix from crumbling despite their higher thermal
conductivities. So, the composite formulation with the highest insulation index can
withstand in the ultrahigh temperature environment for a prolonged duration compared to
the other ones. Figure 4 represents the effective role of carbon nanotubes to enhance the
insulation indices at various temperatures of the rubber nanocomposites with the
progressive addition of MWCNTs in the SR matrix [22, 23].

4.3.2. Ablation rates
4.3.2.1. Linear/mass ablation rates and char yield
Linear/radial/mass ablation rates and % char yields were measured for P & R
ablators according to the equation (3.1–3.6). Linear/mass ablation rates (v pl , v pm ) and %
char yield are depicted in Figure 5 and the reduction in ablation rates is noticed with the wt
% increase of filler contents in the SR matrix due to the high thermal stability of
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MWCNTs. Least linear/mass ablation rates are observed for SR14 P ablator, i.e., 0.01
mm/s and 0.069 g/s, respectively due to the peak MWCNTs loading in the polymer
matrix[24]. The maximum & minimum % char yields for P ablators are measured as
8.590, 0.886 for SR10 and SR14, respectively which shows that % char yield was also
reduced with the insertion of MWCNTs in the host matrix. Reduction in % char yield of an
ablator is the indication for the higher mass ablation/mechanical erosion resistance, so it
can survive in hyperthermal/hypersonic environment for extended duration.
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Figure 5: Improvement in linear/mass ablation resistance and Reduction of % char yield
with increasing CNTs loading in the SR matrix

4.3.2.2. Radial/mass ablation rates and char yield
Likewise P ablators, comparable behavior is examined for the R ablator in case of
v R and v Rm but the lowest radial ablation rate is 0.166 mm/s and mass ablation rate is 0.159
g/s for SR14, i.e., higher than the P ablator counterpart as depicted in Figure 6. It is due to
the shear flow of the flame gases that were passed through the 10 mm cavity of R ablator
during the ablation test. The highest and least % char yield for R ablators are measured as
14.219 and 3.769 for SR10 and SR14, respectively, which shows a significant reduction in
percent char yield with the incorporation of MWCNTs into the host matrix.
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The impregnation of MWCNTs in the silicon rubber has efficiently enhanced the
ablation performance of the rubber nanocomposites due to nanointeraction at the polymerMWCNTs interface[5]. Porous silica char, silica formation, and polymer pyrolysis of the
ablated composite samples at different magnifications are portrayed in Figure 7(a, b). The
formation of voids during the O–A flame exposure helps to enhance the transpiration and
vaporization cooling effects within the ablator and this phenomenon enhances the ablation
resistance and controls the backface temperature evolution during the ablation testing of
ablative nanocomposites. The EDS analysis in Figure 7(c) elaborates the presence of
silicon, oxygen, and carbon elements in the ablated sample.
Figure 8(a, b) demonstrates the post burnt P/R ablators in PF/ HOI modes of O–A
flame, respectively. Apparently, adequate adhesion between the char zone and virgin
material is observed after ablation testing, which is favorable for mechanical erosion
resistance, i.e., a key parameter in hyperthermal and hypersonic environments encountered
by an aerodynamic surface during its mission, more so in case of the flow-through ablator
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Figure 6: Improvement in Radial/mass ablation resistances and reduction of % char yield
with increasing CNTs loading in the SR matrix

4.4. Thermogravimetric/differential thermal analyses
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4.4.1. Thermal degradation analysis
Thermogravimetric analysis (TGA) of the ablative composite specimens in Figure
9 elucidates the thermal degradation with temperature evolution up to 850oC. The percent
weight loss at 300oC, 500oC, 650oC, and 800oC during the TGA for all SR ablative
composite and improved thermal stability of the polymer matrix is observed in Table 2 for
MWCNTs loaded samples compared to the pristine matrix.

Figure 7: Scanning electron microscopy micrographs (a, b) and elemental analysis for
charred ablator with 1 wt % MWCNTs loading in the rubber matrix (c)

Figure 8: Photographs of the post burnt 1 wt % MWCNT/rubber composite in PF mode (a)
and head on collision mode (b) of oxy–acetylene flame
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SR14 has 28% excess thermal endurance than the SR10 due to the incorporation of
MWCNTs in the host matrix. The maximum thermal degradation is observed in the range
400–600oC for all ablators as the polymer pyrolysis of SR matrix is usually analyzed
within this temperature range but MWCNTs reduced this weight degradation
significantly[25].
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Figure 9: Thermal stability augmentation of the polymer nanocomposites with increasing
CNTs loading in the SR matrix.

TABLE 2: Improvement in thermal stability with increasing carbon nanotubes loading in
the silicone rubber matrix at diverse temperatures
Sample
ID
SR10
SR11
SR12
SR13
SR14

% Wt loss at
300oC
3.08
2.09
0.04
0.02
0.01

% Wt loss
at 500oC
24.69
21.65
16.82
12.75
11.47

% Wt loss
at 650oC
66.15
59.27
51.14
45.79
44.03

% Wt loss at
800oC
75.05
65.64
56.48
49.89
47.33

4.4.2. Differential Thermal analysis
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Figure 10 elaborates the differential thermal analysis of ablative nanocomposite
specimens in the temperature range 25–850oC. Although, all SR composites absorb heat
but with the addition of MWCNTs, endothermic nature of nanoablative specimens
enhances drastically as phonons entrapped within the nanotubes as reported by Aliev et
al[26]. Ablative nanocomposites SR14, SR13, SR12, and SR11 have absorbed 47, 36, 15,
and 5% additional amount of input heat, respectively, at 800oC than the pristine rubber
matrix (SR10) due to the gradual increment of CNTs in the rubber matrix. Augmentation
in thermal stability and heat absorbance with increasing carbon nanotubes loading in the
SR matrix has proved the efficacy of nanofiller to enhance the thermal endurance of the
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rubber matrix, amply reflected in the ablation behavior [27, 28].
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Figure 10: Heat quenching augmentation with increasing CNTs loading in the SR matrix

4.5. Mechanical Testing
4.5.1. Tensile properties
Universal tensile testing machine is used to evaluate the stress–strain behavior of
the polymer nanocomposites, displayed in Figure 11. Mechanical properties including
tensile strength, elongation at break, elastic modulus at 50 and 100% elongations were
measured and portrayed in Figure 12 and Table 3.
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The 1% addition of MWCNTs in the SR matrix has elevated the tensile strength up
to 100%, elongation at break promoted to 80 and 50% modulus raised to 53.5% as
compared with the pristine polymer. This happens due to the extraordinary mechanical
properties, excellent filler to matrix adhesion due to the presence of SCA and good
dispersion of MWCNTs in the rubber matrix. The superior mechanical properties of the
peak loaded specimen (SR14) at higher strains (110-140%) are evident.

TABLE 3: Effect of MWCNTs loadings on the elastic modulus at 50 and 100%
elongations of the silicone rubber
Sample
ID
SR10
SR11
SR12
SR13
SR14

50%
modulus
(MPa)
2.41
2.90
3.12
3.31
3.70

100%
Modulus
(MPa)
------5.00
5.37
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Figure 11: Stress–strain contours of the rubber nanocomposites

4.5.2. Shore A rubber hardness
Figure 13 displays the effect of carbon nanotubes on the shore A rubber hardness of
the rubber nanocomposites.
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Figure 12: The influence of MWCNTs concentration on the ultimate tensile strength and
elongation at break of the SR nanocomposites

An elevation in rubber hardness up to 4 shore A is noticed in the presented rubber
hardness results with the 1% incorporation of MWCNTs into the rubber matrix due to the
hard and excellent elastic nature of the reinforced nanotubes[29, 30].

4.6. Thermal Conductivity Measurements
Figure 9 illustrates the effect of MWCNTs on the thermal conductivity of
silicon rubber nanocomposites. It was observed that with increasing the nanotubes
concentration in the host polymer matrix, thermal conductivity of the nanocomposite
specimens was diminished accordingly. The 1 wt% addition of CNTs has reduced the
thermal conductivity of SR composite up to 47% due to the thermal dissipation along and
in chiral direction of the nanotubes. Thermal transport through the solids is mainly
attributed due to the flow of phonons through the body. During the heat transport through
the MWCNT/SR nanocomposites, phonons are entrapped within the nanotube and their
network. Consequently, thermal conduction through the nanocomposite is remarkably
reduced.
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Figure 13: Shore A rubber hardness elevation with the progressive addition of MWCNTs
in the polymer matrix
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Figure 14: Thermal conductivity of multiwalled carbon nanotubes incorporated silicon
rubber nanocomposites
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4.7. Conclusion
A fine dispersion of MWCNTs is achieved through their pre- and post-mixing
using dispersion kneader and two roller mixing mill, respectively. Anti-ablation and
backface temperature performance of the fabricated ablators is enhanced with increasing
MWCNTs contents in the polymer matrix. Thermal stability and heat quenching ability of
the nanocomposite specimens are elevated with the addition of MWCNTs in host matrix.
Augmentation in the ablation, mechanical and thermal properties with the incorporation of
MWCNTs in the SR matrix is noticed, that emphasizes the worth of the nanofiller to
fabricate elastomeric high temperature ablative nanocomposites. Thermal conductivity of
the nanocomposites was reduced with increasing the nanotubes to matrix ratio due to the
phonons entrapping and heat dissipation within the uniformly dispersed MWCNTs
network in the elastomeric matrix.
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Chapter 5

MWCNT/Ethylene Propylene Diene
Monomer Rubber Ablative
nanocomposites
5. Introduction
Inorganic/organic nanofillers, nanorods, nanotubes and nanofibers have been used
to fabricate nanocomposites for specific applications. These nanoscale reinforcements
enhance thermal, electrical, magnetic, and mechanical properties of the host matrixes due
to their large surface area and nanoscale interaction with the recipient[1]. Polymer
nanocomposites (PNCs) are being used in aerodynamics, sports, vehicles, medicines,
building structures, etc as they have the capability to fulfill the required needs of the
hour[2]. PNCs have usually low density with high strength to weight ratio. Carbon
nanotube, a homogeneous benzene structure of carbon atoms that turn themselves into a
tube in the presence of a suitable catalyst and under specific pressure/temperature
conditions, is a remarkable invention by Illjima in 1991[3].This carbon phase has opened
new horizons of study in almost all fields of research and development. Multiwalled
carbon nanotubes are used as reinforcing filler in PNCs due to its outstanding strength,
thermal stability, electromagnetic effects, and fire retardant capability[4, 5].
Ethylene propylene diene monomer (EPDM) is a polymer with good
thermal/electrical insulation, tensile strength, aging resistance, air tightness, and low
density[6, 7]. Ablative composites are used as thermal insulating materials for ballistic
missiles (ICBM) and space shuttles to protect their structures from hypersonic and
hyperthermal environments[8-10]. EPDM composites having good thermal, mechanical,
and ablation characteristics, are used for low as well as high temperature insulations[11,
12]. The incoming heat flux having velocity and temperature up to Mach 10 and 3000K,
respectively during ablation, is encountered with the aerodynamic surface of a space
vehicle or ICBM. This heat flux is blocked, dissipated and reflected back by the
endothermic heat quenching phenomena occurred within the ablative polymer composite,
i.e., transpirational, reradiational, vaporizational and charring heat fluxes[13, 14]. A
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protective solid layer is developed due to the char–reinforcement reactions during ablation
that helps to reduce thermal/mechanical erosion of the ablator[15, 16].
In this chapter, pristine multiwalled carbon nanotubes (MWCNTs) have been
impregnated in EPDM rubber matrix using dispersion kneader and two-roller mixing mill
to fabricate ablative nanocomposites to evaluate their ablation characteristics in detail. The
effect of nanotube’s concentration on the thermal, ablation and mechanical properties of
the polymer matrix has also been analyzed in this research.

5.1.

Formulation

MWCNT/Ethylene

Propylene

Diene

Monomer

rubber

nanocomposites
Basic composition of EPDM composite (E10) is illustrated in Table 1. MWCNTs
were impregnated with five diverse concentrations as 0.1 wt% (E11), 0.3 wt% (E12), 0.7
wt% (E13) and 1 wt% (E14) in the basic formulation E1. Sulphur was impregnated to
crosslink the Pristine EPDM, MBTS and HBS were incorporated as primary and secondary
accelerators, aromatic oil and wax were added as plasticizers, and zinc oxide & stearic acid
were inserted as activators in the host rubber matrix.

TABLE 1: Basic formulation of EPDM rubber nanocomposite
Rubber
(wt%)

Nano
carbon

ZnO
(wt%)

(wt%)

100

40

Stearic
Acid

a

HBS

Sulphur

(wt%)

(wt%)

2

2.5

b

Wax

c

(wt%)

Aromatic
oil (wt%)

(wt%)

(wt%)

2.5

10

2.5

4

MBTS

SCA

(wt%)

5

2.5

a

HBS:Cyclohexyl Benzthiazyl Sulphenamide
MBTS: Mercaptobenzthiazole Disulphide
c
SCA: Silane Coupling Agent
b

5.2. Dispersion of MWCNTs in Ethylene Propylene Diene Monomer rubber
The heated environment in the internal dispersion kneader makes the diffusion of
nanotubes easy for spreading them within the polymer matrix. An even distribution of
MWCNTs in the EPDM rubber matrix has been achieved by triaxial flow of the material
during its passage through the heated twin-roll nip of two roller mixer. The dispersion of
nanotubes in the rubber matrix is analyzed in the SEM micrographs at different
magnifications, portrayed in Figure 1 (a, b, c, d). Spot elemental analysis of carbon
nanotube is depicted in Figure 1e that show the presence of 100% carbon in the
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incorporated MWCNTs. The presence of SCA 98 has improved the interaction between the
EPDM rubber polymeric chains and the nanotubes.

Figure 1: SEM micrographs that elucidate the dispersion of MWCNTs in the rubber matrix
at diverse magnifications (a, b, c, d) and spot EDS analysis of the nanotube (e)

5.3. Ablation Testing
5.3.1. Backface temperature analysis
High temperature/velocity O–A flame was exposed on the surface of the
nanocomposites and simultaneously temperature elevation at the back facet of the ablator
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with respect to exposure time was monitored. Figure 2 elucidates the temperature evolution
trend of all nanocomposites collectively that exhibits a low temperature elevation rate up to
80s due to the effective transpirational, vaporizational and reradiational cooling effects
generated within the ablator during ablation test. In the leading 60s exposure, maximum
conductive heat flux is transported through the ablator that enhances the temperature
evolution rate (TER) due to thermal/mechanical erosion of the nanocomposites. A
protective strong solid char layer is developed due to the char–reinforcement reactions that
outstandingly reduces the TER, thermal conduction through the ablator and concomitantly
mechanical erosion rates of the polymer composites[17].

Backface Temperature Profile (oC)
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E11
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60
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Figure 2: Backface temperature evolution of the nanocomposites with respect to the flame
exposure time

Backface temperature evolution rate (BTER) and peak back facet temperatures
(PBT) were measured from time–temperature contours of the ablators and depicted in
Figure 3. BTER and PBT were reduced with increasing MWCNTs concentration in the
rubber matrix due to the high thermal stability, large surface area and nanoscale interaction
of nanotubes with the polymer chains of the rubber matrix that restricted the thermal
motion of the molecular chains during flame exposure. The minimum BTER and PBT
were measured for E14 ablator i.e. 0.41oC/s and 112oC, respectively that tapes off to a
steady (equilibrium) value beyond.
80

Insulation indexes (I T ) of the polymer nanocomposites at 60oC, 80oC, and 110oC
backface temperatures were measured using equation 3.7 and displayed in Figure 4. The
data exhibit that IT is progressed with increasing filler-to-matrix ratio and back-face
temperature of the nanocomposite. The 1 wt% MWCNTs loaded ablative nanocomposite
has the maximum IT at all temperatures that elucidates the potential of nanotubes to
enhance the capability of the E14 ablator to stay in the hyper thermal/sonic environment
for a prolonged duration compared with the pristine rubber matrix, counterpart.
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Figure 3: Effect of MWCNTs loadings on the backface temperature evolution rate and
peak backface temperatures of the nanocomposites during ablation test.

5.3.2. Ablation rates
5.3.2.1. Linear/mass ablation rates and char yield
Linear ablation rates (v Pl ) in mm/s, mass ablation rates in g/s (v Pm ) and % char
yield (Y P ) of the P ablated composite specimens were determined using equations (3.1–
3.3). E14 ablator has the minimum v Pl , v Pm and Y P , i.e., 0.04mm/s, 0.27g/s, and 17%,
respectively as shown in Figure 5. The 1 wt% addition of MWCNTs in the EPDM rubber
matrix improves the linear ablation resistance up to 125 %, improves the mass erosion
resistance up to 74%, and reduces Y p up to 9%, respectively as compared with the E10
ablator. Ablation resistance is augmented with increasing nanotubes concentration in the
rubber matrix due to the excellent thermal stability of MWCNTs.
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Figure 4: Insulation indexes of the ablative nanocomposites at diverse MWCNTs loadings
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Figure 5: Effect of MWCNTs concentrations on the ablation resistance and % char yield of
the linear ablative nanocomposites

5.3.2.2. Radial/mass ablation rates and char yield
Radial ablation rates (v Rl ), radial mass ablation rates (v Rm ), and percent char yields
(Y R ) of the post-ablation tested composite specimens were measured according to the
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equations (3.1–3.6). The abovementioned parameters are represented in the Figure 6,
simultaneously to elaborate the effect of MWCNTs to enhance the radial ablation
resistance of the ablative nanocomposites. It is noticed that the progressive addition of the
nanotubes in the rubber matrix efficiently reduce the v Rl , v Rm , and Y R of the composite
specimens. The peak incorporation of the nanotubes into the polymer matrix has efficiently
trimmed down the v Rl from 0.187 to 0.125mm/s, v Rm from 0.146 to 0.061g/s, and Y R from
6.915 to 3.639% of the ablative nanocomposites due to the even dispersion, high thermal
stability, and nanoscale interaction of the MWCNTs with polymeric chains of the host
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rubber matrix, a result that is in consonance with the silicone matrix.
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Figure 6: Effect of MWCNTs concentrations on the ablation resistance and % char yield of
the radial ablative nanocomposites

A strong protective char layer is developed during the ablation test to char–
reinforcement reaction that reduces the ablation rates as well as peak backface temperature
evolution which is clear from SEM micrographs of E14 ablated specimen depicted in
Figure 7(a, b, & c). The micron level porosity in the ablated char layer scoops up the heat
through transpirational and vaporizational effects that cools down the back-face of the
polymer composite during the ablation test. C, S, Si Zn, O, Mg and Ca are found in the
EDS analysis of the E14 ablated char i.e. depicted in Figure 7d[18]. An adequate adhesion
between the virgin material and the ablated char zone can be scrutinized in the ablated
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sample’s photographs depicted in Figure 8 which promotes the mechanical erosion
resistance capability of the ablative composite during its encounter with the ultrahigh
velocity/temperature environment.

5.4. Thermogravimetric/differential thermal analyses
5.4.1. Thermal degradation behavior
Thermogravimetric analysis of the nanocomposites in the temperature range 25 to
830oC is displayed in Figure 9 that simulates a two step thermal degradation. The first
thermal decomposition can be scrutinized in the temperature range 200 to 450oC due to the
evaporation of aromatic oil, wax and other volatile products.

Figure 7: SEM micrographs of E14 ablated specimen (a, b, c) along with its EDS analysis
(d)

The second major thermal degradation is observed in the temperature range 450 to
520oC due to the polymer matrix pyrolysis. The incorporation of MWCNTs in the rubber
matrix enhances the thermal stability of the nanocomposites as clear from Table 2 due to
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high thermal endurance and nanoscale interaction of the nanotubes that restricts the
thermal motion of molecular polymer chains in the heating environment[19]. The double
transition in weight loss triggered by the incorporation of aromatic oil is behind to
contribute the additional thermal endurance of the ablative.

Figure 8: Linear (a) and radial (b) ablated E14 ablative samples
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Figure 9: Thermogravimetric analysis of the rubber nanocomposites in air environment

5.4.2. Differential thermal analysis
Differential thermal analysis of the nanocomposite specimens is depicted in Figure
10 that shows the effective heat absorbing enhancement with increasing MWCNTs loading
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in the rubber matrix. Polymer melting and utmost heat absorption are observed around
500oC for all composite specimens and the 1wt% nanotubes loaded specimen has the
capability to absorb the maximum input heat due to efficient thermal endurance and
phonon capturing ability on the impregnated nanotubes in the polymer matrix.

TABLE 2: thermal oxidation of ablative specimens at diverse temperatures
% Wt loss at 400oC
28.167
27.9892
25.7045
25.337
24.8422

Heat Flow (mW) Endo Down

Sample ID
E10
E11
E12
E13
E14

% Wt loss at 600oC
72.8535
72.0144
72.0346
71.6299
70.4281

% Wt loss at 800oC
74.4215
73.6868
73.1494
72.8248
71.5544
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Figure 10: Differential thermal analyses of MWCNT/EPDM composite specimens

5.5. Mechanical Testing
5.5.1. Tensile properties
Stress–strain contours of the nanocomposites are displayed in Figure 11 that
simulates an augmentation in tensile strength although elongation at break suffers with the
progressive addition of carbon nanotubes in the EPDM rubber matrix. Figure 12 elucidates
that 1wt% incorporation of MWCNTs in the rubber matrix elevates the tensile strength and
elastic modulus up to 41 and 111%, respectively of the nanocomposite due to even
dispersion of nanotubes in the polymer matrix, strong nanotubes–polymer interaction and
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outstanding mechanical strength of carbon nanotubes [20]. Table 3 illustrates the effect of
MWCNTs to enhance the elastic modulus of the rubber nanocomposites at 200%, 300%,
and 400% elongation levels with the progressive addition of the nanotubes in the host
polymer matrix. It is observed that the 1 wt% incorporation of CNTs into the rubber matrix
advances the elastic modulus up to 81% at 200% elongation of the composite specimen
due to the high elastic modulus, tensile strength, and homogeneous dispersion of
MWCNTs in the EPDM matrix[21].

5.5.2. Hardness
An enhancement in Shore A rubber hardness of the composite specimens is
observed in Figure 13 with increasing filler contents in the rubber matrix. The addition of
MWCNTs in the host polymer matrix improves the rubber hardness due to the brittle, high
modulus, even dispersion, and hard nature of the nanotubes [22].
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Figure 11: Stress–strain contours of nanocomposite specimens

5.6. Thermal Conductivity Measurements
Figure 14 illustrates the effect of MWCNTs on the thermal conductivity of EPDM
rubber nanocomposites. It was observed that with increasing the nanotubes concentration
in the rubber matrix, thermal conductivity of the nanocomposite specimens diminished
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accordingly. The 1 wt% addition of CNTs has augmented the thermal resistivity of EPDM
nanocomposite up to 57% due to the thermal dissipation along and in chiral direction of the
impregnated nanotubes. The least thermal conductivity was observed for E14 i.e. 0.35
W/m-oC. Thermal transport through the solids is mainly attributed due to the flow of
phonons through the body. During the heat transport through the MWCNT/EPDM
nanocomposites, phonons are entrapped within the nanotube and their network.
Consequently, thermal conduction through the nanocomposite is remarkably reduced with
increasing MWCNTs concentration in the host polymer matrix.

5.7. Conclusion
MWCNTs were evenly dispersed in the EPDM rubber matrix using dispersion
kneader and two-roller mixing mill. The progressive incorporation of nanotubes into the
polymer matrix has remarkably enhanced the anti-ablation performance of the
nanocomposites. Linear/mass ablation resistance have been augmented up to 125 and 74%
while percent char yield is reduced up to 9% and peak backface temperature during the
ablation test has been diminished up to 35oC while insulation index is enhanced up to 51%
with 1wt% addition of carbon nanotubes in the host matrix. Thermal stability and heat
quenching capability of the polymer nanocomposites have been elevated with increasing
nanotubes concentration in the rubber matrix as used. However, the marked decrement in
the backface temperature is believed to be manifested by the vaporization of aromatic oil
that scoops additional heat from within the solid ablator. Ultimate tensile strength and
Shore A rubber hardness of the rubber composites have been improved while elongation at
break is reduced with increasing filler to matrix ratio.

TABLE 3: Enhancement of elastic modulus at 200%, 300%, and 400% elongations with
the progressive incorporation of the nanotubes in the EPDM base formulation
Sample ID
E10
E11
E12
E13
E14

Modulus at 200%
elongation (MPa)
2.43
2.42
3.51
3.91
4.41

Modulus at 300%
elongation(MPa)
3.37
3.49
4.79
4.98
6.12

Modulus at 400%
elongation (MPa)
4.12
4.61
5.42
5.82
------------88
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Figure 12: Effect of MWCNTs loadings on the tensile strength and % elongation at break
of the nanocomposites
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Figure 13: Progress in rubber hardness with the addition of MWCNTs in the host matrix
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Figure 14: Thermal conductivity of multiwalled carbon nanotubes incorporated EPDM
rubber nanocomposites
Thermal conductivity of the nanocomposites was reduced with increasing the
nanotubes to matrix ratio due to the phonons entrapping and heat dissipation within the
uniformly dispersed MWCNTs network in the elastomeric matrix.
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Chapter 6

MWCNT/Styrene Butadiene Rubber
Ablative Nanocomposites
6. Introduction
Styrene butadiene rubber (SBR) is a copolymer of styrene and butadiene. Emulsion
and solution polymerization processes are opted in industry to manufacture SBR. About
70% production of this synthetic rubber is used in tyre industry to fabricate vehicle’s tyres
due to its excellent abrasion resistance and impact resistance [1, 2]. Various types of
reinforcements are used in SBR to enhance its mechanical and thermal properties [3]. The
fillers nanocarbon, nanosilica, nanoclay, etc are used as nanoreinforcements to fabricate
SBR composites with better physical, environmental, and chemical stability [1, 2, 4-13].
Multiwalled carbon nanotubes (MWCNTs) is one of the rapidly emerging filler used in
polymeric systems to fabricate polymer nanocomposites that are utilized in aerodynamic,
sports, membranes, electrical, electronic, etc industries due to light weight, high strength,
and better thermal stability compared to the pristine polymer matrices, counterpart.
MWCNTs have ultrahigh elastic modulus, high thermal endurance, high aspect ratio, and
low density [14-19]. These are some of the excellent features of the nanotubes which make
them prominent filler among a huge family of incorporated nanofillers into the polymer
matrices.
The major problem encountered during the fabrication of MWCNT/polymer
nanocomposites is the uniform dispersion of the nanotubes in the host matrix due to its
hydrophobic and agglomerated nature[20]. This dilemma is solved by adopting different
techniques that promote the dispersibility of carbon nanotubes in the polymer matrix.
Surface modification of MWCNTs by covalent functionalization, addition of the nanotubes
during in-situ polymerization, surfactant treatment of CNTs, MWCNTs–polymer mixing at
high rpm, and rubber mixing techniques are some of the methods adopted in literature to
modify and uniformly disperse MWCNTs in the host polymer matrices[21, 22].
In this chapter, we have studied the effect of MWCNTs concentration on the
ablation, thermal degradation, heat absorbing capability, thermal conductivity and
mechanical characteristics of the SBR nanocomposites.
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6.1. Formulations of the MWCNTs/Styrene Butadiene rubber nanocomposites
Multiwalled Carbon nanotubes along with the nanocarbon (reinforcing filler),
coupling agent (SCA), cross linker (Sulphur), accelerators (MBTS & HBS), activators
(zinc oxide, stearic acid), and plasticizers (aromatic oil, wax) were incorporated in the
rubber matrix according to the following formulation presented in Table 1.

TABLE 1: Basic formulation with different wt% loadings of Multiwalled Carbon
nanotubes
Sample ID
S10
S11
S12
S13
S14
MWCNTs (wt%)
0
0.2
0.4
0.6
1.0
SBR: Styrene butadiene rubber (100 wt %)
Aromatic oil: 10 wt %, Nanocarbon: 40 wt %, Wax: 2.5 wt %
MBTS: Mercaptobenzthiazole disulphide (2.5 wt %), SCA: 4 wt %
HBS: Cyclohexyl Benzthiazyl Sulphenamide (2 wt %)
Sulphur: (2.5 wt %), Zinc Oxide: (5 wt %), Stearic Acid: (2.5 wt %)
6.2. Dispersion of MWCNTs in Styrene Butadiene rubber
Figure 1(a, b, c, d) elucidates the even dispersion of nanotubes in the rubber matrix
along with the compositional analysis of the nanotubes. The homogenous mixing of CNTs
in the polymer matrix is due to the proper diffusion of nanotubes into the rubber matrix in
the heating environment of internal dispersion kneader. The longitudinal, transverse and
horizontal flow of material during its passage through the twin-roll nip of two-roller
mixing mill in the post mixing stage also imparts triaxial flow to disperse nanotubes
efficiently in the SBR matrix.

6.3. Ablation Testing
6.3.1. Backface temperature analysis
Ablation testing of the ablative nanocomposites was executed according to the
procedure described in Chapter 3. The backface temperature profiles of the composite
specimens were recorded during the ablation testing to investigate the capability of the
polymer nanocomposites to withstand hyperthermal environment. The effect of MWCNTs
to reduce the backface temperature, peak backface temperature elevation, and backface
temperature evolution rate of the rubber nanocomposites, is elaborated in Figure 2 and 3.
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Figure 1: SEM images of MWCNTs distribution in the SBR matrix and the compositional
analysis of S5 nanocomposite and a nanotube embedded in the composite

The 1 wt% addition of carbon nanotube in the SBR matrix has efficiently enhanced
the efficiency of the polymer nanocomposite to reduce the peak backface temperature
elevation up to 31% and backface temperature evolution rate up to 38% due to the
excellent thermal stability, heat absorbing capability, nanoscale interaction with the
polymeric chains, and the even dispersion of MWCNTs in the rubber matrix[23-25].
Insulation index (I T ) of a material defines the capability of the specimen that how
longer it can survive in the extreme heating environment. I T of the composite specimens
were measured from the time–temperature contours of the polymer nanocomposite by
using the formula (equation 3.7) depicted in Chapter 3 and the effect of carbon nanotubes
concentration on the I T of the rubber nanocomposites is displayed in Figure 4. It is
observed that I T reduces with increasing filler contents in the rubber matrix. The 1 wt%
successful incorporation of the nanotubes into the host matrix has raised I T of the rubber
nanocomposite up to 2225, 4342, and 7039 s/m at 60, 80, and 100oC backface
temperatures, respectively relative to the base composite formulation S10, counterpart.
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Figure 2: Backface temperature profiles recorded during the ablation testing on the oxy–
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Figure 3: Peak backface temperature and backface temperature evolution rates of the
ablative nanocomposites
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Figure 4: Insulation indexes of the MWCNTs impregnated rubber nanocomposites at
diverse temperatures

6.3.2. Ablation rates
6.3.2.1. Linear/mass ablation rates and char yield
Linear/mass ablation rates and % char yield of the post burnt ablated composite
specimens are depicted in Figure 5. It is observed that all three parameters are reduced
simultaneously with increasing MWCNTs concentration in the polymer matrix. The 1 wt%
addition of MWCNTs in the rubber matrix has remarkably augmented the linear ablation
resistance up to 46.5%; mass ablation resistance elevated up to 41.2%; and effectively
reduced the % char yield of the ablative nanocomposites up to 6.4% relative to the base
composite formulation, S10. The minimum ablation rate is noticed for S14, i.e., 0.046mm/s
due to the high thermal stability, efficient heat quenching capability, and even dispersion
of the nanotubes in the SBR matrix along with the vaporization induced heat quenching by
the aromatic liquid [26].

6.3.2.2. Radial/mass ablation rates and char yield
Oxy–acetylene torch flame was passed through the 10mm diameter hole of the
ablative nanocomposites to scrutinize the effect of MWCNT’s loading concentration on the
radial/mass ablation resistance and % char yield of composite specimens in the shear flow
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of the hot stream of gases. Figure 6 elucidates that radial ablation rate is reduced from 0.25
to 0.15mm/s; mass ablation rate is diminished from 0.19 to 0.07g/s; and percent char yield
declined from 10.93 to 4.42% with the 1 wt% incorporation of the nanotubes into the base
composite formulation. The least radial ablation rate (0.15mm/s) is measured for S14 due
to excellent thermal endurance and uniform dispersion of MWCNTs in the host polymer
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Figure 5: Linear/mass ablation rates and % char yield of the post ablation tested composite
specimens

The ablated sample’s char morphology and its compositional analysis are displayed
in Figure 7(a, b, c). The porous structure was developed during the ablation test which
enhanced the transpirational and evaporation processes that reduced the backface
temperature elevation. Major elements found in the EDS analysis of the S14 ablative
nanocomposite are C, S, Si, O and Zn. Figure 8 simulates that the ablative nanocomposite
is ablated in patches not continuously which is not favorable to reduced mechanical
erosion resistance in hyperthermal environments[9]. These patches can easily be removed
with high velocity hot gases flow during the ablation testing of the composite specimens
and as a result the ablation rates also increases. The observed morphology explains why
SBR nanocomposites have the least ablation resistance compared to silicon rubber, NBR,
and EPDM nanocomposites.
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Figure 6: Radial/mass ablation rates and % char yield of the post ablation tested rubber
nanocomposite specimens

6.4. Thermogravimetric/differential thermal analyses
6.4.1. Thermal decomposition behavior
Thermogravimetric analysis of the rubber nanocomposites in the 25oC to 800oC
temperature is depicted in Figure 9 to ascertain the effect of the MWCNTs loadings on the
thermal stability of SBR matrix. Insignificant thermal decomposition is observed up to
460oC and the maximum thermal oxidation of the composite specimens is noticed in the
subsequent 140oC temperature scan.

TABLE 2: Percent weight loss of MWCNT/SBR composite specimens at diverse
temperatures
Sample ID
S10
S11
S12
S13
S14

% Wt loss at 400oC
3.44022
5.28211
4.94287
4.94287
5.37783

% Wt loss at 600oC
80.91741
76.12751
75.72751
75.12751
74.23708

% Wt loss at 800oC
85.10858
82.25071
81.85071
81.25071
79.75846

Thermal stability of the polymer nanocomposites has been elevated with increasing
nanotubes concentration in the rubber matrix as is clear from Table 2 that illustrates the
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comparative study of weight loss at four diverse temperatures[27] due to the efficient
thermal endurance and uniform dispersion of the MWNTs in the rubber matrix. Moreover,
durable filler-to-matrix interaction due to the presence of SCA in the SBR matrix plays an
important role to diminish the thermal decomposition of the fabricated ablative
composites.

Figure 7: Ablated char morphology (a, b) and compositional analysis of S14 ablative
nanocomposite

Figure 8: Photographs of the S14 ablated linear (a) and radial (b) composite specimens
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Figure 9: Effect of MWCNTs concentrations on the Thermal degradation of polymer
nanocomposites

6.4.2. Differential thermal analysis
Figure 10 elucidates the heat flow response of the polymer nanocomposites and the
maximum variation in heat flow is observed in the temperature range in which the
maximum thermal degradation has been noticed in the thermogravimetric analysis.
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Figure 10: Heat flow response of MWCNT/SBR composites
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The composite materials tend towards the endothermic response with the progressive
incorporation of MWCNTs in the host matrix. The composite specimen S14 ablator has
absorbed the maximum input heat compared to other ones due to the phonon capturing
within the incorporated nanotubes, other factors remaining the same[28, 29].

6.5. Mechanical Testing
6.5.1. Tensile properties
Universal tensile testing machine was used to execute the stress–strain behavior of
the fabricated ablative nanocomposites. Figure 11 illustrates that with increasing filler
concentration in the rubber matrix, stress the bearing capability of the nanocomposites is

Stress (MPa)

also progressed without suffering elongation at break.
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Figure 11: Stress–strain contours of the ablative nanocomposites with diverse multiwalled
carbon nanotubes impregnation in the SBR matrix

Ultimate tensile strength and elongation at break of the composite specimens were
measured from the stress–strain contours and are depicted in Figure 12[30]. It is observed
that ultimate tensile strength is raised up to 56% and elongation at break declined up to
13% with the 1 wt% incorporation of the nanotubes into base composite formulation
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showing excellent mechanical strength, strong filler-matrix bonding and uniform
dispersion of the incorporated MWCNTs into the rubber matrix.
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Figure 12: The effect of MWCNTs concentration on the ultimate tensile strength and
elongation at break of the rubber nanocomposites

6.5.2. Rubber hardness
Figure 13 illustrates the effect of MWCNTs concentration on the rubber hardness
of the ablative nanocomposites. The graph simulates that the progressive MWCNTs
impregnation in the rubber matrix has augmented the rubber hardness of S14 up to 60
shore A relative to the base composite formulation (S10) i.e. 50 shore A, counterpart. This
improvement in the rubber hardness of the polymer nanocomposites is due to ultrahigh
elastic modulus, nanoscale interaction with the polymer chains, and the uniform dispersion
of carbon nanotubes in the rubber matrix.

6.6. Thermal Conductivity Measurements
Figure 14 illustrates the effect of MWCNTs on the thermal conductivity of SBR
rubber nanocomposites. It is observed that with increasing the nanotubes concentration in
the polymer matrix, thermal resistivity of the nanocomposite specimens has outstandingly
enhanced. The 1 wt% impregnation of MWCNTs has improved the thermal resistivity of
SBR nanocomposite up to 64% due to the heat dissipation along and in chiral direction of
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the incorporated nanotubes. The minimum thermal conductivity was observed for S14 i.e.
0.033 W/m-oC. Thermal transport through the solids is mainly attributed due to the
phonons transport through the body. During the heat transport through the MWCNT/SBR
nanocomposites, phonons are entrapped within the nanotube and their network.
Consequently, thermal conductivity of the nanocomposite is remarkably reduced with

Hardness (Shore A)

increasing nanotubes to matrix ratio.
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Figure 13: Shore A rubber hardness of the polymer nanocomposites with diverse
MWCNTs loadings in the host matrix

6.7. Conclusion
MWCNTs were uniformly dispersed in the SBR rubber matrix using dispersion
kneader and two-roller mixing mill. The progressive incorporation of nanotubes into the
polymer matrix has remarkably enhanced the anti-ablation performance of the
nanocomposites. Linear/mass ablation resistance have been improved up to 46.5 and
41.2% while percent char yield is reduced up to 6.4% ; peak backface temperature during
the ablation test has been diminished up to 38% while insulation index has been enhanced
up to 58% at 100oC backface temperature with the 1wt% addition of carbon nanotubes in
the host matrix. Thermal stability and heat quenching capability of the polymer
nanocomposites have been elevated with increasing nanotubes loading concentration in the
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rubber matrix. Ultimate tensile strength and Shore A rubber hardness of the rubber
composites have been efficiently improved while elongation at break is reduced with
increasing filler to matrix ratio. The SBR composite shows spelling following exposure to
ultrahigh temperatures and shear flow in contrast to silicone, NBR, and EPDM
nanocomposites. Thermal conductivity of the nanocomposites was reduced with increasing
the nanotubes to matrix ratio due to the phonons entrapping and heat dissipation within the
uniformly dispersed MWCNTs network in the elastomeric matrix.
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Figure 14: Thermal conductivity trends of multiwalled carbon nanotubes incorporated SBR
nanocomposites
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Chapter 7

MWCNT/NBR Polymer Nanocomposites:
Ablation, Thermal and Mechanical
Investigation
7. Introduction
The effect of pristine multiwalled carbon nanotubes (MWCNTs) on the ablation,
mechanical and thermal properties of nitrile butadiene rubber (NBR) is reported herein[1, 2]. The
aim of this study is to depict the role of MWCNTs as potential nanofiller for the polymeric
matrices and to utilize these nanocomposites in the thermal protection systems (TPS) [3-5].
Nanosilica, nanocarbon, carbon nanofibers, layered nanosilicates, titanium diboride, carbon
fiber/fabric, Kevlar fiber/fabric, etc are incorporated in the polymer matrices i.e. phenolic resin,
ethylene propylene monomer rubber, styrene butadiene rubber, NBR, etc to fabricate ablative
composites for ultrahigh temperature applications[6-9].
Ablative composite materials are located between the solid propellant and the rocket
motor chamber in many aerospace and military applications. The temperature and velocity are
elevated above 3000oC & 3400ms-1, respectively during the rocket motor’s working[10]. Under
these extreme conditions, the insulation material degrades continuously and carbonizes to form a
char layer[11]. A sharp temperature gradient is formed in the char layer, which slows down the
penetration of heat in the insulator and provides thermal protection for the motor chamber.
Therefore, the mechanical strength of the char layer is crucial for the ablation resistance
properties of these insulating materials[12, 13]. MWCNTs have exceptional thermal, mechanical,
and electromagnetic properties used to fabricate nanocomposites regarding electrical, electronics,
sports and aerodynamic industries[14]. NBR is an elastomeric polymer having low density, high
mechanical strength, good hot air resistance, and appropriate thermal stability[15]. In the present
chapter, MWCNT/NBR ablative composites are fabricated to analyze the effect of nanotubes
concentration on the ablation, mechanical and thermal properties of the polymer
nanocomposites.
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7.1. Formulation MWCNT/Nitrile Butadiene rubber nanocomposites
Table 1 illustrates the basic composition of NBR composite (N10). Five diverse
concentrations of MWCNTs are incorporated as 0.1 wt% (N11), 0.3 wt% (N12), 0.7 wt% (N13)
and 1 wt% (N14) in the basic formulation N10. Silane coupling agent (SCA-98) was used to
promote the filler-to-matrix adhesion. Sulphur was used as a crosslinker, MBTS & TMTD were
used as primary and secondary accelerators, DOP & wax were incorporated as plasticizers, and
zinc oxide and stearic acid were impregnated as activators in the NBR host matrix.

TABLE 1: Basic formulation of NBR composite
NBR
(wt%)
100

Nano
carbon
(wt%)
40

ZnO
(wt%)
5

Stearic
Acid
(wt%)
2

a

DOP
(wt%)

Sulphur
(wt%)

7.5

2

b

MBTS
(wt%)
2

c

TMTD
(wt%)

SCA
(wt%)

2

4

a

DOP: Dioctylphatalate
MBTS: Mercaptobenzthiazole Disulphide
c
TMTD: Tetramethylthiuram Disulfide
b

7.2. Dispersion of MWCNTs in Nitrile Butadiene Rubber
Various types of composite samples are fabricated at different MWCNTs loading levels
on two-roller mixing mill which imparts kneading, mixing and elongation flow during the
passage of material through the twin roll nip. The procedure is a customary practice in the rubber
industry and ensured the even distribution of fillers in the host matrix. Four SEM micrographs at
diverse magnifications are depicted in Figure 1 (a, b, c, d) that simulated the uniform dispersion
of 1wt% MWCNTs in the host polymer matrix and the spot EDS analysis of the nanotube is
elucidated in Figure 1e that simulate the 100% presence of carbon in the nanotube.

7.3. Ablation Testing
7.3.1. Backface temperature profile
The backface temperature profiles of the fabricated ablative nanocomposites were
evaluated according to the procedure described in Chapter 3. Temperature evolution with time
during the O-A flame exposure on the surface of the P ablator is demonstrated in Figure 2. The
peak backface temperatures are reduced during the hundred seconds O-A flame impingement on
the nanocomposite surfaces, with increasing wt% contents of MWCNTs in the host matrix as
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demonstrated in Figure 3. Again this is due to the uniform dispersion, high aspect ratio, thermal
stability and strong interaction of MWCNTs with the polymeric chains of NBR matrix at the
nanoscale. The peak backface temperature profiles and backface temperature evolution rate
during the high temperature ablation testing of the ablative nanocomposites were measured from
the time–temperature contours recorded online during the test and the effect of MWCNTs
concentration on the aforementioned parameters are portrayed in Figure 3.

Figure 1: SEM Micrographs of evenly dispersed MWCNTs in NBR matrix at four diverse
magnifications (a, b, c, d) and spot EDS analysis of the nanotube (e)
The O-A flame temperature was around 3000oC as recorded from the portable radiation
pyrometer (model IRAH35U, Japan), but the maximum temperatures sensed at the backface
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were 186.9, 139.55, 75.87, 58.07, & 54.7oC for N10, N11, N12, N13 & N14, respectively.
Thermal insulation of N14 ablator was much better than the other ones due to the peak (1 wt%)
incorporation of MWCNTs into the host matrix. The 1 wt% nanotubes impregnation in the
rubber matrix has effectively reduced the backface temperature evolution rate from 1.65 to
0.4oC/s due to the efficient thermal endurance and even dispersion of MWCNTs in the rubber
matrix[3, 16].
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Figure 2: Backface temperature evolutions during the ablation testing of the nanoablative
specimens

The insulation index (I T = t T /d) is the time taken by the conductive heat flux during the
ablation testing to raise the backface temperature of an ablative composite having thickness d at
a specific temperature T. Insulation indexes of the ablative nanocomposites were evaluated
according to the equation 7 and are depicted in Figure 4. A remarkable progress in insulation
indexes of the ablators is observed in the following figure at backface temperatures 30, 40, and
50oC with increasing MWCNTs contents in the rubber matrix. N14 ablator has the peak while
N10 ablator has the least insulation index[17]. The 1wt% addition of the nanotubes in the
polymer matrix has improved the insulation index of N14 ablator three times compared to N10
ablator counterpart at the backface temperature of 50oC due to the remarkable thermal stability,
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high surface area, and durable bonding between the nanotube and the polymer matrix owing to

190
180
170
160
150
140
130
120
110
100
90
80
70
60
50

1.8
Peak Backface Temperature
Backface Temperature Rate

1.6
1.4
1.2
1.0
0.8
0.6
0.4

Backface Temperature Rate (oC/s)

Peak Backface Temperature (oC)

the presence of SCA in the rubber formulation.

0.2
0.0

0.2

0.4

0.6

0.8

1.0

Carbon Nanotubes (wt%)

Figure 3: The function of MWCNTs to reduce the peak backface temperature and backface
temperature evolution rate during the ablation test
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Figure 4: Insulation indexes of the ablative nanocomposites at diverse temperatures
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7.3.2. Ablation rates
7.3.2.1. Linear/mass ablation rates and char yield
The ablation rates v Pl and v Pm, according to the described mathematical equations (1–3)
for ablative composite specimens are portrayed in Figure 5. The erosion rates are decreased with
the wt% increment of carbon nanotubes in the host polymer matrix due to the efficient thermal
endurance of the NBR/MWCNTs composites as is obvious from the TG/DTA thermo-grams.
N10 and N14 have linear ablation rates 0.07mm/s and 0.0018mm/s, respectively. It means that
the addition of 1wt% MWCNTs in the rubber matrix, improves the ablation resistance of the
NBR nanocomposite up to 97% and an enhancement of 26% is observed regarding mass ablation
resistance for the same nanotubes incorporation into the polymer matrix.

These ablative

specimens dissipate the incoming heat flux through polymer pyrolysis, char reinforcement
reactions, transpirational cooling effect, surface reradiational effect and vaporizational cooling
that are initiated during the ablation testing of the composite specimens. Due to these heat
quenching phenomena, ablative composite specimens demonstrate excellent thermal stability
with respect to the heat insulation and ablation resistance against the O-A flame exposure. The
percent char yield data of the fabricated nanocomposites in Figure 5 reveal that the aforesaid
property is reduced according to the following order N10> N11> N12> N13> N14 due to the
thermal stability, mechanical erosion resistance and linear/mass ablation resistance enhancement
with increasing MWCNTs contents in the NBR polymer matrix[18].

7.3.2.2. Radial/mass ablation rates and char yield
Radial ablation rates and % char yield of the fabricated ablative nanocomposites were
evaluated according to the equations (4–6), described in Chapter 3 to investigate the potential of
the composite specimens to stay in the hyperthermal environment during the shear flow of high
temperature oxy–acetylene flame through the 10mm cavity of the ablator. It is observed in
Figure 6 that the utmost incorporation of the nanotubes into the rubber matrix has remarkably
diminished the radial ablation rate up to 21%, mass ablation rate up to 70%, and % char yield up
to 7% relative to the base composite formulation N10 due to the excellent thermal stability, even
dispersion and nanoscale durable interaction of the MWCNTs with the polymeric chains of the
host matrix which enhance the radial ablation resistance of the ablative nanocomposites[19].
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Figure 5: Variation of linear/mass ablation rates and % char yields of the ablative
nanocomposites with increasing filler contents in the NBR matrix
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Polymer melting and char reinforcement reaction can be scrutinized in Figure 7a that are
endothermic reactions taking place during ablation process to reduce conductive heat flux.
Figure 7b demontrates the voids formation during the ablation testing of ablative nanocomposite
on the O–A flame. These pores improves the transpirational/vaporizational heat flux which limits
the thermal conduction or backface temperature evolution during the flame exposure on the
ablator’s face and maintains the peak backface temperature of N14 at a level of 54.7oC even after
the 100s exposure to ultrahigh temperature flame. EDS anlysis of the N14 charred ablator is
depicted in Figure 7c that elaborated the presence of N, C, O, Si, Zn, Mg, and sulphur in the
fabricated nanocomposite.
Photograph of the charred ablator (N14) is shown in Figure 8. Apparently, an adequate
adhesion between the char zone and virgin material is observed that promotes the mechanical
erosion resistance, which is an important parameter for ablative nanocomposites during ablation
in hyperthermal and hypersonic environments.

Figure 7: SEM/EDS analysis reveals the porous char (a), polymer pyrolysis (b) and composition
(c) of N14 charred nanoablative sample, respectively
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Figure 8: Linear/radial post burnt ablative nanocomposite after ablation testing on oxy-acetylene
torch

7.4. Thermogravimetric/differential thermal analyses
7.4.1. Thermal degradation analysis
Thermogravimetric and differential thermal analyses were performed to analyze the
thermal oxidation and heat flow response of nanocomposite specimens as depicted in Figure 9
and Table 2.
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Figure 9: Thermal oxidation of MWNT/NBR nanocomposites in oxygen environment in the
temperature zone 25-1000oC
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Thermal stability in the temperature range 25 to 1000oC of nanoablative samples are
ranked in the increasing order as N10< N11< N12< N13< N14 due to the presence and uniform
dispersion of MWCNTs in the host polymer matrix. Table 2 elucidated that at 200, 300, 500,
700, and 900oC, N14 ablator has 42, 15, 5, 5, and 6%, respectively better thermal endurance
against the incoming heat flux than the N10 ablator counterpart which proves the efficacy of the
nanotubes to enhance the thermal stability of the polymer nanocomposites [16].

TABLE 2: % Weight loss behavior of ablative specimens at diverse temperatures
Sample
ID
N10
N11
N12
N13
N14

% Wt loss at
200oC
1.534
1.129
1.126
1.075
0.886

% Wt loss at
300oC
7.558
7.129
7.369
7.368
6.428

% Wt loss at
500oC
70.657
69.361
68.902
67.821
67.254

% Wt loss at
700oC
71.603
69.955
69.469
68.523
67.956

% Wt loss at
900oC
73.36
71.252
70.138
69.361
68.766

7.4.2. Differential thermal analysis
All five ablative specimens show the endothermic behavior against the temperature
evolution up to 1000oC as portrayed in Figure 10, but with increasing MWCNTs contents in the
host matrix, endothermic response of the nanocomposites is enhanced remarkably due to the
nanotubes strong interaction with the NBR molecular chains that constraints the thermal motion
of polymeric chains in the heating environment that quench excess heat than the base composite
formulation. It is noteworthy that exo-peaks at ~375oC are neutralized by even endo-peaks at
~475oC in these ablators.

7.5 Mechanical Testing
7.5.1 Tensile properties
Tensile testing of nanocomposite samples was carried out to evaluate the maximum
strength, elongation at break and elastic modulus. Maximum strength and elastic modulus of the
ablative nanocomposites increase while the elongation at break decreased with the wt%
increment of MWCNTs contents in the polymer matrix as depicted in Figure 11, Figure 12, and
Table 3.
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Figure 10: DTA thermograms of the MWNT/NBR nanocomposites

TABLE 3: Tensile properties of MWCNT/NBR ablators
Sample
ID
N10
N11
N12
N13
N14

50% modulus
(MPa)
2.15
2.48
2.92
2.92
3.25

100% Modulus
(MPa)
4.61
5.12
5.93
6.11
6.66

The nanocomposite with 1 wt% loading level of MWCNTs has 23% better tensile
strength, while 50 and 100% modulus improved by 51 and 44%, respectively relative to the N10
base composite formulation. A 13% reduction in elongation at break is also observed in the
mechanical properties data for N14 ablator as compared to N10 ablator due to the elastic nature
of the nanotubes. This happened due to the high mechanical strength of nanotubes, their
interaction with the polymeric chains at the nanoscale and a slight transition of the
MWCNTs/NBR composite from tough to brittle behavior with increasing filler concentration in
the polymer matrix [20].
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break of the fabricated composite specimens

7.5.2. Rubber hardness
An increasing trend of Shore A hardness with increasing filler contents in the rubber
matrix is observed in Figure 13. The 1 wt% impregnation of MWCNTs in the NBR matrix has
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enhanced the rubber hardness of the ablative nanocomposites up to 19% due to the high
hardness, even dispersion, and tera pascal elastic modulus of the nanotubes.
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Figure 13: Shore A hardness of MWCNT/NBR nanocomposites

7.6. Thermal conductivity Measurements
Figure 14 elucidates the effect of MWCNTs on the thermal conductivity of NBR rubber
nanocomposites. It is observed that with increasing the nanotubes concentration in the polymer
matrix, thermal resistivity of the nanocomposite specimens has enhanced accordingly. The 1
wt% impregnation of MWCNTs has improved the thermal resistivity of NBR nanocomposite up
to 43% due to the heat dissipation along and in chiral direction of the incorporated nanotubes.
The minimum thermal conductivity was observed for N14 i.e. 0.085 W/m-oC. Thermal transport
through the solid materials is mainly attributed due to the phonons transport through the body.
During the heat transport through the MWCNT/NBR nanocomposites, phonons are entrapped
within the nanotube and their network. Consequently, thermal conductivity of the nanocomposite
is efficiently diminished with increasing MWCNTs concentration in the NBR Matrix.
7.7. Conclusion
Pristine multiwalled carbon nanotubes are evenly dispersed in the NBR matrix using tworoller mixing mill which is confirmed through the SEM micrographs. Ablation performance
regarding backface temperature evolution, linear/mass ablation resistance, % char yields, and
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insulation indexes of the ablative nanocomposites is augmented with increasing MWCNTs
concentration in the rubber matrix. A gradual enhancement in thermal stability and endothermic
response of the ablator in air environment is scrutinized with the progressive incorporation of
nanotubes in the polymer matrix. Mechanical properties of the fabricated composites are
improved with the wt% increase of MWCNTs contents in the host matrix. The experimental
results simulates the augmentation in ablation, thermal, and mechanical properties of the
MWCNT/NBR composites with increasing nanotubes concentration in the polymer matrix that
enlighten the potential of this remarkable filler to develop high temperature ablative
nanocomposites for hyperthermal and hypersonic environments encountered by an aerodynamic
surface. Thermal conductivity of the nanocomposites was reduced with increasing the nanotubes
to matrix ratio due to the phonons entrapping and heat dissipation within the uniformly dispersed
MWCNTs network in the elastomeric matrix.
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Figure 14: Thermal conductivity of multiwalled carbon nanotubes incorporated NBR
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Comparative Ablation and Thermo-Mechanical
Analysis of MWCNTs Incorporated Polymer
Nanocomposites
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The peak backface temperature elevations during the ablation testing of the nanocomposites
with 1 wt% MWCNTs are depicted in Figure 1a. SBR 14 showed lowest peak backface
temperature compared to the other ones attributed due to its low thermal conductivity among
the tested MWCNTs incorporated polymer nanocomposites (Figure 1f).
Figure 1b elucidates the measured linear ablation rates of the MWCNT/Polymer composites.
NBR 14 and SR 14 have the lowest ablation rates (<0.01mm/s) compared to the other
formulations due to their excellent thermal stability and char reinforcement interaction to
form protective layer that enhances their linear ablation resistance.
Linear mass ablation rates of ablated specimens during the head on impingement of oxyacetylene (O-A) flame are depicted in Figure 1c. The presented results demonstrated that
silicone and nitrile rubber nanocomposites have the best mass ablation resistance attributed
due to their low thermal decomposition (Figure 1e). The least mass ablation resistance was
observed for SR14 (0.07mm/s)[1].
In the parallel flow mode of O-A flame, EPDM 14 and SBR14 perform better and give
remarkable radial ablation resistance relative to other rubber nanocomposites. The lowest
radial ablation rate was noticed for EPDM 14 (0.12mm/s). It means that EPDM/MWCNT
composite ablation resistance in O-A shear mode is better than in head on impingement mode
(R). Figure 1e displays the thermal oxidation results of the composite specimens with peak
MWCNTs incorporation. The best thermal stability was observed for SR14 (45% weight loss)
attributed due to the silicone rubber ability to withstand at high temperature under oxygen
atmosphere compared to other tested rubber nanocomposites.
Figure 1f represents the thermal conductivity data measured for the polymer nanocomposites.
The lowest level of thermal conductivity (0.035W/m-oC) was observed for SBR14. Thermal
conductivity of the polymer composites depends upon tightness of the bonds,
intramolecular/intermolecular energy transfer phonon scattering, lattice imperfections, mean
free path, and molecular weight, etc[1]. Two possible explanations of the observed results are
that due to the closed or aromatic structure of SBR. The avaluable mean free path for the
passage of phonon packets was limited that restricted the thermal conduction. The others
mechanism involved is the heat dissipation along the chain length. SBR has styrene closed
rings that may contribute to reduce the thermal transport through the polymer nanocomposite.
Figure 1g displays the trends of ultimate tensile strength (UTS) observed for the polymer
nanocomposites. NBR 14 has the maximum UTS (7.5 MPa) compared to the other system due
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to its outstanding tensile strength[2]. Shore A rubber hardness of the composite specimens is
depicted in Figure 1h. SR14 has the supreme reinforcing effect compared to the other rubber
composite. It was attributed due the reduction of chain flow ability of the silicone rubber with
very small amount of reinforcement filler (≤1%). The maximum shore A hardness observed
for SR14 that was 75 Shore A.

Figure 1: The effect MWCNTs on the peak backface temperatures (a), linear ablation rates
(b), linear mass ablation rates (c), radial ablation rates (d), Thermogravimetric
weight losses at 700oC (e), thermal conductivity (f), ultimate tensile strength (g),
and shore A hardness trends the elastomeric of rubber nanocomposites
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Section # 3

Nanoclays Incorporated NBR Ablative
Nanocomposites

Chapter 8

Ablation, Thermal and Mechanical
Investigation of Nanokaolinite-Nitrile
Butadiene Rubber Composites
8. Introduction
Ablative composites are those materials which sacrifice themselves to protect the
inner hardware of the reentry vehicles and missiles from ultrahigh temperature and
supersonic environments[1]. A polymer nanocomposite is a combination of a polymer
matrix and a nanosize ingredient[2, 3]. Layered silicate mineral, aluminum silicate
hydroxide (Kaolinite) with a chemical formula Al 2 Si 2 O 5 (OH) 4 has a broad application
range in medicine, polymer/ceramic membranes, polymer composites and ceramic
composites [4-6]. Polymer-kaolinite composites have good thermal, fire retardant and
mechanical properties[7].The phyllosilicate clay quenches the incoming heat flux through
the compositional phase changes as the temperature rises from lower to higher level[8]. An
ablative composite material has the ability to block, reflect, dissipate and absorb the
surrounding massive heat through transpirational cooling, vaporization effect, surface
reradiational effect, composite charring action, reinforcement melting and char–
reinforcement reactions.
Nitrile butadiene rubber (NBR) has good insulation and mechanical properties with
low density[8, 9]. Nanokaolinite with four diverse concentrations (0, 10, 20 & 30 wt. %)
was incorporated into the NBR matrix in the presence of an effective silane coupling agent
(SCA 98) to scrutinize its effect on the ablation, thermal and mechanical properties of the
fabricated rubber nanocomposites. The main objective of this study is to reveal the
potential of nanokaolinite to enhance the ablation resistance and to limit the backface
temperature evolution of the nanocomposite specimens during the oxy-acetylene flame test
as well as to analyze the augmentation in mechanical strength of the ablators with the
increasing filler concentration in the polymer matrix.
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8.1. Formulation of Nanokaolinite/NBR nanocomposites
The nanoclay with average particle size of 30nm and in five different
concentrations i.e. 0, 10, 20 & 30 wt. % was incorporated into the NBR matrix along with
the net amount of nanosilica, SCA, zinc oxide and DOP using a dispersion kneader at
110oC for 40 minutes. The addition of crosslinker, activators and plasticizers in the host
matrix was carried out on two-roller mixing mill at 70oC and 30rpm roller speed for 30
minutes. Table 1 illustrates the complete formulation scheme of the fabricated ablative
composites.

TABLE 1: Basic formulation nanoclay/NBR with different wt% loading of Nanokaolinite
Sample ID/
N20
N21
N22
N23
Filler (wt%)
Nano
0
10
20
30
Kaolinite
NBR: Nitrile butadiene rubber (100 wt%)
DOP: Dioctyl phathalate (7.5 wt%), Stearic Acid (2wt%)
MBTS: Mercaptobenzthiazole disulphide (2 wt%)
TMTD: Tetramethylthiuram Disulfide (2 wt%)
Sulphur (2 wt%), Zinc Oxide (5 wt%), Nanosilica (15 wt%)
SCA: Silane coupling agent (4 wt%)
8.2. Ablation testing
8.2.1. Backface temperature profile
Temperature evolution with respect to the exposure time for all four ablative
formulations is delineated in Figure 1. The peak backface temperature decline from 160oC
(N20) to 60oC (N23) is clearly noticed in the time-temperature profiles of the ablative
composite specimens as shown in Figure 2. This temperature descent is due to the
additional heat quenching phenomena taking place within the ablator due to the following
reasons ; the first one is the vaporization of water vapors as the nanofiller has four
hydroxyl groups; the second one is abundant heat absorbance during the kaolinite phase
changes with ablator’s surface temperature evolution and these phase changes are
elaborated in the following chemical equations; the third reason for the temperature fall is
the high heat capacity, low thermal conductivity, strong filler to matrix bonding, and high
surface area due to the nanoscale size of the layered phyllosilicate particles[10].
600 𝑜𝑜 𝐶𝐶

2𝐴𝐴𝐴𝐴2 𝑆𝑆𝑆𝑆2 𝑂𝑂2 (𝑂𝑂𝑂𝑂)4 �⎯⎯� 2𝐴𝐴𝐴𝐴2 𝑆𝑆𝑆𝑆2 𝑂𝑂7 + 4𝐻𝐻2 𝑂𝑂

(4.1)
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900 𝑜𝑜 𝐶𝐶

2𝐴𝐴𝐴𝐴2 𝑆𝑆𝑆𝑆2 𝑂𝑂7 �⎯⎯� 𝑆𝑆𝑆𝑆3 𝐴𝐴𝐴𝐴4 𝑂𝑂12 + 𝑆𝑆𝑆𝑆𝑂𝑂2

(4.2)

1050 𝑜𝑜 𝐶𝐶

𝑆𝑆𝑆𝑆3 𝐴𝐴𝐴𝐴4 𝑂𝑂12 �⎯⎯⎯� 2𝑆𝑆𝑆𝑆2 𝐴𝐴𝐴𝐴6 𝑂𝑂13 + 5𝑆𝑆𝑆𝑆𝑂𝑂2

(4.3)

N20 has the maximum temperature evolution rate (TER) that decreased with

increasing filler contents in the rubber matrix and N23 has the least TER as elaborated in
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Figure 2 due to the excellent heat absorbing capability of the nanoclay[11, 12].
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Figure 1: Time-Temperature contours of the P ablators
The insulation indexes (𝐼𝐼𝑇𝑇 ) at 50, 60, and 70oC for P ablators were measured according to

the equation 3.7 and are depicted in Figure 3. An incredible enhancement in I T of the
ablative composites is observed with increasing filler contents in the polymer matrix that
proved the efficacy of the nanoclay to limit the thermal conduction through the ablator[13,
14].

8.2.2. Ablation rates
8.2.2.1. Linear/mass ablation rates and char yield
Linear/mass ablation rates for the P ablator and % char yield were evaluated using
equations (3.1–3.3) and portrayed in Figure 4. The linear ablation rate is reduced form
0.1mm/s to 0.01mm/s and the linear mass ablation rate comes down from 0.52 g/s to 0.15
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g/s for P ablators. The % char yield for P ablators was also reduced by 16% with the
30wt% nanoclay addition in the NBR matrix.
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Figure 2: Peak backface temperatures and backface temperature evolution rates of the
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Ablation resistance enhancement with the incorporation of nanokaolinite in the
polymer matrix is observed due to the high thermal stability, nanoscale filler to polymeric
chain interaction and char reinforcement reactions[15-17].
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Figure 4: Linear ablation rates and char yields (%) of nanokaolinite /NBR composites

8.2.2.2. Radial/mass ablation rates and char yield
Radial/mass ablation rates for R ablators and % char yield were appraised using Eq.
(2-7) and portrayed in Figure 5. In radial ablation of R ablators, radial ablation resistance is
enriched by 89% for 30 wt% loaded N23 ablator compared to N20 ablator counterpart. The
% char yield for R ablators also declined by 25%. The ablation resistance in HOI mode is
better than the PF mode of the O–A flame due to the shear stresses encountered during the
ablation testing of R ablators as evident from the Figure 5[11, 17, 18]. Porous char
morphology, polymer pyrolysis, silica melting, char reinforcement reaction and char
composition of the N23 ablator are illustrated in the SEM/EDS analyses depicted in Figure
6(a, b, c). The voids formation plays an important role to scoop out the hot gases through
the ablator’s surface that would help to cool down the backface of the P ablator during the
ablation test. The presence of different fillers that were incorporated into the rubber matrix
is illustrated in the EDS analysis of N23 in Figure 6c. Photographs of the charred P and R
ablated samples (N23) are portrayed in Figure 7(a, b) that elucidated a stable char layer
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developed due to the strong char reinforcement interaction developed during the ablation
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Figure 5: Radial ablation rates and char yields (%) of nanokaolinite /NBR composites

Figure 6: SEM Micrographs of charred nanokaolinite/NBR composites (a, b) and
along with its EDS analysis of N23 (c)
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Figure 7: Photographs of P (a) and R (b) ablated nanokaolinite/NBR composites

8.3. Thermogravimetric/differential thermal analyses
8.3.1. Thermal degradation behavior
Thermal degradation of the rubber composite specimens were evaluated in the
temperature range 25-700oC in oxygen atmosphere as depicted in Figure 8. Thermal
stability of the ablators is improved with increasing filler contents in the host matrix. N23
ablator has 11% less weight than the N20 at 600oC as obvious from Table 2. Thermal
endurance improves with the addition of nanokaolinite in the NBR matrix due to the
effective heat absorbance and uniform dispersion of the nanofiller and the polymer-filler
compatibility. The maximum weight loss is observed in between 400-500oC due to the
polymer pyrolysis[19, 20].

TABLE 2: % wt loss at different temperatures of nanokaolinite /NBR composites
Sample ID

% wt loss at
o

% wt loss at
o

% wt loss at

200 C

400 C

600oC

N20

0.92

11.36

71.56

N21

0.72

11.86

69.737

N22

0.72

7.734

66.77

N23

0.72

4.975

60.44
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Figure 8: Thermal decomposition of nanokaolinite/NBR composites in oxygen
environment in the temperature span 25-700oC

8.3.2. Differential thermal analysis
Differential thermal analysis in Figure 9 is illustrated the evolution in endothermic
response with the progressive insertion of the nanoclay in the polymer as the nanofiller
apart from dehydration, has an ability to quench enormous input heat due to its high heat

Heat Flow (mW) Endo down

capacity, vaporization cooling effect and low thermal conductivity[21].
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Figure 9: DTA curves of nanokaolinite/NBR composites in the temperature span 25-700oC
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8.4. Mechanical testing
8.4.1. Ultimate tensile strength
Stress-strain behavior of the NBR composites was evaluated according to the
ASTM D412-98A and is depicted in the Figure 10. Tensile strength, elongation at break,
100 and 200% modulus are also summarized for all ablators in Figure 11 and Table 3. A
remarkable progress in tensile strength up to 143, 31% in elongation at break, 80% in
100% modulus and 91% in 200% modulus is observed with the 30 wt% filler addition in
the rubber matrix due to the strong layered nanokaolinite interaction with the polymeric
chains of the matrix at nanoscale, filler’s low hardness (Moher hardness 2-2.5) and
uniform dispersion of the nanoclay in the host matrix[22].

TABLE 3: Elastic Modulus at 100 and 200% elongation
Sample Modulus(MPa) Modulus(MPa)
ID

At 100%

At 200%

N20

2.01

3.31

N21

2.39

3.95

N22

2.55
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N23

3.62

6.31
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Figure 10: Stress-Strain curves of nanokaolinite/NBR composites
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A ductile fracture for N23 ablator is observed in SEM micrograph depicted in
Figure 12 that is fractured during tensile testing. Filler dispersion in the rubber matrix and
some porosity can be scrutinized in the image.
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Figure 11: Increasing fashions of Ultimate tensile strength and % elongation at break with
increasing loading of kaolinite

Figure 12: Micrograph of the fractured nanokaolinite/NBR composites
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8.4.2. Rubber hardness
An improvement in the shore A rubber hardness with the progressive incorporation
of kaolinite contents in the NBR matrix is observed in Figure 13 due to the reduction of
polymer flowabilibity with the nanoclay incorporation into the host matrix. The 30 wt%
incorporation of the nanokaolinite into the NBR matrix has enhanced the rubber hardness
from 48 Shore A (N20) to 60 shore A (N23).
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Figure 13: Increase in Shore A hardness with increasing kaolinite loading

8.5. Thermal Conductivity Measurements
Figure 14 elucidates the effect of various concentrations of nanokaolinite on the
thermal conductivity of NBR rubber nanocomposites. It is observed that with increasing
the nanoclay concentration in the host polymer matrix, thermal resistivity of the
nanocomposite specimens has enhanced accordingly. The 30 wt% incorporation of NK has
improved the thermal resistivity of NBR nanocomposite up to 50% due to the excellent
heat quenching capability of the nanoclay during the phase transition processes and water
molecules evaporation. The minimum thermal conductivity was observed for N23 i.e.
0.063 W/m-oC owing to the outstanding thermal resistivity of the incorporated NK.

8.6. Conclusion
Nanokaolinite clay was successfully and homogeneously incorporated in the NBR
matrix using dispersion kneader and two roller mixing mill. An increment in the filler-to135

matrix ratio has effectively influenced the ablation performance regarding the backface
temperature evolution, the enhancement in insulation indexes, the augmentation in erosion
resistance, and the reduction in % char yield of the fabricated ablative composites. Thermal
stability and heat absorbance properties are elevated with the addition of phyllosilicate
clay. A remarkable evolution is analyzed in the tensile properties while the Shore A
hardness suffered of the composite specimens declined with the progressive addition of
layered silicate contents in the polymer matrix due to the strong nanoscale layered silicate
interaction with the polymer chains and correspondingly its soft nature. Thermal
conductivity of the composite specimens was reduced with increasing the nanoclay
concentration in the host polymer matrix due to filler excellent heat absorbing ability.
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Figure 14: Thermal conductivity trends of nanokaolinite impregnated NBR
nanocomposites
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Chapter 9

Montmorillonite Impregnated Nitrile
Butadiene Rubber Nanocomposites:
Ablation and Thermo–Mechanical
Investigation
9. Introduction
Layered silicate mineral clays are composed of plate shaped fine particles with
some extent of hydroxyl or water contents which make them hydrophilic in nature [1-4].
The major elements found in the silicate clays are Si, O, H, Na, Ca, Al, Mg, K, and some
least abundant constituents. The “platy” or layered structure of the nanoclay is due to the
van der Walls interactions among themselves and these layers are delaminated into
nanosize particles before using in the polymeric system to develop polymer
nanocomposites

with

enhanced

physical

and

chemical

characteristics[5-7].

Montmorillonite (MMT) is a phyllosilicate group of mineral in which two
tetrahedral sheets are sandwiched in a central octahedral sheet. MMT is basically calcium
sodium aluminum magnesium silicate hydroxide with variant water molecules. It has
monoclinic crystals, low hardness (1-2 mohs scale) and specific gravity (1.7-2)[8, 9].
Modified and unmodified MMT has use in diverse polymeric matrices (polyurethane,
melamine formaldehyde, epoxy resins, polypropylene, poly lactic acid, polyactide,
ethylene propylene monomer rubber, hydrogenated butadiene rubber, styrene butadiene
rubber, silicon and acrylonitrile butadiene rubber) to tune their shape memory effect,
mechanical properties, thermal stability, endothermic capability, flame retardancy,
rheological properties, and ablative characteristics[4, 6, 10, 11].
Uniform dispersion of the clay is the key parameter which influences the thermomechanical character of the MMT/polymer composites. In this Chapter, exfoliated sodium
montmorrilonite (Na-MMT) with four variant concentrations was impregnated in the
acrylonitrile butadiene rubber (NBR) using internal dispersion kneader and two-roller
mixing mill to fabricate ablative nanocomposites[2, 12, 13]. Ablation testing of the rubber
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nanocomposites was executed using oxy–acetylene (O-A) torch to investigate linear/radial
ablation rates, mass ablation rates, insulation indexes, and back-face temperature evolution
[7, 14-16]. Thermal stability, thermal conductivities, heat flow response, ultimate tensile
testing, elongation at break, and shore A rubber hardness of the polymer-clay
nanocomposite were also investigated to ensure the effect of Na-MMT on the prescribed
composite characteristics.

9.1. Formulation of Na-MMT/NBR composites
Table 1 illustrates the basic composition of NBR composite (N30). Four diverse
concentrations of the exfoliated Na-MMT are incorporated as 0wt% (N30), 10 wt% (N31),
20 wt% (N32) and 30 wt% (N33) in the basic formulation N30.

TABLE 1: Basic formulation with different wt % loading of Na-MMT
Sample ID/
N30
N31
N32
N33
Filler (wt%)
Exfoliated
0
10
20
30
Na-MMT
NBR: Acrylonitrile butadiene rubber (100 wt %)
DOP: Dioctyl phthalate (7.5 wt %), Stearic Acid (2 wt %)
MBTS: Mercaptobenzthiazole disulphide (2 wt %)
TMTD: Tetramethylthiuram Disulfide (2 wt %)
Sulphur (2 wt %), Zinc Oxide (5 wt %), Nanosilica (15 wt %)
SCA: Silane coupling agent (4 wt %)
9.2. Ablation testing
9.2.1. Backface temperature profile
Backface temperature reduction plays an important role in the ablation performance of an
ablator. Exfoliated Na-MMT nanoclay is uniformly dispersed in the NBR matrix using
rubber mixing techniques to fabricate ablative nanocomposite specimens having
dimensions 100mm x 100mm x 10mm on hot isostatic press to investigate their ablation
characteristics. Figure1 elucidates the back-face temperature data recorded during the O-A
flame exposure on the surface of the P ablator for 200s. In the first 100s flame exposure,
temperature evolution is trivial owing to the reradiational, transpirational, evaporational,
and crosslinked polymer composite charring and cooling effects that take place within the
ablator during ablation testing[17]. In the second half of the high temperature testing,
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backface temperature elevation is augmented due to the enhancement in thermal vibration
or phonon transport in the virgin material after a specific duration. Peak backface
temperatures (PBT) and backface temperature evolution rate (BTER) of the composite
specimens were measured form the time–temperature contours and are depicted in Figure
2.
PBT and BTER are diminished significantly with increasing the nanoclay
concentration in the NBR matrix. The 30 wt% Na-MMT incorporation into the host matrix
reduces the PBT up to 71oC and BTER up to 55% of the fabricated rubber
nanocomposites. Insulation indexes of the ablative nanocomposites were measured at three
diverse temperatures and the calculated data are presented in Figure 3[18]. It is observed
that nanoclay has effectively enhanced the insulation character of the ablation composites
due to its outstanding heat absorbing character.
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Figure 1: Backface temperature contours of Na-MMT/NBR composites with diverse filler
incorporation

9.2.2. Ablation rates
9.2.2.1. Linear ablation rates and % char yield
Linear ablation rates, linear mass ablation rates, and percent char yield of the post-burnt
ablative nanocomposites were measured according to standard mathematical equations of
ablation resistance and the amassed data are displayed in Figure 4. It is observed that the
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30 wt% impregnation of the Na-MMT in the NBR matrix has augmented the linear
ablation resistance up to 98%; reduced percent char yield up to 55%; and mass ablation
resistance of the polymer nanocomposites up to 54% owing to the excellent thermal
stability, endothermic capability, and good polymer-nanoclay compatibility and the
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presence of SCA which makes a durable bond between the filler and the host matrix[1].
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Figure 2: The decreasing trend of peak backface temperature and backface temperature rate
of Na-MMT filled NBR matrix

9.2.2.2. Radial ablation rates and % char yield
Oxy–acetylene flame was introduced through the cavity of the R ablator for 200s to
execute the radial ablation rates, radial mass ablation rate, and radial % char yield of the
composite specimens and the accumulated data are depicted in Figure 5. The peak
incorporation of the exfoliated nanoclay has reduced the radial ablation rate from
0.22mm/s to 0.17mm/s, radial mass ablation rate diminished from 0.11mg/s to .09mg/s,
and decreased radial % char yield of the composite specimens from 7.33% to 4.75%
relative to the base composite formulation N30 due to the remarkable thermo-mechanical
character and even dispersion of the nano Na-MMT in the host rubber matrix.
Figure 6 elucidates the char–reinforcement interaction, silica melting, polymer
pyrolysis, and the composition analysis of the peak impregnated ablative nanocomposite.
Compositional analysis has found N, O, Na, Al, C, Zn, S, Si and K as major elements in
141

the N33 nanocomposite. The micro-porosity generation during the ablation testing of the
polymer nanocomposites has enhanced the transpirational and vaporizational cooling
effects which accelerates the cooling mechanisms that take place within the ablator and
maintains the backface temperature at lower level.
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Figure 3: Insulation Indexes of the Na-MMT/NBR nanocomposites at diverse backface
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Figure 4: Linear/mass ablation rates and % char yields of the Na-MMT/NBR composites
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Figure 5: Radial/mass ablation and % char yield of Nanoclay/NBR composites

Figure 6: SEM micrographs of N33 after O-A torch exposure at different magnifications
(a, b, c) along with EDS analysis (d)
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The photographs in Figure 7 simulate the post burnt linear and radial ablated
specimens of N33 formulation. Appropriate adhesion between the char zone and the virgin
material can be noticed in the presented pictures which favor the mechanical erosion
resistance of the composite specimen, an important facet mandatory for the ablator aligned
on the surface of a space vehicle[19].

9.3. Thermogravimetric/differential thermal analyses
9.3.1. Thermal oxidation
Percent weight loss of the nanoclay impregnated rubber nanocomposites was
executed in ambient and in the temperature range of 25–750oC. The accumulated data are
compiled in Figure 8. The fabricated composite specimens exhibit tremendous thermal
stability up to 280oC and a slight thermal decomposition (6%) is observed in the
proceeding 130oC due to the aromatic oil and wax evaporation that are processing
constituents of the composite formulation.

Figure 7: Post burnt photographs of linear and radial N33 ablated specimens
The maximum thermal degradation temperature span for N30 is 411–474oC
whereas the exfoliated nanoclay incorporation in the rubber matrix has remarkably
extended this temperature span up to 413oC as compared to the aforementioned composite
formulation. Thermal stability of the composite specimens is augmented with increasing
nanoreinforcement contents in the polymer matrix. The data presented in Table 2 elucidate
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that supreme MMT incorporation in the host matrix has enhanced the thermal endurance of
the rubber nanocomposite up to 2% at 650oC owing to the excellent thermal stability and
dispersibility of the nanoclay in the NBR matrix[20].

TABLE 2: Thermal oxidation at different temperatures of Na-MMT/NBR composites
Sample

%TG Weight loss %TG Weight loss %TG Weight loss

ID

at 250oC

at 450oC

at 650oC

N30

0.56907

12.95108

68.39629

N31

0.76189

10.57666

70.82346

N32

0.63824

12.67102

67.53622

N33

0.4722

12.29247

66.41861

9.3.2. Differential thermal analysis
Differential thermal analysis of the composite specimens was carried out in the
temperature span 25–850oC in ambient atmospher. The polymer nanocomposites have
absorbed enormous heat upto 500oC used to evaporate the plasticizing processing aids,
dehydration of the nanoclay and to accelerate the vibrational acceleration of the polymer
molecules to overcome the covalent bonding present among the host matrix atoms and
molecules. It is observed that endothermic capability of the composite specimens has
augmented with the progressive addition of the Na-MMT in the NBR matrix that quench
massive heat during the dehydration and phase changes occurred within the nanoclay
during the heat flow.

9.4. Mechanical testing
9.4.1. Ultimate tensile strength
The tensile testing of the polymer nanocomposites was executed according to the
ASTM E1225-99 and the amassed data are compiled in Figure 10. The toughness of the
composite specimens is augmented with increasing nanoclay concentration in the rubber
matrix. Figure 11 shows that the ultimate tensile strength is enhanced whereas elongation
at break of the rubber nanocomposites is diminished with the progressive addition of the
Na-MMT in the polymer matrix owing to the excellent polymer–filler nanoscale
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interaction and the nanoreinforcement action to resist the molecular motion of the
polymeric chains during the tensile test, respectively[21].
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Figure 8: Thermal stability analyses of the Na-MMT/NBR composites with variant
nanoclay concentrations in the rubber matrix
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Figure 9: DTA analyses of the Na-MMT/NBR composites with variant nanoclay
concentrations in the rubber matrix
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Figure 10: Stress-strain behaviors of Na-MMT/NBR composites with diverse nanoclay
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Figure 11: Ultimate tensile strength and elongation at break of Na-MMT/NBR composites
with diverse nanoclay concentrations in the host matrix

The data presented in Table 3 elucidate that the at peak incorporation of the NaMMT has elevated the elastic modulus at 100 and 150% elongations up to 17 and 25%,
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respectively relative to the base composite formulation N30 due to excellent nanoclay–
polymer compatibility and good filler dispersion in the rubber matrix.

TABLE 3: Elastic Modulus at 100% and 150% elongation of the rubber nanocomposites
Sample
100%
150%
ID
Modulus Modulus
(MPa)
(MPa)
N30
2.658
1.91745
N31
2.768
2.06464
N32
3.025
2.31877
N33
3.121
2.37989
9.4.2. Hardness
Shore A rubber hardness of the rubber nanocomposite specimens was measured
and the accumulated data are presented in Figure 11. The increasing concentration of the
Na-MMT in the NBR matrix has enhanced the rubber hardness of the composite specimens
up to 7 Shore A as compared to the base composite formulation N30 due to the reduction
polymer flowability with increasing filler to matrix ratio and even dispersion of the layered
silicate mineral clay in the rubber matrix[22].
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Figure 12: Shore A hardness of nanoclay/NBR composite with ascending fashion with
increasing loading of the nanomontmorillonite
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9.5. Thermal Conductivity measurements
Figure 13 elucidates the effect of various concentrations of MMT on the thermal
conductivity of NBR rubber nanocomposites. It is observed that with increasing the
nanoclay concentration in the host polymer matrix, thermal resistivity of the
nanocomposite specimens has enhanced accordingly. The 30 wt% incorporation of MMT
has improved the thermal resistivity of NBR nanocomposite up to 18% due to the excellent
heat quenching capability of the nanoclay during the water molecules evaporation. The
least thermal conductivity was observed for N33 i.e. 0.128 W/m-oC owing to the
outstanding thermal resistivity of the incorporated MMT.
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Figure 13: Thermal conductivity of montmorillonite impregnated NBR nanocomposites

9.6. Conclusion
Variant concentrations of the exfoliated Na-MMT were incorporated in the NBR
matrix using dispersion kneader and two-roller mixing mill to fabricated ablative
nanocomposites. The comprehensive ablation study of the composite specimens reveals
that the 30% impregnation of the nanoclay has reduced the backface temperature its
evolution rate elevation up to 71 and 55%, respectively whereas insulation index has been
enhanced up to 52% at 80oC backface temperature relative to the base composition N30.
The even dispersion of the nanoreinforcement has effectively reduced the ablation rates of
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the polymer nanocomposites from 0.09mm/s (N30) to 0.001mm/s (N33). Thermal stability,
thermal resistance and endothermic capability of the composite specimens have likewise
been augmented with increasing nanoclay content in the host polymer matrix. Due to the
excellent polymer–filler compatibility and distribution, mechanical characteristics of the
fabricated composites have also progressively influenced.
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Comparative Ablation and Thermo-Mechanical
Analysis of Clays Incorporated Polymer
Nanocomposites
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Figure 1a represents the maximum temperature elevation during the ablation testing of the
nanoclays incorporated NBR composites. The composite specimen with 30wt% kaolinite
gives better resistance to thermal conductance compared to the montmorillonite (MMT)
impregnated ablative composite with a similar loading level. The minimum peak backface
temperature (75oC) was noticed for NBR 23 relative to the other formulation. It was attributed
to the lower thermal conductivity or better thermal insulation character of the kaolinite/NBR
nanocomposite compared to the MMT/NBR ablative composite (Figure 1f).
Linear ablation resistance of the ablated nanoclay impregnated NBR composite is
depicted in Figure 1b. The presented data showed that kaolinite/NBR composite has excellent
ablation resistance (0.0021mm/s) compared to the NBR 23 (0.0023mm/s) due to the kaolinite
better filler to matrix ratio compatibility and thermal endurance relative to MMT. NBR 23
measured ablation results are better than the reported one’s for elastomeric ablatives in the
literature.[1]
Figure 1c displays the results of linear mass ablation resistance of the nanoclay
incorporated ablatives. NBR 23 has lower mass ablation rate (0.023g/s) compared to the NBR
33 (0.223g/s) attributed due to the higher thermal stability of the former composite (Figure
1e). Radial ablation rates of the composite specimens are depicted in Figure 1d. The figure
revealed that NBR23 has better performance in parallel flow mode of the ablation flame
compare to the NBR33. The least ablation rate (0.02mm/s) was recorded for NBR 23 relative
to 0.22mm/s for NBR 33 attributed due to kaolinite better compatibility with NBR compared
to the other one[2].
Figure 1e shows that kaolinite/NBR composite has 5% better thermal stability than the
MMT/NBR composite specimen owing to the higher thermal endurance of kaolinite clay
corresponding to Na-MMT[1]. Figure 1f displays the measure thermal conductivity value at
100oC the NBR composites. The presented data showed that NBR 23 has three time low
thermal conductivity (0.065W/m-oC) compared to the NBR33 (0.13W/m-oC) attributed due to
the superior heat quenching/resistance capability of nanokaolinite compared to MMT[3].
Figure 1g elucidates the ultimate tensile strength of the polymer composites. NBR23
has 8.5MPa UTS compared with 2.5MPa of the NBR23. It means that nanokaolinite has 3.5
times more reinforcement effect as compared to the MMT incorporated NBR composite. It
also illustrated that nanokaolinite is more compatible with NBR matrix than the MMT[4].
Figure 1h exposed that MMT/NBR has higher Shore A hardness (60 Shore A) than
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kaolinite/NBR composite (47.5 Shore A). It means that MMT has reduced the chain mobility
or flow-ability of the NBR matrix in higher content relative to the kaolinite.

Figure 1: The effect nanoclays on the peak backface temperature (a), linear ablation rates (b),
linear mass ablation rate (c), radial ablation rate (d), Thermogravimetric weight loss
at 700oC (e), thermal conductivity (f), ultimate tensile strength (g), and shore A
hardness of NBR nanocomposites.
References

[1]
[2]
[3]
[4]

N. Iqbal, S. Sagar, M. B. Khan,H. M. Rafique, J Compos Mater (2013)
N. Iqbal, M. B. Khan, S. Sagar,A. Maqsood, J Appl Polym Sci 128 (2013) 24392446.
N. Iqbal, S. Sagar, M. B. Khan,H. M. Rafique, Polym Eng Sci (2013)
S. Sagar, N. Iqbal, A. Maqsood,U. Javaid, J Therm Anal Calorim 1-7.

153

Section # 4

Fine Cork and Phenol Formaldehyde –
NBR Ablative Composites

Chapter 10

Thermo–Mechanical and Ablation
Characteristics of the Fine Cork
Impregnated Ablative Composites
10. Introduction
Cork is a natural material with cellular structure and excellent properties. It has
great dimensional stability, light weight, vibration absorption, good thermal insulation,
remarkable dimensional stability, good acoustic and chemical stability which makes it an
interesting material for investigation [1, 2]. Main constituents of the natural cork are
cellulose, suberin, and lignin (9%, 40%, and 22%, respectively). The major areas of
application of natural cork are building construction, aeronautics, cork shuttles, insulating
sheets, etc [3, 4]. Fine cork particles are being used to develop composite materials to
enhance their biological, chemical, mechanical, damping, thermal, fire retardant, and
hygro-thermal characteristics. Cork based acoustic insulations are also used in ultrahigh
temperature applications (Space vehicles)[3, 5, 6].
The work of Gil [1] elucidates the effect of cork density on the acoustic
characteristics of the black agglomerated cork panels and the accumulated results show
that the low density cork is favorable for heat insulation due to the high quantity of gas
contained in the cork cells. In this chapter, fine cork particles with four different
concentrations (0, 4, 6 & 10 wt %) were incorporated in the NBR matrix to scrutinize its
effect on the ablation, thermal and mechanical properties of the fabricated rubber
composites.
The main objective of this study is to reveal the potential of low density cork to
enhance the ablation resistance and to limit the backface temperature evolution of the
composite specimens during the oxy-acetylene flame test as well as to analyze the
augmentation in mechanical strength of the ablators with the increasing filler concentration
in the polymer matrix. Thermal stability and heat flow response of the cork/NBR
composite were also executed in the temperature range 25oC–800oC at ambient.
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10.1. Formulation of Cork/NBR ablative composites
The agglomerated cork was purchased from the local market. The size of the cork
particles was reduced to 300 mesh using polymer blender having SS 316L blades at
15000rpm for 30 minutes in 10 time intervals to protect the cork particles from burning
due to the enormous heat generation during blender operation. Five different loadings of
fine cork i.e. 0, 4, 7 & 10 wt % were impregnated in the acrylonitrile butadiene rubber
along with SCA, nanosilica, zinc oxide and DOP using the two-roller mixing mill at 70oC
and 30rpm roller speed for 30 minutes. The addition of crosslinker, activators and
plasticizers in the host matrix was carried out on the mixing mill for further 30 minutes.
SCA and stearic acid was included in the formulation to uniformly disperse and
deagglomerate the incorporated cork particle in the rubber matrix. Furthermore, they
enhance the degree of interaction among the cork and the rubber matrix. Table 1 illustrates
the complete formulation scheme of the fabricated ablative composites.

TABLE 1: Basic formulation with different wt % loading of Cork
Sample ID/
N40
N41
N42
N43
Filler (wt%)
Cork
0
4
7
10
NBR: Nitrile butadiene rubber (100 wt %)
DOP: Dioctylphatalate (7.5 wt%), Stearic Acid (2 wt%)
MBTS: Mercaptobenzthiazole disulphide (2 wt %)
TMTD: Tetramethylthiuram Disulfide (2 wt %)
Sulphur (2 wt %), Zinc Oxide (5 wt %), Nanosilica (15 wt%)
SCA: Silane coupling agent (5 wt %)

10.2. Ablation testing
10.2.1. Backface temperature profiles
Backface temperature profiles that were recorded during the ablation testing of the
fine cork particles impregnated rubber composite specimens (P ablators). Oxy–acetylene
(O–A) torch flame was used for 200s as a high temperature source for the ablation testing.
The accumulated data are compiled in Figure 1. Insignificant temperature rise is observed
during the first 50s flame exposure on the backface of the testing specimens due to the
efficient reradiational and transpirational cooling effects which are taken place within the
polymer ablator along with the remarkable insulation properties of the cork particles. After
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that, the temperature elevation is enhanced up to 150s due to augmentation in molecular
vibrational acceleration which speed up the phonon transport through the ablator and as
result, backface temperature of the composite specimens has enhanced[7]. The rapid
degradation of the cork material with T-rise is another factor contributing to low backface
T-rise. A time–temperature equilibrium is developed in the proceeding 50s flame exposure
due to the charring action, char–reinforcement reactions, and vaporizational cooling effects
of the rubber based ablative composites.
The maximum temperature evolution and backface temperature elevation rate
during the ablation testing of the composite specimens were amassed from the time–
temperature online recorded contours and the collected data are presented in Figure 2. It is
observed that the 10 wt% cork contents incorporation in the NBR matrix has reduced the
peak backface temperature from 157oC (N40) to 96oC (N43) and diminished the backface
temperature evolution rate up to 46% due to the low thermal conductivity, excellent
thermal stability, charring action, even dispersion, and foamy structure of the cork particles
which enhance the evaporation and transpirational cooling rate of the fabricated ablator
and reduce the thermal conduction during the high temperature flame testing.
Insulation indexes (I T ) of the composite specimens were measured using the
mathematical equation 3.7 and the accumulated data are depicted in Figure 3. I T of the
ablative composite at 70, 80, and 90oC backface temperatures are elevated up to 36, 31,
and 35%, respectively with the 10% incorporation of cork in the rubber matrix. Therefore
the capability of the NBR ablative composite to stay in an ultrahigh temperature
atmosphere is enhanced with increasing cork contents in the rubber matrix[8].

10.2.2. Ablation rates
10.2.2.1. Linear/mass ablation rates and char yield
Linear ablation rates, mass erosion rates, and % char yields of the P ablated
composite specimens are measured according to the standard mathematical equations 3.1–
3.3 and the data thus obtained are presented in Figure 4. It is observed that all three
aforementioned characteristics are remarkably reduced up to 56, 27, and 25%, respectively
with the 10 wt% addition of cork contents in the base composite formulation (N40) due to
the excellent thermal stability, cork–polymer compatibility and even dispersion of the
incorporated filler in the polymer matrix[9].
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Figure 1: Backface temperature profiles of the cork reinforced NBR composites
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Figure 2: Peak backface temperature and temperature evolution rates of the rubber
composite specimens with diverse cork concentrations
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Figure 3: Insulation indexes of the cork impregnated polymer composites at 70oC, 80oC,
and 90oC backface temperatures
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Figure 4: Reduction in linear/mass ablation rates and % char yield with increasing the cork
concentration in the host NBR matrix
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10.2.2.2. Radial/mass ablation rates and char yield
The O–A flame was passed through the 10mm cavity to scrutinize the effect of
cork contents concentration on the radial ablation resistance, mass ablation resistance, and
% char yield of the R ablative composite specimens and the accumulated data are
presented in Figure 5. The least radial ablation rate, radial mass ablation rate, and radial %
char yield are observed for N43, i.e., 0.091mm/s, 0.04g/s, and 2.21%, correspondingly due
to the utmost impregnation of the fine cork particle that are evenly dispersed in the rubber
matrix. The ablation resistance of the ablative composite specimens in the radial direction
is higher than in linear direction flame exposure of the high temperature flame due to the
shear flow of the gas stream following through the cavity of the R ablator[10].
Figure 6 simulates the surface morphology and compositional analysis of the postburnt ablated specimens after ablation testing. Polymer pyrolysis, char–reinforcement
interaction and porosity can be observed in these images. The micro-voids generation
during the high temperature testing of the ablative composites has enhanced transpirational
cooling, which limits the backface temperature elevation during the flame exposure[11].
EDS analysis has found C, N, O, Zn, S, Si Mg, and Ca in the N43 composite specimen.
Photographs of the ablated rubber composite specimens (N43 formulation) in linear
and radial direction are portrayed in Figure 7. A strong adhesion between the char zone and
virgin material can be noticed in the presented pictures due to strong polymer–filler
interaction which helps to reduce the mechanical erosion rates in the ultrahigh
temperature/velocity atmosphere[12, 13].

10.3. Thermogravimetric/differential thermal analyses
10.3.1. Thermal degradation behavior
Thermal stability of the composite specimens was analyzed in the temperature
range of 25 to 775oC in ambient and the amassed data are presented in Figure 8. The
composite specimens simulate excellent thermal stability up to 275oC and only 1% weight
loss is observed up to this temperature. Thermal degradation up to 5% is noticed in the
proceeding 100oC temperature increment during the heat flow due to aromatic oil
evaporation included in the rubber formulation.
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Figure 5: Reduction in radial/mass ablation rates and % char yield with increasing the cork
concentration in the host NBR matrix

Figure 6: SEM micrographs with diverse magnification (a, b, c) and compositional analysis
of the ablated cork/NBR composite (d)
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Figure 7: Post burn cork/NBR ablative composite after the ablation testing; Linear (a) and
Radial (b) composite specimens (N43 composition)
The utmost thermal decomposition is observed in the temperature range of 390oC–
615oC owing to the polymer pyrolysis and polymeric chain scission of the NBR composite
specimens. The data presented in Table 2 show that thermal stability of the fabricated
composite specimens is elevated with increasing the cork contents in the rubber matrix due
to the excellent thermal endurance and even dispersion of the incorporated filler in the
polymer matrix[4, 14].

TABLE 2: Thermal degradation of the cork /NBR composites at different temperatures

N40

% TG loss at 250oC
0.45078

N41

0.73317

12.82977

70.81255

N42

1.56032

10.93194

66.7963

N43

0.88067

12.95141

66.03542

Sample ID

% TG loss at 450oC % TG loss at 650oC
13.67348
71.59668

10.3.2. Differential thermal analysis
Differential thermal analysis of the composite specimens in the temperature range
of 25–800oC in oxygen atmosphere and the accumulated data are presented in Figure 9.
The composite specimens absorb heat up to 300oC which is used to stimulate the
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atomic/molecular vibrations and to evaporate the processing oil included in the rubber
formulation. After that exotherms are observed up to 560oC due to exhaust of CO 2 , CO,
NO 2 , NO, etc during the heat flow followed by sharp endotherms in the proceeding 100oC.
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Figure 8: Percent weight loss of the ablative composite with diverse cork impregnations at
10oC/minute in air atmosphere

Figure 9 elucidates that the endothermic or heat quenching capability of the rubber
composite specimens is augmented with the progressive addition of the fine cork contents
due to the low thermal conductivity and uniform distribution of the filler particles in the
host polymer matrix and the accompanying degradation of cork at higher temperatures.

10.4. Mechanical testing
10.4.1 Ultimate tensile strength
Stress–strain contours of the composite specimens are depicted in Figure 10. The
toughness of the material is reduced with increasing the filler contents in the rubber matrix.
The ultimate tensile strength and elongation at break of the cork impregnated polymer
composites were measured using the abovementioned figure and the obtained data are
presented in Figure 11. The utmost cork incorporation into the rubber matrix has reduced
the ultimate tensile strength up to 45% and elongation at break down to 57% compared to
the base composite formulation (N40) due to the microsize scale filler which act as an
162

porosity in the composite specimens while tensile testing and act as the base for crack
formation and also propagation[1, 15].
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Figure 9: DTA contours of the cork/NBR composites with diverse filler concentration
at10oC/minute in air atmosphere
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Figure 10: Stress–strain contours of the NRR composites with diverse cork loadings
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Figure 11: Ultimate tensile strength and % elongation decrease with increasing cork
concentration in polymer matrix

10.4.2. Rubber hardness
Shore A rubber hardness of the polymer composites were measured using rubber
hardness tester and the amassed data are displayed in Figure 12.
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Figure 12: Effect of cork concentration on the rubber hardness of the rubber composites
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It is observed that rubber hardness of the composite specimens is remarkably
enhanced with increasing the cork concentration in the NBR matrix. The 10 wt% addition
of the incorporated filler has elevated the rubber hardness of the composite specimen
(N43) up to 70% due to the porous structure of cork that absorbs the flowing rubber
material during the filler mixing in the internal dispersion kneader and on the two roller
mixing mill. Furthermore, the natural porosity of the cork helps to promote the material
diffusion during the filler–rubber mixing in a heating environment [16].

10.5. Thermal Conductivity Measurements
Figure 13 shows the effect of various concentrations of cork on the thermal
conductivity of NBR rubber nanocomposites. It is observed that with increasing the cork
concentration in the host polymer matrix, thermal conductivity of the nanocomposite
specimens has outstandingly diminished. The 10 wt% incorporation of cork has improved
the thermal resistivity of NBR nanocomposite up to 84% due to the excellent heat
quenching capability of the cork powder during the thermal decomposition of the aromatic
and linear chain cellulosic structured cork. The least thermal conductivity was observed for
N43 i.e. 0.012 W/m-oC owing to the outstanding thermal resistivity of the incorporated
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Figure 13: Thermal conductivity of cork impregnated NBR nanocomposites
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10.6. Conclusion
Fine cork particles with four diverse concentrations were impregnated in the NBR
matrix using internal dispersion kneader and two-roller mixing mill. The 10 wt% cork
incorporation in the rubber has reduced the backface temperature elevation up to 64%;
linear/mass ablation resistance of the P ablator has been enhanced up to 56% and 27%,
respectively while for R the ablator this augmentation is up to 64% and 78%; insulation
index elevated up to 36% at 70oC backface temperature; thermal stability and endothermic
capability have remarkably increased; ultimate tensile strength and elongation at break has
reduced up to 45 and 57% respectively; and rubber hardness of the composite specimens
has efficiently raised up to 70%. The excellent ablation and thermal resistance
characteristics of the cork/NBR composites have proved the efficacy of the light weight
porous cork as useful filler for ablative composite for ultrahigh temperature applications.
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Chapter 11

NBR/Phenolic Resin Blended Ablative
Composites
11. Introduction
A hypersonic and ultrahigh temperature environment is encountered by re-entry
vehicles and solid rocket motors during their missions. Therefore to protect the space
shuttle and rocket combustion chamber from the intense ablation atmosphere, ablative
materials are used frequently. Polymer composites are wildly used as ablative insulation
materials in aerospace industry [1-3]. The selection of a suitable polymer and
reinforcement is made on the basis of the hyperthermal environment encountered by an
aerodynamic body. An ablative composite insulates the incoming heat flux through the
numerous heats absorbing, dissipating and reflecting mechanisms i.e. surface reradiation,
polymer

charring,

transpiration,

vaporization,

char-reinforcement

reactions,

and

reinforcement melting cooling effects as elaborated in Figure 1, this markedly reducing the
conduction flux to the underlying structure.

Figure 1: Schematic diagram of the ablation mechanism
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Two parameters have a key importance in ablation performance of an ablative
material; first one is the ablation resistance and the second being the thermal conduction
through the ablator. Phenolic resin (Phenol Formaldehyde) based ablative composites have
lower ablation/mechanical erosion rates but higher thermal conduction as compared to the
elastomeric ablative composites based on nitrile butadiene rubber (NBR), ethylene
propylene monomer rubber (EPDM), silicon rubber, etc[4-10]. An ideal condition for a
better ablator is high ablation resistance with low thermal conduction. NBR is an
elastomeric material with low density, thermal conductivity and high heat capacity used to
blend with phenol formaldehyde resin (PFR) with trade name NOVALAC[11]. The main
purpose of this polymer-polymer blending is to limit the ablation rates and thermal
conduction through the NBR–PFR (NBR/PR) ablative composites.
Temperature sensing at the backface of the NBR/PR composites was carried out
using oxy–acetylene (O–A) torch flame for ablation testing according to the ASTM E285–
08[5, 12]. Ablation resistance in head-on impingement (HOI) and parallel flow (PF) modes
of O–A flame was measured for the post burnt ablative specimens. Mechanical and thermal
properties were evaluated to ensure the effect of PRBC on the thermo-mechanical
characteristics of the NP composites.

11.1 Formulation of Phenolic resin/NBR ablative composite
Four progressive incorporations 0, 20, 25 and 30 wt.% of phenolic resin blending
concentration (PRBC) in the rubber matrix were successfully made using two-roller
mixing mill and the compression molded ablative composites are named as N50, N51, N52
and N53, correspondingly. The basic formulation is in table 1.

TABLE 1: Basic formulation with different wt % loadings of Phenolic formaldehyde resin
Sample ID/
N50
N51
N52
N53
Filler (wt%)
Phenolic Resin
0
20
25
30
NBR: Nitrile butadiene rubber (100 wt%) ; ZnO: Zinc Oxide (5 wt%)
DOP: Dioctyl phthalate (7.5 wt%)
; Nanosilica (5 wt%)
MBTS: Mercaptobenzthiazole disulphide (2 wt%)
TMTD: Tetramethylthiuram disulfide (2 wt%); Sulphur (2 wt%)
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11.2 Ablation Testing
11.2.1 Backface Temperature Sensing
Time–temperature contours were developed meanwhile on the laptop screen during
the O–A flame exposure on the P ablator face and they are depicted in Figure 2. A typical
NBR-Phenolic (NP) composite, temperature profile describes the temperature evolution
initially up to 500C for the first 100 seconds exposure and in the second half thermal
conduction through the ablator enhances but remains in limit due to the heat quenching
phenomena that take place within the ablator[13]. The O–A flame temperature was around
3000oC and ablative front surface temperature was around 1600oC as measured from the
radiation pyrometer (IRAH 35U, Japan).
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Figure 2: Backface time-temperature profile of NP composite

NP ablative composite slows down the thermal conduction through the following
mechanisms
 Transpirational cooling of volatile molecules of Dioctyl phthalate (DOP)
 Water evaporation
 Heat reradiational effect
 Silica melting
 Char formation
 Polymer pyrolysis
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 Char reinforcement reactions
 Hot gases exhaust
The peak backface (BF) temperatures ascending order is N50>N51>N52>N53 as
can be noticed in Figure 3, which illustrates that with increasing PFR wt% concentration in
the NBR matrix, temperature evolution rate is augmented due to the more conductive
nature of PFR as compared to the elastomeric rubber counterpart. The plus point of PFR is
its high mechanical erosion and linear/radial ablation resistance in hypersonic and
hyperthermal environments encountered by an aerodynamic surface[14].
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Figure 3: Peak backface temperature elevation and backface temperature evolution rate of
the composite specimens with diverse Phenolic resin impregnations
The peak BF temperature through the N53 ablator is (110oC) i.e. less than the pristine PFR
based ablators which shows that NBR-PFR blending has a positive impact regarding high
temperature heat insulation[15].
Insulation indexes (I T ) at 50, 60, and 70oC of the NP ablators were measured
according to the equation 3.7 and are depicted in Figure 4. A descending order of I T for
N50–N53 is observed with increasing PRBC in the elastomeric rubber matrix which
disclosed that N50 (virgin rubber) has better thermal insulation compared with the 30%
PFR impregnated ablative composite[5].
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11.2.2 Ablation Rates
11.2.2.1 Linear/mass ablation rate and char yield
Addition of phenolic resin is the NBR matrix efficiently decreases the ablation
rates and percent char yields as clear from Figure 5. Ablation rates were measured
according to the mathematical equations 3.1–3.3. Least linear/mass ablation rates and %
char yield were observed for N53 ablator in HOI mode i.e. 0.011mm/sec, 0.15g/s, and
6.33%, respectively compared with the N50 ablator i.e., 0.027mm/s, 0.26g/s, and 16.40%,
correspondingly due to the excellent ablation resistance characteristics and homogeneous
polymer blending of phenolic resin with the NBR matrix[16].
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Figure 4: Insulation Indexes of the rubber composites at different backface temperatures

11.2.2.2 Radial/mass ablation rates and char yield
In PF mode of O–A flame through the 10mm cavity, least radial/ mass ablation
rates were observed for N53 i.e. 0.14mm/s and 0.08g/s, respectively as depicted in Figure
6. Radial ablation resistance and percent char yield ranking order for all ablators is N53>
N52>N51>N50. Phenolic resin incorporation in the rubber matrix has improved the
ablation resistance and reduced the % char yield of the fabricated composites due to the
high thermal stability and superb mechanical/ablation resistance of PFR as reported by Tea
Jin K. et al[17]. N53 has absorbed the maximum input heat due to peak concentration of
PRBC in the NBR matrix and polymer–polymer strong interaction[6].
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Figure 5: Linear/mass ablation rates and % char yields of the P ablators
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Figure 6: Radial /mass ablation rates and % char yield of the R ablators

Post-burnt P and R ablator are depicted in Figure 7 and a strong interaction
between ablative char and virgin polymer zone is observed which helped to minimize the
ablative/mechanical recession against the hot stream of O–A flame gases[18].
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Figure 7: Photographs of the charred P (a) and R (b) NP ablators

Polymer pyrolysis, voids formation, silica melting and composition analysis of the
N53 ablator are illustrated in Figure 8(a, b c, d). These pores help to enhance the
transpirational and vaporization cooling effects due to hot gases, water, and organic oil
evaporation.

Figure 8: SEM micrographs, polymer pyrolysis (a); voids formation (b); silica melting (c)
and compositional analysis (d) of NP composites
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11.3. TG/DT Analysis
11.3.1 Thermogravimetric analysis
Thermogravimetric and differential thermal analyses in the temperature range 25 to
700oC were performed and portrayed in Figure 9. NP composites show thermal stability up
to 300oC, and then deterioration is observed due to oil evaporation followed by a steep
profile due to polymer pyrolysis (300-550oC). Thermal stability of NP composites is
ranked in descending order. N53>N52>N51>N50 due to the increasing PRBC in the NBR
matrix and homogeneous polymer–polymer blending together with high thermal
degradation stability of PFR as compared to the elastomeric rubber[19]. N53 has 44, 6 and
32% better thermal stability at 300, 500, and 650oC, respectively than the N50 ablator as
elaborated in Table 2.

TABLE 2: Percent weight loss of the polymer-polymer composites at variant temperatures
Sample
ID
N50
N51
N52
N53

Weight Loss
at 300oC
2.97
3.76
3.76
2.06

Weight Loss
at 500oC
58.591
60.509
55.699
55.439

Weight Loss
at 650oC
81.274
78.659
67.63
61.462
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Figure 9: Thermal degradation of NP composites with diverse Phenolic resin blending
concentrations in the temperature range 25–700oC
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11.3.2 Differential Thermal analysis
DTA contours in Figure 10 elaborate an exothermic response in temperature range
100-300oC sensitive heat retention in less porous morphology and then an endothermic
progress is observed following heat absorption during to polymer pyrolysis[14, 20].
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Figure 10: Endo/exothermic responses of the NP composites

11.4 Mechanical Properties
11.4.1. Ultimate tensile strength
Stress–strain contours, elongation at break, tensile strength, 50% and 100%
modulus are elaborated in Figure 11. Ultimate tensile strength (UTS), 50% and 100%
modulus for NP composites are augmented while the elongation at break suffered as
increasing PRBC in the rubber matrix which illustrated a tough to brittle behavior for N50
to N53, gradually as depicted in Figure 12 and Table 3. Phenolic resin is a stiff
thermosetting polymer that reduced the ductility and enhanced the stiffness of NP
composites [21-23].

11.4.2. Hardness (Shore A)
Shore A hardness trend is depicted in Figure13 which illustrates an augmentation
with increasing PRBC in the NBR matrix due to the hard character of phenolic resin that
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was incorporated in the rubber polymeric chains, thus improving the hardness of the NP
composites.
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Figure 11: Stress–Strain curves of the NP composites
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Figure 12: Ultimate tensile strength and elongation at break of the NP composites with
diverse Phenolic resin concentrations
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TABLE 3: Tensile properties of NP composites at 100% and 150% elongation at break
Sample
ID
N50
N51
N52
N53

100%
Modulus
1.984
2.839
3.031
3.907

150%
Modulus
2.656
4.058
4.371
------
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Figure 13: Shore A hardness of NP composites with diverse phenolic resin incorporation in
the rubber matrix

11.5. Thermal Conductivity Measurements
Figure 14 shows the effect of various concentrations of phenolic resin on the
thermal conductivity of NBR rubber nanocomposites. It is observed that with increasing
the phenolic resin concentration in the host polymer matrix, thermal conductivity of the
nanocomposite specimens has augmented accordingly. The phenolic resin has improved
the thermal conductivity of NBR nanocomposite up to 84% due to the excessive
conductive nature of PFR compared to elastomeric matrix (NBR). The least thermal
conductivity was observed for N50 i.e. 0.032W/m-oC.
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Figure 14: Thermal conductivity of phenolic resin impregnated NBR nanocomposites

11.6. Conclusion
A thermosetting resin, phenol formaldehyde is successfully blended with NBR
matrix using dispersion kneader and two roller mixing mill. Ablative composites are
ablation resistance of the NP composites was augmented, fabricated using compression
molding meanwhile the thermal conduction through the ablator enhanced with increasing
PRBC in the rubber matrix. Thermal stability of the fabricated composites was improved
with increasing PRBC in the elastomeric polymer. Tough to brittle behavior with improved
tensile strength is observed for the ablative composites with the addition of PRBC in the
rubber matrix. Shore A hardness of the NP composites were also enhanced with the
progressive phenolic resin insertion in the host matrix due to the hard segments of PF
resin. Thermal conductivity of the composite specimens was enhanced with increasing
PRBC in the NBR matrix owing to the more conductive behavior of the PFR than the host
matrix.
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Comparative Ablation and Thermo-Mechanical
Analysis of Cork and Phenolic Resin Incorporated
Polymer Nanocomposites
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Figure 1a represents the utmost temperature elevation during the ablation testing of the fine
cork particles and phenolic resin impregnated NBR composites. The composite specimen with
10wt% cork particles has 15oC lower backface temperature compared to the 30 wt% phenolic
resin incorporated ablative composite for the similar duration of high temperature flame
exposure. The minimum peak backface temperature (97oC) was noticed for NBR 43
compared to the other formulation owing to the five times lower thermal conductivity or
better thermal insulation character of the cork/NBR composite compared to the phenolic
resin/NBR composite specimen (Figure 1f).
Linear ablation resistance of the ablated NBR composites is portrayed in Figure 1b.
The presented data elucidated that phenolic resin/NBR composite has excellent ablation
resistance (0.012mm/s) compared to the NBR 53 (0.033mm/s) due to phenolic resin better
ablation resistance and thermal endurance compared to cork[1].
Figure 1c displays the results of linear mass ablation rates of the cork and phenolic
resin included ablative composites. NBR 23 has lower mass ablation rate (0.14 g/s) as
compared to the NBR 43 (0.38 g/s) attributed to the better thermal stability of the phenolic
resin/NBR composite corresponding to cork/NBR composite (Figure 1e). Radial ablation rates
of the fabricated composite specimens are depicted in Figure 1d. The figure exposed that
NBR53 has superior performance in parallel flow mode of the O-A flame compare to the
NBR43. The minimum radial ablation rate (0.09mm/s) was measured for NBR 53 relative to
0.14mm/s for NBR 43 attributed due to phenolic resin better compatibility and thermal
stability with NBR compared to the other one[2].
Figure 1e displays that phenolic resin/NBR composite has 5.5% better thermal
stability than the cork/NBR composite specimen due to the higher temperature stability of the
crosslinked phenol formaldehyde resin compared with nature cork. Figure 1f elucidates the
measured thermal conductivity value at 100oC the NBR composites. The presented data
showed that NBR 43 has three times low thermal conductivity (0.012W/m-oC) compared to
the NBR53 (0.033W/m-oC) attributed to the higher heat quenching/resistance capability of
cork proportionate to the Phenolic resin[3].
Figure 1g illustrates ultimate tensile strength of the polymer composites. NBR53 has
5.1MPa UTS compared to 3.5MPa of the NBR43. It means that PFR has the better reinforcing
effect compared to the cork in the NBR matrix due to the excellent polymer–polymer
blending of PFR with the rubber. It also illustrated that PFR is more compatible with NBR
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matrix than the cork[4]. Figure 1h illustrated that cork/NBR has higher Shore hardness (87
Shore A) than PFR/NBR composite (73 Shore A). It means that cork has diminished the chain
mobility or flow-ability of the NBR matrix in higher content relative to the cork owing to the
cellulose structure of the cork that reduces the chain mobility of the host matrix in higher
content compared to the PFR incorporation.

Figure 1: The effect cork and phenolic resin on the peak backface temperature (a), linear
ablation rates (b), linear mass ablation rate (c), radial ablation rate (d),
Thermogravimetric weight loss at 700oC (e), thermal conductivity (f), ultimate
tensile strength (g), and shore A hardness of NBR composites.
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Section # 5

Synthetic Fiber Reinforced NBR Ablative
Composites

Chapter 12

Carbon Fiber/NBR Ablative Composites
12. Introduction
The excellent mechanical, thermal, light weight, chemical resistant, and
electromagnetic interface shielding properties of the carbon fiber have rendered this
synthetic fiber a material of the choice to fabricate polymer composites for a variety of
industries, i.e., aircraft, aerospace, automotive and sports, etc industries[1-4]. Pure carbon
fiber has good thermal and electrical conductivity.
Changqing Hong et al [5] fabricated the phenolic resin/carbon fabrics ablative
composites to investigate their ablation characteristic as a function of the fabric density.
They found the least temperature around 350oC at 15mm sample depth during the oxy–
acetylene (O–A) flame exposure on the surface of the ablator and the minimum linear/mass
ablation rates was registered at 0.019mm/s and 0.045g/s, respectively for the lowest
density carbon fiber–phenolic resin composites[6, 7]. Wajed et al [8] was investigated the
ablation performance of the carbon fabric impregnated carbon-carbon composites and
scrutinized the effect of the fabrics orientation on the ablation and thermal decomposition
properties of the fabricated composites. They observed the least linear/mass ablation rates
~0.007mm/s and 1.58g/s, correspondingly for the vertically aligned composite specimen.
Chopped carbon fibers with specific lengths have been impregnated in variant
matrices, i.e., phenolic resins, ethylene propylene diene monomer rubber, ceramic matrices
to enhance their ablation, thermal oxidation, and mechanical characteristics[2, 6, 9-11]. In
this chapter, ablative composite specimens were fabricated with diverse concentrations of
chopped carbon fibers (CCF) in the acrylonitrile butadiene rubber (NBR) matrix.
Internal dispersion kneader and two roller mixing mill were used to disperse the
chopped fibers in the rubber matrix followed by compression molding to fabricate ablative
composite. The effect of the fiber concentration on the ablation characteristics, thermal
decomposition, heat absorbing capability, and mechanical properties are comprehensively
addressed in this chapter.
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12.1. Formulation of Carbon fiber based NBR rubber composite
Chopped carbon fibers with 5µm average diameter, 5mm in length and four
different concentrations were incorporated into the NBR matrix along with the
reinforcement, coupling agent, crosslinker, activators and plasticizers using internal
dispersion kneader and two-roller mixing mill. Table 1 illustrates the complete formulation
scheme of the fabricated ablative composites.

TABLE 1: Basic formulation with different wt % loadings of chopped carbon fibers
Sample ID/
N60
N61
N62
N63
Filler (wt%)
Carbon Fiber
0
2
4
6
NBR: Nitrile butadiene rubber (100 wt%)
DOP: Dioctyl phthalate (7.5 wt%), Stearic acid (2wt%)
MBTS: Mercaptobenzthiazole disulphide (2 wt%)
TMTD: Tetramethylthiuram Disulfide (2 wt%)
SCA: Silane coupling agent (4 wt%)
Sulphur (2 wt%), Zinc Oxide (5 wt%), Nanosilica (20 wt%)
12.2. Dispersion of Carbon fiber in NBR matrix
Surface morphological analysis of the fiber impregnated ablative composite
specimens are depicted in Figure 1.

Figure 1: SEM micrographs of chopped carbon fibers (a), their compositional analysis (b)
and CCF dispersion within NBR matrix at diverse magnifications (c, d)
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The average diameter of the incorporated fibers is 3µm. The SEM images elucidate
a clear view of the impregnated fibers along with its compositional analysis. Fibers pull out
and even dispersion of the CCF can be seen in the tensile fractured micrograph of the 6
wt% CCF incorporated ablative composite specimen. The heating environment in the
dispersion kneader and on the two roller mixing mill enabled the nanoreinforcement and
CCF diffusion easy which enhances the even dispersibility level of the inserted fibers.
Furthermore, the silane coupling agent presence in the rubber matrix has efficiently
augmented the fiber distribution within the rubber matrix and improved the polymer–fiber
interfacial adhesion.

12.3. Ablation testing
12.3.1. Backface temperature profiles
The O–A flame was exposed on the surface of the P ablators having area
10,000mm2 and just 10mm thickness for 200s and online backface temperature elevation
was monitored using thermocouples assembly connected with the temperature data logging
system. Time–temperature contours of the ablative composites are portrayed in Figure
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2[12, 13].
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Figure 2: Time-temperature contours of the P ablators recorded online during the oxy–
acetylene flame exposure on the surface of the fabricated composite specimens
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Insignificant temperature evolution is observed up to 50s due to efficient
reradiational and transpirational cooling effects which take place within the ablator during
the ablation testing. Temperature elevation has been abruptly enhanced in the proceeding
100s flame exposure for N60 and N61 compared to the N62 and N63 ablators counterparts
due to the uniform dispersion of the CCF in the rubber matrix which enhances the charring
effect and as a result backface temperature elevation has reduced remarkably. Peak
backface temperatures (PBT) and backface temperature evolution rate (BTER) of the
polymer composites were measured form the abovementioned figure and presented in
Figure 3. The 8 wt% addition of CCF has diminished the PBT and BTER of the composite
specimens down to 54oC and 0.27oC/s respectively, relative to the base composite
formulation (N60) due to excellent thermal stability, charring action, and even dispersion
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of CCF in the rubber matrix[9, 13].
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Figure 3: Peak backface temperatures and backface temperature evolution rates

Insulation indexes of the composite specimens as a function of the CCF
concentration at three variant backface temperatures are displayed in Figure 4. It is
observed that the utmost incorporation of CCF into the host matrix has augmented the
insulation indexes of the ablative composite up to 56, 79, and 83% at 40, 50 and 60oC,
correspondingly. The progressive addition of CCF in the NBR matrix has enhanced the
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capability of the ablative composites to survive in ultrahigh temperature environment for
prolonged duration compared to the N60 composition counterpart [8, 14, 15].
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Figure 4: Insulation indexes of the P ablators after the 200s high temperature flame
exposure

12.3.2. Ablation rates
12.3.2.1. Linear/mass ablation rates and char yields (%)
Linear/mass ablation rates and % char yields of the ablated composite specimens
were deduced according to ASTM 285-08 and the accumulated data are depicted in Figure
5. Linear and ablation resistance have been efficiently improved up to 70 and 79%,
respectively while % char yield of the ablative composite (N63) is reduced up to 75% with
increasing CCF concentration in the base composite formulation N60. The progressive
addition of the synthetic fibers in the polymer matrix has enhanced the ablation
performance due to the excellent thermal stability and even dispersion of the CCF in the
rubber matrix[16, 17].

12.3.2.2. Radial/mass ablation rates and char yield (%)
Radial ablation rates, radial mass ablation rates, and radial % char yields of the R
ablated specimens were measured using standard mathematical equations 3.4–3.6 and the
amassed data are depicted in Figure 6.
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Figure 5: Linear/mass ablation rates and % char yields of the ablative composites as a
function of CCF concentration
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Figure 6: Radial/mass ablation rates and percent char yields of the ablative composites as a
function of CCF concentration
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It is observed that radial ablation rates are reduced down to 55%; mass ablation
resistance is elevated up to 45%; and % char yield of the composite specimens is
diminished up to 42% with increasing fiber contents in the rubber matrix.

Figure 7: Post burnt ablative composites in head on impingement (a) parallel flow (b)
modes of the oxy–acetylene flame

The efficient radial ablation performance improvement with the progressive
addition of CCF is due to the excellent thermal stability, even dispersion of fiber contents
within the host matrix and good fiber–polymer interaction. Ablated composite specimen
(N63) in head-on impingement and parallel flow modes of O–A flame that was exposed on
the surface of P and R ablators, respectively are depicted in Figure 7[18].
Apparently, good adhesion between the pyrolysis zone and virgin material can be
scrutinized in the presented photographs due to the excellent interfacial strength between
the silane modified fibers and the host matrix. SEM images of the ablated N63 composite
specimens along with its compositional analysis are displayed in Figure 8 (a, b, c, and d).
Porosity generation, charred ablator surface, and charred and uncharred CCF within
the polymer matrix are observed in the char morphology analysis of the ablated specimen.
These voids accelerate the heat exhaust from the surface of ablator which supports to limit
the backface temperature elevation during the ablation testing of the composite specimen.
C, N, O, Zn, Si and S are found in the EDS analysis of the charred composite.
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Figure 8: SEM micrographs of the CCF incorporated ablated composite (N63) at diverse
magnifications (a, b, c) and its compositional analysis (d)

12.4. Thermogravimetric/differential thermal analysis
12.4.1. Thermal stability of composite
Thermal decompositions of the CCF/NBR composites in air environment in the
temperature range 25 to 900oC with a heating rate of 10oC/min are configured in Figure 9.
Minimum weight loss is observed up to 250o and around 15% loss is observed in the
following 150oC rise in temperature due to the aromatic oil and processing aids
evaporation. The maximum thermal decomposition of the fabricated CCF/NBR ablators is
scrutinized in the temperature range 400-500oC due to the polymer pyrolysis and
molecular bond scission of the polymeric chains of the host matrix. N63 composite has
35%, whilst the N60 ablator has 25% weight retention after the thermal oxidation of the
composite specimens up to 900oC.
Thermal decomposition data in Table 2 collected from the thermogravimetric
analysis of the composite specimens reveal that the progressive insertion of CCF in the
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rubber matrix has augmented the thermal stability of the composite specimens up to 1, 8,
and 10% at 300oC, 600oC, and 900oC, correspondingly due to the efficient thermal
endurance and even dispersion of the fiber contents in the host matrix[1, 4, 19, 20].
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Figure 9: Thermal decomposition of the CCF/NBR composites in air environment in the
temperature range 25 to 900oC

TABLE 2: Thermal oxidation of the CCF/NBR composites at diverse temperatures
Sample
ID
N60
N61
N62
N63

% Weight Loss
at 300oC
7.36
6.27
6.21
6.15

% Weight Loss
at 600oC
75.23
74.43
71.17
67.79

% Weight Loss
at 900oC
78.27
76.64
73.45
68.83

12.4.2. Heat flow behavior
Differential thermal analysis of the composite specimens was performed in the
temperature range 25–800oC in air atmosphere and the amassed data are presented in
Figure 10. The heat absorbed up to 400oC by the rubber composites is used to evaporate
the DOP and other processing aids included in the rubber formulation. The exotherms in
the proceeding 150oC temperature elevation are due to the exhaust of CO 2 , CO, NO 2 , NO,
etc followed by the endotherms developed in a narrow temperature range due to the
affective charring cooling of the polymer composites during the rubber pyrolysis.
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Endothermic capability of the CCF/NBR composites is remarkably enhanced with
increasing the fiber contents in the polymer matrix which expedite the charring cooling
rates of the composite specimens that quenches enormous heat during the rubber

Heat Flow (mW) Endo down

composites heat flow analysis[3, 21, 22].
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Figure 10: Differential thermal analyses of the CCF/NBR composites in air environment in
the temperature range 25 to 800oC

12.5. Mechanical properties
12.5.1. Ultimate tensile strength
Tensile properties of the composite specimens were executed on the universal
tensile testing machine and the collected data are presented in Figure 11 in the form of
stress–strain contours. Plasticity of the composite specimens is diminished with the
progressive addition of the CCF in the rubber matrix due to the high rigidity of the
impregnated fibers that offer resistance against the flow of material during the tensile test.
Figure 12 elucidates that the ultimate tensile strength of the rubber composite (N63) is
enhanced up to 67% at 8 wt% incorporation of modified CCF into the NBR matrix owing
to the tremendous tensile strength, strength to weight ratio, and excellent fiber–matrix
adhesion using CCF.
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Elongation at break of the polymer composites is reduced up to 80% with the
utmost impregnation of the fiber contents in the host rubber matrix as the fibers have high

Stress (MPa)

elastic modulus with insignificant elongation at break[19, 23].
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Figure 11: Stress–strain behavior of the CCF/NBR composites with diverse impregnation
of the carbon fiber contents in the rubber matrix
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Figure 12: Ultimate tensile strength and elongation at break of the polymer composite
specimen as a function of CCF concentration
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12.5.2. Hardness
Rubber hardness of the rubber composites was carried out using rubber hardness
tester and the measured data are depicted in Figure 13. The 8 wt% impregnation of CCF
contents in the rubber matrix has elevated the shore A rubber hardness of the composite
specimen (N63) up to 57 shore A as compared to the base composite formulation N60 (47
shore A) due to the high rigidity of the incorporated fiber.
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Figure 13: Shore A rubber hardness of the rubber composites with respect to the CCF
concentration

12.6. Thermal Conductivity Measurements
Figure 14 shows the effect of various concentrations of carbon fibers on the thermal
conductivity of NBR rubber nanocomposites. It is observed that with increasing the carbon
fiber’s concentration in the host polymer matrix, thermal conductivity of the
nanocomposite specimens has remarkably reduced. The 6 wt% incorporation of carbon
fibers has improved the thermal resistivity of NBR nanocomposite up to 98%. This may be
attributed due to the maximum input heat energy consumption to break the C-C bonds and
to char the carbon fiber. The least thermal conductivity was observed for N63 i.e. 0.01
W/m-oC owing to the outstanding thermal stability of the incorporated carbon fibers.
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12.7. Conclusion
Chopped carbon fibers have been effectively and evenly incorporated in the NBR
matrix using dispersion kneader and two-roller mixing mill. An increment in the filler-tomatrix ratio has effectively influenced the ablation performance regarding the backface
temperature evolution, the enhancement in insulation indexes, the augmentation in
linear/radial ablation resistance, and the reduction in % char yield of the fabricated ablative
composites. Thermal stability, thermal resistance and heat absorbance properties are
elevated with the addition of silane modified CCF. An efficient elevation is observed in the
tensile properties and the Shore A hardness of the composite specimens with the
progressive addition of fiber contents in the polymer matrix due to the excellent tensile
strength, high rigidity and good carbon fibers–matrix adhesion. The strain% of the
composite however declines owing to the very high modulus and brittle nature of the
impregnated fibers.
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Figure 14: Thermal conductivity of carbon fibers impregnated NBR nanocomposites
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Chapter 13

Chopped Glass Fibers Impregnated NBR
Ablative Composites
13. Introduction
Nitrile butadiene rubber (NBR) is one of the elastomeric matrix used to develop
ablative composites for thermal protection system (TPS) to protect the rocket combustion
chamber or the stagnation zone of the re-entry space vehicle[1-3]. NBR composite’s have
low density, high specific heat, low T g , excellent thermal resistance, remarkable ablation
resistance, and high mechanical strength are the key characteristics that enables this
splendid rubber suitable for TPS[4-7]. Glass fiber is an outstanding synthetic fiber with
efficient thermal stability, high melting point, good mechanical strength, and chemical
resistance. Various types of glass fibers (S, E, C, A, etc) are used in thermal/electrical
insulations, sports, aerospace and aircraft industries due to its outstanding thermomechanical performance [7-9].
Bibin Jhon et al [10]has used the glass fiber to fabricate phenolic resin based
ablative composite material for TPS. They studied the effect of fiber impregnation on the
ablation, thermal and mechanical characteristics of the fabricated composite specimens and
found that with increasing the fiber contents thermal stability, mechanical strength, and
ablation resistance of the polymer composites were also improved [11, 12]. In this chapter,
we have studied the influence of chopped glass fibers (CGF) doping concentration on the
linear/radial ablation resistance, back-wall thermal responses, insulation indexes, thermal
stability, endothermic capability, and mechanical characteristics of the NBR ablative
composites.

13.1. Formulation of chopped glass fiber incorporated NBR rubber composites
Ablative composite specimens were fabricated with four variations in CGF doping
concentration to analyze the effect of fiber loadings on the ablation, thermal, and
mechanical characteristics of the NBR composites. Table 1 simulates the complete
formulation scheme of the fabricated rubber ablative composites.
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13.2. Dispersion of Glass fiber in NBR matrix
Scanning electron microscopy along with the compositional analysis of the tensile
fractured composite specimens reveals the even dispersion of the CGF in the NBR matrix
in Figure 1.

TABLE 1: Basic formulation with diverse wt % loading of chopped glass fibers
Sample ID/
N70
N71
N72
N73
Filler (wt%)
CGF
0
2
4
6
NBR: Nitrile butadiene rubber (100 wt%)
DOP: Dioctyl phthalate (7.5 wt%), Stearic Acid (2wt%)
MBTS: Mercaptobenzthiazole disulphide (2 wt%)
TMTD: Tetramethylthiuram Disulfide (2 wt%)
SCA: Silane coupling agent (5 wt%)
Sulphur (2 wt%), Zinc Oxide (5 wt%), Nanocarbon (20 wt%)
The average diameter of the incorporated fibers is measured to be 7µm and the
chopped average length of the impregnated fibers is 5mm. The EDS analysis of the CGF
found Si, O, Na, and K as major elements present in the fiber. The compositional analysis
of the fractured composite specimens founds C, Si, O, S, Zn, Mg, Ca, K, and N as main
elements present in the ablative composite.

13.3. Ablation testing
13.3.1. Backface temperature profile
Back-wall thermal responses recorded during the online ablation testing of the
ablative composite specimens for 100s on oxy–acetylene torch are portrayed in Figure 2.
Temperature elevation at the backface of the P ablator is affected with CGF insertion in the
rubber matrix. Figure 3 simulates that peak backface elevation (PBE) and back-wall
temperature evolution rate (BTER) are reduced with increasing CGF loading in the rubber
matrix. The peak CGF incorporation has diminished the PBE and BTER up to 3.6 and 6.2
times, respectively due to the excellent thermal stability, endothermic capability, and even
dispersion of the chopped fibers in the host matrix. Glass fiber quenches enormous heat
during its melting and char–reinforcement interaction which reduce the temperature
elevation at the backface of the CGF/NBR P ablator. Insulation indexes data of the ablative
composite specimens presented in Figure 4 elucidate that the 6 wt% impregnation of the
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CGF in the rubber matrix has augmented the insulation indexes of the composite
specimens up to 266 and 160% at 40 and 50oC backface temperatures, respectively. The
experimental results prove the excellent thermal insulation ability of the CGF/NBR
composites in ultrahigh temperature atmosphere[13, 14].

13.3.2. Ablation rates
13.3.2.1. Linear/mass ablation rates and char yield
Linear/mass ablation rates and % char yields of the P ablative composite specimens
were amassed according to the mathematical equations described in Chapter 2 and the
calculated data are depicted in Figure 5. Linear and mass ablation resistance of the ablative
composites have been remarkably improved up to 78 and 64%, respectively whereas %
char yield has been diminished up to 62% with the utmost CGF incorporation into the base
composite formulation N70. The progressive addition of the CGF contents in the polymer
matrix has augmented the ablation performance of the rubber composites due to the
excellent thermal stability, fiber to polymer interaction, and even dispersion of the CGF in
the host matrix[15].

Figure 1: SEM micrographs of chopped glass fibers (a), CGF dispersion in the NBR matrix
(b) fiber and ablative composite compositional analysis (c, d)
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Figure 2: Time-temperature profiles of the CGF/NBR P ablators recorded online during the
oxy–acetylene flame exposure on the surface of the fabricated composite
specimens
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CGF/NBR ablative composites as the function of fiber doping concentration
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Figure 4: Insulation indexes of the P ablators at diverse back-wall temperatures
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Figure 5: Linear/mass ablation rates and % char yield of the CGF/NBR ablative
composites as a function of CGF concentration

13.3.2.2. Radial/mass ablation rates and char yields
Radial ablation rates, radial mass ablation rates, and radial % char yield of the R
ablated specimens were measured and the accumulated data are displayed in Figure 6. It is
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scrutinized that radial ablation rates are decreased up to 60%; mass ablation resistance is
elevated up to 45%; and % char yields of the composite specimens are diminished up to
64% with increasing fiber contents in the rubber matrix. The efficient radial ablation
performance improvement with the progressive insertion of CGF is due to the excellent
thermal stability, uniform dispersion of fiber contents in the host matrix and good fiber–
polymer interfacial interaction. Ablated composite specimen (N73) in head-on
impingement and parallel flow modes of O–A flame that was exposed on the surface of P
and R ablators, respectively are depicted in Figure 7. Apparently, good adhesion between
the pyrolysis zone and virgin material can be scrutinized in the presented photographs due
to the excellent interfacial strength between the fibers and the host matrix. SEM images of
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the ablated N73 composite specimens are displayed in Figure 8 (a, b).
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Figure 6: Radial/mass ablation rates and percent char yield of the CGF/NBR ablative
composites as a function of CGF concentration

Porosity generation, charred ablator surface, and charred and uncharred CGF within
the polymer matrix are observed in the char morphology analysis of the ablated specimen.
These voids accelerate the heat exhaust from the surface of ablator which supports to limit
the backface temperature elevation during the ablation testing of the composite
specimen[16].
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Figure 7: Post burnt P ablator (a) and R ablator (b) ablated composite specimens

Figure 8: SEM micrographs of the CCF incorporated ablated composite (N73) at diverse
magnifications (a, b)

13.4. Thermogravimetric/ differential thermal analysis
13.4.1. Thermal oxidation of the composite specimens
Thermal decompositions of the CGF/NBR composites in ambient in the
temperature range 25oC to 750oC with a heating rate 10oC/min are configured in Figure 9.
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Figure 9: Thermal decompositions of the CGF/NBR composites in air environment in the
temperature range 25 to 750oC
Minimal weight loss is observed up to 220oCand around 13% weight loss is
observed in the following 170oC rise in temperature due to the aromatic oil and processing
aids evaporation. The maximum thermal decomposition of the fabricated CGF/NBR
ablators is observed in the temperature range 390-510oC due to the polymer pyrolysis and
molecular bond scission of the polymeric chains of the host matrix. The N73 composite
has 35% whereas N70 ablator has 28% residual weight after the thermal decomposition of
the composite specimens up to 750oC. Thermal oxidation data in Table 2 collected from
the thermogravimetric analysis of the composite specimens show that the progressive
insertion of CGF in the rubber matrix has augmented the thermal stability of the composite
specimens up to 20, 9, and 8.7% at 250, 450, and 650oC, correspondingly due to the
efficient thermal endurance and even dispersion of the fiber contents in the host matrix[17,
18].
13.4.2. Heat flow response in air environment in the temperature range 25 to 725oC
Differential thermal analysis of the composite specimens was performed in the
temperature range 25–720oC in ambient and the data thus recorded are presented in Figure
10.
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TABLE 2: Thermal decomposition of the CGF/NBR composites at variant temperatures
Sample ID
% Weight Loss at 250oC

N70

N71

N72

N73

4.18

3.43

3.19

3.32

o

41.79

39.38

38.48

37.9

o

71.44

67.83

66.93

65.18

% Weight Loss at 450 C
% Weight Loss at 650 C

Heat Flow (mW) Endo Down
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Figure 10: Differential thermal analyses of the CGF/NBR composites in air environment in
the temperature range 25 to 725oC
The heat evolves in the temperature range 320–350oC by in the rubber composites
due to evaporation of volatile products. The endotherms in the proceeding temperature
elevation are due to the water evaporation and affective charring and cooling of the
polymer composites during the rubber pyrolysis. Endothermic capability of the CGF/NBR
composites is remarkably enhanced with increasing the fiber contents in the polymer
matrix which expedite the charring cooling rates of the composite specimens that quenches
enormous heat during the rubber composites heat flow analysis.
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13.5. Mechanical properties
13.5.1. Ultimate tensile strength
Tensile properties of the composite specimens were executed on the universal
tensile testing machine and the collected data are presented in Figure 11 in the form of
stress–strain contours. Plasticity of the composite specimens is diminished with the
progressive addition of the CGF in the rubber matrix due to the high rigidity of the
impregnated fibers that offer resistance against the flow of material during the tensile test.
Figure 12 elucidates that the ultimate tensile strength of the rubber composite (N73) is
enhanced up to 46% with the 6 wt% incorporation of CGF into the NBR matrix owing to
the tremendous tensile strength, strength to weight ratio, and excellent fiber–matrix
adhesion of the fibers. Elongation at break of the polymer composites is reduced up to
110% at the peak with the utmost impregnation of the fiber contents in the host rubber
matrix owing to the high elastic modulus with insignificant elongation at break of the
incorporated S glass fibers[19, 20].
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Figure 11: Stress–strain contours of the CGF/NBR composites with diverse incorporations
of the carbon fiber contents in the rubber matrix

13.5.2. Rubber hardness
Rubber hardness of the rubber composites was carried out using rubber harness
tester and the measured data are depicted in Figure 13. The 6 wt% impregnation of CGF
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contents in the rubber matrix has elevated the shore A rubber hardness of the composite
specimen (N73) up to 64 shore A as compared to the base composite formulation N70
(51.5 shore A) due to the high rigidity and even dispersion of the incorporated chopped
fibers in the rubber matrix.
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Figure 12: Ultimate tensile strength and elongation at break of the polymer composite
specimen as a function of CGF concentration
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Figure 13: Shore A rubber hardness of the rubber composites with respect to the CGF
concentration
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13.6. Thermal Conductivity Measurements
Figure 14 shows the effect of various concentrations of glass fibers on the thermal
conductivity of NBR rubber nanocomposites. It is observed that with increasing the glass
fiber’s concentration in the host polymer matrix, thermal conductivity of the
nanocomposite specimens has remarkably enhanced. The 6 wt% incorporation of glass
fibers has improved the thermal resistance of NBR nanocomposite up to 48%. This may be
attributed due to the high thermal resistivity of the incorporated glass fibers. The least
thermal conductivity was observed for N73 i.e. 0.61 W/m-oC owing to the outstanding
thermal resistivity of the incorporated S glass fiber fibers.
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Figure 14: Thermal conductivity of glass fibers impregnated NBR nanocomposites

13.7. Conclusion
Chopped glass fibers have effectively and evenly incorporated in the NBR matrix
using dispersion kneader and two roller mixing mill. An increment in the filler to matrix
ratio has effectively influenced the ablation performance regarding the backface
temperature evolution, the enhancement in insulation indexes, the augmentation in
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linear/radial ablation resistance, and the reduction in % char yield of the fabricated ablative
composites. Thermal stability, thermal resistance and heat absorbance properties are
elevated with the addition of CGF. An efficient evolution is analyzed in the tensile
properties and the Shore A hardness of the composite specimens with the progressive
addition of fiber contents in the polymer matrix due to the excellent tensile strength, high
rigidity and good glass fibers–matrix adhesion.
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Chapter 14

A Comprehensive Ablation Investigation
of Kevlar/NBR Composites
14. Introduction
Ablative composites have significant and strategic role in the aerospace industry to
develop Thermal Protective System (TPS) which protects the aerodynamic surfaces,
structures, and the payloads of the vehicles during their missions in which hypersonic and
hyperthermal environments are encountered[1-4]. These composite materials are used to
protect the solid rocket motor during its flight from ultrahigh temperature flames. Ablative
materials are usually fabricated using a suitable polymer along with the reinforcement. The
selection of the host matrix and the incorporated filler strictly depends upon the
hyperthermal atmosphere in which it would be used [5-7]. Phenolic resins, ethylene
propylene diene monomer rubber (EPDM), acrylonitrile butadiene rubber (NBR), silicon
rubber, etc are the polymer matrices and asbestos cloth, carbon fiber, glass fiber,
nanosilica, carbon nanotubes, metal oxides, nanoclays, etc are the fillers that have been
used to fabricate ablative nanocomposites for ultrahigh temperature applications[8-13].
Kevlar is a synthetic polymeric fiber synthesized by the condense atom
polymerization of 1, 4-phenylene diamine and terephthaloyl chloride. It is extensively used
in sports, tire, fire retardant gloves and body armor applications due to its excellent
mechanical strength, low density, and good heat resistance characteristics. There are
various grades of Kevlar designed according to the area of application [14-16]. NBR is one
of the common polymers used widely in the rubber industry. It is synthesized by emulsion
or solution polymerization techniques. It is used in the aeronautical, automotive, and
protective gloves industries to fabricate seals, oil handling hoses, grommets, gloves,
etc[17-19]. The temperature operating range of NBR is -40–108oC.
In this chapter, four diverse concentrations of chopped Kevlar 49 are incorporated
into the NBR matrix using two roller mixing and internal dispersion kneader to fabricate
ablative composite and tensile testing specimens according to ASTM specifications.
Comprehensive experimental ablation characterization of the rubber composites was
carried out according to ASTM E285-08. Ultimate tensile strength, elongation at break,
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rubber hardness, thermal degradation behavior, thermal conductivity, endothermic
capability, morphological, and compositional analyses of the composite specimens were
executed according to the standard procedures.
14.1. Formulation of Kevlar fiber based NBR rubber composites
Table 1 illustrates the complete formulation scheme of the fabricated ablative
composites. Four diverse loadings of chopped Kevlar-49, SCA, nanocarbon, crosslinker
(Sulphur), accelerators (MBTs & TMTD), activators (zinc oxide & stearic acid), and
plasticizer (DOP) were incorporated in the NBR matrix to fabricate composite specimens.
The rubber composites are nominated as N80, N81, N82, and N83 according to the
progressive fiber concentration in the polymer matrix.

TABLE 1: Formulation scheme of the NBR composites with different wt% loadings of
chopped Kevlar fiber
Sample ID/
N80
N81
N82
N83
Filler (wt%)
Kevlar Fiber
0
3
5
7
NBR: Nitrile butadiene rubber (100 wt%)
DOP: Dioctyl phthalate (7.5 wt%), Stearic acid (2 wt%)
MBTS: Mercaptobenzthiazole disulphide (2 wt%)
TMTD: Tetramethylthiuram disulfide (2 wt%)
SCA: Silane coupling agent (5 wt%)
Sulphur (2 wt%), Zinc oxide (5 wt%), Nanocarbon (40 wt%)
14.2. Dispersion of Kevlar fiber in NBR matrix
Two-roller mixing mill and internal dispersion kneader were used to disperse the
chopped Kevlar fibers in the NBR matrix. Figure 1 elucidates the measurement of the fiber
average diameter (≈ 15µm); EDS analysis found C, N, O as major elements present in the
fiber; and proper dispersion of chopped fibers in the polymer matrix is observed in the
morphological analysis of the tensile fractured composite specimens.

14.3. Ablation testing
14.3.1. Backface temperature profile
Backface time–temperature contours were developed during the oxy–acetylene
flame exposure on the surface of the fabricated ablative composites and are depicted in
Figure 2. The 3 wt% incorporation of the chopped Kevlar fibers into the rubber matrix has
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significant effect to reduce the temperature elevation during the ablation test but further
progressive 5 and 7 wt% fiber addition in the host matrix make the ablative composite
more efficient to slow down the temperature evolution during the flame exposure. Figure 3
simulates that the highest fiber concentration ablative composite has 77oC less peak
backface temperature and 0.46oC/s less temperature evolution rate compared to the base
composite formulation N80, due to the effective heat absorbing capability and thermal
stability of the impregnated chopped fibers[20].

Figure 1: Measurement of the Kevlar fiber’s average diameter (a), fiber’s EDS analysis (b),
and chopped fiber’s dispersion in the rubber matrix

The insulation index data measured using equation 3.7, are depicted in Figure 4.
The presented graph illustrates that insulation indexes of the composite specimens have
been enhanced with increasing fiber contents in the rubber. The 7 wt% introduction of the
chopped fibers in the polymer matrix has augmented the insulation index of the base
ablative composite up to 82, 54, and 84% at 30, 40, and 50oC backface temperatures,
respectively[21].
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Figure 2: Backface temperature profiles of the chopped Kevlar fiber impregnated NBR
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elevation and backface temperature evolution rates of the rubber composite
specimens
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Figure 4: Insulation indexes of the ablative composites at three diverse temperatures

14.3.2. Ablation rates
14.3.2.1 Linear/mass ablation rates and char yield
Linear/mass ablation rates and % char yields of the P ablators after 200s oxy–
acetylene flame exposure were measured according to formulae given in equation 3.1–3.3.
Figure 5 elucidates that linear ablation resistance is augmented up to 94%; linear mass
ablation is diminished up to 35%; and % char yield is reduced up to 34% with the 7 wt%
incorporation of fiber contents into the base composite formulation (N80) due to the
excellent thermal stability, mechanical strength, and even dispersion in the rubber
matrix[22].

14.3.2.2. Radial/mass ablation rates and char yield
Radial/mass ablation rates and % char yields of the R ablators after 200s oxy–
acetylene flame exposure were amassed using equations 3.4–3.6. Figure 6 simulates that
radial ablation is reduced up to 14%; radial mass ablation resistance is elevated up to 44%;
and radial % char yield of the ablative composite is reduced up to 35% with the highest
impregnation of chopped Kevlar fibers in the base composite formulation (N80) due to the
efficient thermal endurance, mechanical strength, and uniform distribution in the rubber
matrix[23].
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Figure 5: The effect of diverse Kevlar fiber concentrations on the linear/mass ablation
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Figure 6: The effect of diverse Kevlar fiber concentrations on the Radial/mass ablation
resistance and % char yields of the R ablators

The P and R ablated composite specimens of N83 formulation are displayed in
Figure 7 which shows an adequate adhesion between the char zone and the virgin material
due to the remarkable fiber to matrix adhesion that is favorable for mechanical erosion
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resistance, an important property of the ablative material required during the space vehicle
and ballistic missile flights through the earth atmosphere.

Figure 7: Linear (a) and Radial (b) N83 ablated composite specimens

Porous char at diverse magnifications, polymer melting, char reinforcement
interaction, and compositional analysis of the post-ablation tested (N83) are displayed in
Figure 8. The void generation during the flame exposure is indicative of transpirational and
vaporizational cooling effects which reduce the backface temperature evolution at the rear
of the P ablator. The elemental analysis of the charred composite has found C, N, O, Si,
Zn, S, and Mg present in the specimen. The Kevlar-NBR composite yields ideal porous
char morphology for effective ablative resistance through transpiration cooling.

14.4. Thermogravimetric/differential thermal analysis
14.4.1. Thermal stability of composite
Thermal degradation of the rubber composite specimens in ambient in the
temperature range 25 to 900oC was executed using TG/DTA. Figure 9 simulates
insignificant weight loss up to 200oC and afterward the 12% thermal induced weight
reduction is observed in the proceeding 176oC temperature increment during the thermal
oxidation analysis of the composite specimen due to the evaporation of the plasticizing
ingredients. The maximum thermal decomposition of the ablative composites is observed
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in the temperature range 376–500oC due to the polymer pyrolysis and bond breakage
between the polymeric molecular chains and trivial weight loss is scrutinized through to
the end of the analysis[20, 24]. The percent weight loss data at diverse temperatures are
measured from the thermogravimetric analysis of the composite specimens and compiled
in Table 2. The ablative composite formulation N83 has the maximum thermal stability at
all temperatures due to the even incorporation of Kevlar fibers in the host polymer matrix.

Figure 8: Char morphology (a, b, c) and compositional (d) analyses of the N83 ablated
composite

TABLE 2: Percent weight loss data of the composite specimens at different temperatures
Sample ID
N80
N81
N82
N83

% Weight loss at
350oC
10.88
10.71
10.18
9.71

% Weight loss at
550oC
71.05
69.07
67.94
67.01

% Weight loss at
750oC
71.85
69.77
68.74
67.81
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Figure 9: Thermal stability analysis of the rubber composites in the temperature range
25–900oC

14.4.2. Heat flow behavior
Heat flow response of the composite specimens in the temperature range similar to
thermogravimetric analysis is portrayed in Figure 10. A remarkable progress in heat
absorbing capability of the rubber composites is noticed in the presented thermo contours
with increasing chopped Kevlar fiber contents in the NBR matrix. The N83 ablator
represents the peak heat quenching ability due to the excellent thermal stability, heat
absorbing capability, and homogeneous dispersion of the fiber contents in the host rubber
matrix[25]. The initial exotherms are favorably balanced by equally potent endotherm,
which become even more pronounced at higher Ts.

14.5. Mechanical properties
14.5.1. Tensile properties
The stress–strain contours of the Kevlar/NBR composites are displayed in Figure
11. It indicates the toughness diminution with increasing fiber incorporation into the rubber
matrix. Figure 12 represents the effect of the fiber impregnation on the ultimate tensile
strength and elongation at break characteristics of the composite specimens.

220

2

Heat Flow (mW) Endo Down

0
-2
N80

-4

N81

-6

N82

-8

N83

-10
-12
-14
-16
-18
0

200

400

600

Temperature (oC)

800

1000

Figure 10: The effect of Kevlar fiber concentration on the heat flow response
characteristics of the fabricated polymer composites

It is observed that ultimate tensile strength of the polymer composite elevates with
increasing the fiber contents in the host matrix and the maximum tensile strength of
7.54Mpa is noticed for N83 due to the excellent tensile strength and proper dispersion of
Kevlar fiber in the polymer matrix. Elongation at break of the fabricated tensile composite
specimens is diminished up to 108% with the highest fiber impregnation in the base
composite formulation due to the elastic nature of the impregnated fibers[26].

14.5.2. Hardness
The effect of the fiber concentration on the rubber hardness of the Kevlar/NBR
composite is illustrated in Figure 13. A progressive trend in the shore A rubber hardness of
the composite specimens is scrutinized with increasing chopped Kevlar fiber contents in
the NBR matrix due to the high elastic nature and even dispersion of the fibers in the host
matrix. The peak rubber hardness (58 Shore A) is observed for N83 due to the peak Kevlar
impregnation in the base composite formulation (N80)[27].
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Figure 11: The effect of Kevlar fiber impregnation on the tensile characteristics of the
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Figure 12: Ultimate tensile strength and elongation at break of the Kevlar/NBR composites
at diverse fiber loading levels

222

60
N81

Hardness (Shore A)

50

N82

N83

N80

40
30
20
10
0
0

3

5

7

Kevlar Fiber (wt%)

Figure 13: Shore A rubber hardness of the Kevlar/NBR composites at diverse fiber
concentrations in the host matrix

14.6. Thermal Conductivity Measurements
Figure 14 shows the effect of various concentrations of chopped Kevlar fibers on
the thermal conductivity of NBR rubber nanocomposites. It is observed that with
increasing the Kevlar fiber’s concentration in the host polymer matrix, thermal
conductivity of the nanocomposite specimens has remarkably reduced. The 7 wt%
incorporation of Kevlar fibers has improved the thermal resistivity of NBR nanocomposite
up to 98%. This may be attributed due to the maximum input heat energy consumption to
break the C-C, and C-N bonds and to pyrolysis the Kevlar fiber. The least thermal
conductivity was observed for N83 i.e. 0.01 W/m-oC owing to the outstanding thermal
resistivity of the incorporated Kevlar fibers.

14.7. Conclusion
Chopped Kevlar fiber/NBR composites were fabricated with diverse fiber
concentrations in the rubber matrix using two roller mixing mill. SEM images reveal the
proper dispersion of the fiber contents in the tensile fractured composite specimens. The
peak impregnation (7 wt%) of the chopped fibers in the base composite formulation (N80)
has efficiently reduced the peak backface temperature evolution by 77oC during the 200s
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oxy–acetylene flame exposure; enhanced the insulation index up to 84%; improved
linear/mass ablation resistance of the P ablator up to 94 and 35%, respectively; elevated the
radial and mass ablation resistance of the R ablator up to 14 and 44%, correspondingly;
augmented the thermal stability and endothermic capability up to 4 and 85%, respectively;
raised tensile strength and rubber hardness up to 31 and 22%, respectively; and reduced
elongation at break of the fabricated composite specimen up to 108%. The excellent
strength, thermal stability, and even dispersion of the chopped Kevlar fibers in the NBR
matrix have advanced the ablation, thermal, and mechanical characteristics of the
fabricated ablative composites.
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Figure 14: Thermal conductivity of Kevlar fibers impregnated NBR nanocomposites
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Chapter 15

Ablation, Mechanical and Thermal
Properties of NBR/Spectra Fiber Polymer
Composites
15. Introduction
Low backface temperature, high mechanical/thermal ablation resistance, and good
interfacial adhesion between the ablative material and the aerodynamic surface are
required for the composites used in Thermal Protection Systems (TPS)[1, 2]. The main
function of TPS materials is to protect the inner hardware of space vehicles and ballistic
missiles from ultrahigh temperature/velocity flow of gases encountered during their
missions[3]. Crosslinked polymer composites have been used as TPS materials since long
time due to their excellent thermal resistance, ablation resistance, low backface
temperature evolution during ablation, and low density characteristics[4]. Phenolic resin
based polymer composites have high backface temperature elevation and low interfacial
bonding with the metallic casings but high erosion resistance compared to the elastomeric
crosslinked composites, i.e., ethylene propylene diene monomer rubber (EPDM), silicon
rubber (SR), and acrylonitrile butadiene rubber (NBR) based composites[5-8].
Figure 1 illustrates the ablation mechanism of the polymer composite in
diminishing the backface temperature evolution with sufficient ablation resistance required
in hyperthermal environments. The incoming heat flux is blocked, dissipated, and
reradiated through the transpirational, vaporizational, charring, char–reinforcement
reactions and reradiational cooling effects offered by the polymer composite. Only the
conductive heat flux is transferred through the ablator and sensed at the backface of the
composite [9-11]. Diverse ablation mechanisms and zones developed during the ablation
test of the composite specimen are depicted in the figure.
Ultra high molecular weight polyethylene (UHMWPE) is one of the high strength
fibers used in industry. It has extraordinary tensile strength (2.4 GPa), abrasion resistance,
and low density. Personal armor, vehicle armor, climbing equipment, and high
performance sails are the major industries which have used this excellent fiber [12-16].
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NBR is an elastomeric polymer used widely in the rubber industry due to its good
mechanical, thermal, and chemical resistance properties [17, 18]. In this chapter, we have
investigated the ablation, thermal, and mechanical characteristics of the UHMWPE/NBR
composites and scrutinized the effects of the fiber concentration on the aforementioned
properties of the fabricated composites thoroughly.

Figure 1: Schematic illustration of the ablation mechanism of the rubber ablative
composite

15.1. Formulation of Spectra fiber impregnated NBR rubber composite
Four diverse composite formulations with 0 to 8wt% Spectra fiber loadings have
been designed to fabricate rubber composites for ablation, thermal, and mechanical
investigations. Table 1 illustrates the complete formulation scheme of the fabricated
ablative composites.

15.2. Dispersion of Spectra fiber in NBR matrix
Dispersion kneading and two-roller mixing were exercised to distribute the
chopped Spectra fibers in the NBR matrix in the presence of SCA and stearic acid to affect
the fiber dispersion and adhesion with the polymeric chains. Figure 2 elucidates the
measurement of the fiber average diameter
≈ 13µm

.The compositional analysis of the
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UHMWPE fiber finds 98% C and 2% O in the fiber and proper dispersion of fiber contents
in the rubber matrix is observed in the morphological analysis of the tensile fractured
composite specimens.

TABLE 1: Base formulation with different wt% loadings of Spectra fiber
Sample ID/
N90
N91
N92
N93
Filler (wt%)
Spectra Fiber
0
4
6
8
NBR: Nitrile butadiene rubber (100 wt%)
DOP: Dioctyl phthalate (7.5 wt%), Stearic acid (2wt%)
MBTS: Mercaptobenzthiazole disulphide (2 wt%)
TMTD: Tetramethylthiuram disulfide (2 wt%)
SCA: Silane coupling agent (5 wt%)
Sulphur (2 wt%), Zinc Oxide (5 wt%), Nano carbon (40 wt%)

Figure 2: Measurement of the Spectra fiber’s average diameter (a), EDS analysis (b), and
chopped Spectra fiber’s dispersion in the NBR matrix
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15.3. Ablation testing
15.3.1. Backface temperature profiles
Oxy–acetylene torch was exposed on the surface of the fabricated P ablators to
investigate backface temperature evolution during the ablation test by means of the
temperature data logging system. The backface time–temperature contours of Spectra
fiber/NBR ablative composites are displayed in Figure 3. The O–A flame has temperature
around 3000oC but the maximum backface temperature sensed at the backface of the
ablator (N90) having only 10mm thickness, is raised up to 190oC after 140s flame
exposure[19]. This sharp temperature gradient is due to the transpirational, reradiational,
charring, char–reinforcement reactions, and vaporizational cooling effects that are initially
generated within the polymer composite during the ablation test.
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Figure 3: Backface temperature contours of the chopped UHMWPE fibers incorporated
NBR composites

Peak backface temperature elevation after 140s flame exposure and backface
temperature evolution rates of the ablative composites were measured from the
abovementioned figure and are depicted in Figure 4. The former is reduced up to 48% and
the latter is diminished up to 56% with the 8 wt% addition of chopped Spectra fibers in the
rubber matrix.
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Insulation indexes of the rubber composites were measured using equation 3.7 and
the calculated data is presented in Figure 5. The peak fiber impregnation in the host
composite formulation (N90) has augmented the thermal resistance of the ablative
composite up to 94, 109, and 102% at 70, 80, and 90oC backface temperatures,
respectively. The effective insertion of UHMWPE fiber in the rubber matrix enhances the
thermal resistance of the ablative composites at high temperatures due to enormous heat
quenching capability of the impregnated fiber during its melting and bond scission of the
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molecular polymeric chains[20-22].
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Figure 4: Effect of Spectra fiber loadings to diminish the peak backface temperature
elevation and backface temperature evolution rates of the polymer composite
specimens

15.3.2. Ablation rates
15.3.2.1. Linear/mass ablation rates and char yield
Linear/mass erosion rates and % char yield of the polymer composite ablated
specimens were measured according the equations 3.1–3.3 and the derived data are
displayed in Figure 6. Linear ablation resistance is augmented up to 72%; mass ablation
resistance is improved up to 7%; and percent char yield of the post-burnt ablative
composites is reduced down to 63% with the 8 wt% incorporation of the chopped Spectra
fiber contents in the base ablative composition (N90). This ablation resistance
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augmentation is due to the excellent inherent mechanical erosion, wear and abrasion
resistance of the impregnated UHMWPE fibers together with the endothermic pyrolysis of
the fiber’s polymer backbone[23].
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Figure 5: Insulation indexes of the ablative composites with different fiber loadings at the
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Figure 6: The effect of variant UHMWPE fiber concentrations on the linear/mass ablation
resistance and % char yields of the P ablators
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15.3.2.2. Radial/mass ablation rates and char yield
Radial/mass ablation rates and % char yield of the R ablators after 140s O–A flame
exposure was measured using equations 3.4–3.6. Figure 7 elucidates that radial ablation
resistance is enhanced up to 24%; radial mass ablation resistance is elevated up to 82%;
and radial % char yield of the ablative composite is reduced down to 80% with the utmost
incorporation of chopped Spectra fibers into the base composite formulation (N90) due to
the efficient thermal endurance, excellent mechanical strength, remarkable wear/abrasion
resistance and even dispersion of UHMWPE chopped fibers in the rubber matrix. The
reduction in char is plausible as the UHMWPE is a straight chain compound. More char is
usually generated by compounds with aromatic structures.
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Figure 7: The influence of diverse Spectra fiber loadings on the Radial/mass ablation
resistance and % char yields of the R ablators

The P and R ablated composite specimens of N93 composition are displayed in
Figure 8 which illustrates sufficient adhesion between the char zone and the virgin material
that is approving of mechanical erosion resistance, an important property of the ablative
material required during the space vehicle and ballistic missile flights through the earth
atmosphere. Porous char morphology at varied magnifications, polymer melting, char
reinforcement interaction, impregnated fibers and compositional analysis of the post
ablation tested (N93) are observed in Figure 9.
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The homogeneous porosity production during the O–A flame exposure is favorable
for transpirational and vaporizational cooling effects which reduce the backface
temperature evolution face of the P ablator. The compositional analysis of the charred N93
ablator reveals the presence of C, N, O, Si Zn, and S as major elements.

Figure 8: Linear (a) and Radial (b) N93 ablated composite specimens

Figure 9: Char morphology (a, b, c) and compositional (d) analyses of the N93 ablated
composite
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15.4. Thermogravimetric/differential thermal analysis
15.4.1 Thermal stability of composite
Thermal degradation of the rubber composites in air environment in the
temperature range 25 to 800oC was executed to scrutinize the effect of Spectra fiber on the
thermal stability of the NBR composites. The 12% thermal oxidation is observed in Figure
10 in the temperature range 200 to 400oC due to the processing oil evaporation. The major
thermal decomposition of the polymer composites is noticed in the proceeding 100oC due
to the polymer pyrolysis and insignificant thermogravimetric loss is observed up to 800oC.
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Figure 10: Thermal stability analysis of the Spectra fiber/NBR rubber composites in the
temperature range 25oC–800oC

Table 2 simulates that N93 ablative composite has 6% better thermal stability than the N90
composite formulation due to highly compact nature, and even distribution of UHMWPE
in the polymer matrix[24].

15.4.2. Heat flow behavior
Differential thermal analysis of the polymer composite specimens was performed
to explore the influence of the impregnated synthetic fiber in the rubber to enhance their
endothermic capability. Figure 11 elucidates that all fabricated composites have absorbed
heat but the heat quenching ability of the composite specimens have been improved with
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the progressive addition of Spectra fibers in the host matrix due to the enormous heat
absorbing capability of the impregnated fibers during the melting and bond cleavage of
polymeric molecular chains[25]. More importantly, the endo peak is shifted to higher
sensitive temperature (T s ) compared to normal polymer pyrolysis T s that helps higher T s
stability in the composites.

TABLE 2: The percent weight loss data of the different formulations of rubber composites
at different temperatures

Sample ID
N90
N91
N92
N93

% Weight loss at
400oC
16.92
16.85
13.73
13.03

% Weight loss at
600oC
71.18
70.15
69.35
66.01

% Weight loss at
800oC
72.31
71.07
69.81
66.92

15.5. Mechanical properties
15.5.1. Ultimate tensile strength
Figure 12 simulates the tensile characteristics of the fabricated rubber composites and the
effect of the incorporated fibers to tailor the mechanical properties of the host matrix. It is
observed that with increasing UHMWPE fiber concentration in the base composite
formulation, toughness of the composite specimens also advances persistently. Ultimate
tensile strength (UTS) and elongation at break (EB) of the polymer composites were
measured from the stress–strain contours of the testing specimens and are depicted in
Figure 13.
UTS of the rubber composites enhances with increasing fiber to matrix ratio and
the maximum increment (1.86MPa) is observed for N93 due to the excellent mechanical
strength and even dispersion of the Spectra fibers in the rubber matrix. EB of the polymer
composite specimens also progresses up to 4% due to the strong interaction between the
fiber particulates and the host polymer matrix apart from the incremented tensile strength
inherent in the fibers[26, 27].
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Figure 11: The effect of chopped UHMWPE fiber concentrations on the heat flow response
characteristic of the fabricated composite specimens
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Figure 12: The effect of Spectra fiber incorporation on the tensile characteristics of the
rubber composites

15.5.2. Rubber Hardness
Shore A rubber hardness of the Spectra fiber/NBR composites is portrayed in
Figure 14. The rubber hardness elevates with increasing the fiber concentration in the
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rubber matrix and the peak evolution is seen for the peak UHMWPE fiber impregnated
composite specimen, i.e., an increment of 16 shore A relative to the base composite
formulation due to the high elastic modulus, hardness, and even dispersion of the

8.0

129.0

Ultimate Tensile Strenght
% Elongation at break

128.5
128.0

7.5

127.5
127.0

7.0

126.5
126.0

6.5

125.5
125.0

6.0

Elongation at break (%)

Ultimate Tensile Strenght (MPa)

reinforcing fibers in the rubber matrix.

124.5
0

1

2

3

4

5

6

7

Spectra (wt%)

Figure 13: Ultimate tensile strength and elongation at break of the Spectra fiber/NBR
composites at diverse fiber loading levels

15.6. Thermal Conductivity Measurements
Figure 15 shows the effect of various concentrations of chopped Spectra fibers on
the thermal conductivity of NBR rubber nanocomposites. It is observed that with
increasing the Spectra fiber’s concentration in the host polymer matrix, thermal
conductivity of the nanocomposite specimens has remarkably reduced. The 8 wt%
incorporation of Spectra fibers has improved the thermal resistivity of NBR nanocomposite
up to 93%. This may be attributed due to the excellent heat quenching capability of the
impregnated Spectra fibers during its melting and chain scission process. The least thermal
conductivity was observed for N93 i.e. 0.03 W/m-oC owing to the outstanding thermal
resistivity of the incorporated Spectra fibers.

238

N93

70

N92
N91

60

Hardness (Shore A)

N90
50
40
30
20
10
0

Spectra (wt%)

Figure 14: Shore A rubber hardness of the Spectra fiber/NBR composites at diverse fiber
concentrations in the base composite formulation
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Figure 15: Thermal conductivity of Spectra fibers impregnated NBR nanocomposites

15.7. Conclusion
Varied concentrations of chopped UHMWPE fiber were incorporated in the NBR
matrix using dispersion kneader and two roller mixing mill to fabricate ablative composite
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materials for ultrahigh temperature applications. The ablation testing results of the
fabricated rubber composites simulate the remarkable reduction in backface temperature
evolution and ensure the ablation resistance augmentation with increasing Spectra fiber
contents in the polymer matrix. SEM images reveal that the uniform porosity generation
during the O–A flame exposure on the surface of the ablator promotes the endothermic
cooling reactions that take place within the ablator. Thermal stability and the endothermic
capability of the Spectra fiber/NBR composites are efficiently elevated with increasing
fiber-to-matrix ratio. The utmost impregnation of the reinforcing fibers have improved the
ultimate tensile strength, elongation at break, and rubber hardness of the polymer
composites up to 31, 4, and 30%, respectively. Thermal conductivity of the composite
specimen was efficiently diminished with increasing fiber to matrix ratio owing to the
outstanding endothermic nature and uniform dispersion of fiber in the host matrix.
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Chapter 16

Ceramic Fiber/NBR Ablative Composites
16. Introduction
Silica/silicon carbide fibers, carbon–carbon composites, phenolic composites and
elastomeric composite tiles have been used to protect reentry vehicles and solid rocket
motor from ultrahigh temperature environments[1-4]. Elastomeric composites have low
thermal conductivity and high interfacial bond strength relative to other composites[5].
Ethylene propylene diene monomer rubber (EPDM) and acrylonitrile butadiene rubber
(NBR) are used as elastomeric matrixes to develop ablative composites as they have
excellent thermal resistance properties, appropriate mechanical strength and easy
processing[6-8]. But these matrixes alone could not survive under the severe temperature
and speed conditions. Therefore chopped/woven fibers (ceramic, Kevlar, carbon, glass,
etc) and fillers (metal oxides, silica, carbon nanotubes, clays, etc) are used as
reinforcements in the elastomeric polymers to enhance their thermal, mechanical and
ablation properties[9-11].
A polymer matrix ablative composite restricts the incoming heat flux through the
endothermic heat quenching phenomena that are taken place during the ultrahigh
temperature shear flow of hot stream of gases encountered by a space vehicle during its reentry [12]. In the present investigation, novel NBR/Ceramic fiber composites were
fabricated using two roller mixing mill, internal dispersion kneader, and hot isostatic press.
The effect of ceramic fibers (CF) concentration on the thermal, ablation and mechanical
properties of NBR composites is studied herein.

16.1 Formulation of Ceramic fiber based NBR rubber composite
Table 1 illustrates the complete formulation scheme of the fabricated ablative
composites. Four variant concentrations of the ceramic fibers were incorporated into the
rubber matrix in the presence of a silane coupling agent and stearic acid. The rubber
processing aids are inserted in the polymer matrix in the next step on the two-roller mixing
mill followed by compression molding of the composite specimens t fabricate ablative
composites.
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16.2. Dispersion of Ceramic fiber in NBR matrix
Aluminum silicate fibers having average diameter 2.7µm are depicted in Figure 1a
along with the CF’s EDS analysis in Figure 1b that illustrates the presence of three major
elements Al, Si, and O. The even distribution of CFs in the rubber matrix is achieved due
to the longitudinal and transverse flow of material through the twin roll nip of heated two
roller mixing mill.

TABLE 1: Basic formulation with different wt% loadings of Ceramic fibers
Sample ID/
N100
N101
N102
N103
Filler (wt%)
Cermic Fiber
0
4
6
8
NBR: Nitrile butadiene rubber (100wt%)
DOP: Dioctyl phthalate (7.5 wt%), Stearic acid (2 wt%)
MBTS: Mercaptobenzthiazole disulphide (2 wt%)
TMTD: Tetramethylthiuram Disulfide (2 wt%)
SCA: silane coupling agent (5 wt%)
Sulphur (2 wt%), Zinc oxide (5 wt%), Nanocarbon (40 wt%)
Well dispersed CFs in the NBR matrix are observed in Figure 1c coupled with the
elemental analysis that shows the existence of N, C, O, Si, Al, Zn, and S in the N103
ablator in Figure 1d.

16.3 Ablation testing
16.3.1 Backface temperature profile
Backface temperature evolution (BTE) of the NC ablators during the ablation
testing is portrayed in Figure 2. Time–temperature contours of the ablative composites
illustrates that BTE is diminished with increasing CFs concentration in the rubber matrix.
The maximum backface temperatures after 200s O–A flame exposure on the face of NC
ablators are observed to be 188.90, 117.22, 89.81, and 76.06oC for N100, N101, N102, and
N103, respectively as demonstrated by Figure 3. It means that the incorporation of 7 wt%
CFs in the polymer matrix reduces the peak backface temperature up to 112oC compared to
NC1 ablator due to the low thermal conductivity/diffusivity and high thermal stability of
the aluminum silicate fibers[13, 14].
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Figure 1: SEM/EDS analyses of ceramic fibers (a, b) and 8 wt% CFs loaded composite
specimen (c, d)
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Figure 2: Backface time–temperature contours of the ceramic fibers impregnated NBR
composites
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Backface temperature evolution rates (BTER) of the NC ablators are also displayed in
Figure 3 that shows the decline of BTER from 0.8oC/s to 0.25oC/s with increasing fiber
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Figure 3: Peak backface temperature and temperature evolution rate at backface of ablative
composites at different CF concentrations
Insulation indexes of the composite specimens at backface temperatures of 50oC,
60oC, and 70oC were measured according to the equation 3.7 and depicted in Figure 4. A
remarkable I T enhancement at all selected temperatures is observed with increasing fiber
concentration in the rubber matrix. N103 can withstand against high temperature gases
flow for a prolonged duration compared to the N100 ablator counterpart and that too with a
much lower ingress of heat. SEM micrographs of the ablated N103 composite specimen at
diverse magnifications are depicted in Figure 5 (a, b, c, d). Well dispersed microfibers,
porous char and char reinforcement interaction are observed in these micrographs. The
porous structure of the ablated sample enhances the transpiration and vaporization heat
fluxes, which reduce the backface temperature elevation during the ablation testing of the
composite specimens[15].

245

Insulation Index (s/m)

20000
19000
18000
17000
16000
15000
14000
13000
12000
11000
10000
9000
8000

50oC
60oC
70oC

0

2

4

6

8

Ceramic Fibers (wt%)

Figure 4: Insulation indexes at diverse ceramic fiber loadings in the rubber matrix

Figure 5 (a, b, c, d): Voids formation during ablation, polymer pyrolysis, char
reinforcement interaction and distributed ceramic fibers in the N103
ablated specimen
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16.3.2 Ablation rates
16.3.2.1 Linear ablation rates and char yield
Linear and mass ablation rates of the ablated composite specimens were measured
using equations 3.1–3.2 and displayed in Figure 6. Linear/mass ablation resistance
augmentation according to the descending order N103<N102<N101<N100 is observed in
the ablation rates contours. The least linear and mass ablation rates are measured for N103
ablator i.e. 0.02mm/s and 0.165g/s. This implies that CF incorporation in the rubber matrix
enhances the ablation resistance of the fabricated composite specimens. % char yields of
the eroded ablators are measured using equation 3.3 and the effect of CFs concentration on
the % char yield of the composite specimens is depicted in Figure 5. Similar to ablation
resistance, % char yield is also diminished with increasing fiber impregnation in the host
polymer matrix due to the high thermal stability of CFs and the ability of CF to promote
the char silica endothermic reaction, thus consuming the char in the process,
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simultaneously cooling the interior of the composite during ablation[16].
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Figure 6: Linear/mass ablation rates and % char yield of the ablative composites at
different CF concentrations in the polymer matrix

The photographs of the N100, N101, N102, and N103 ablated specimens are
portrayed in Figure 7(a, b, c, d), respectively. An intimate interaction between the ablated
zone and virgin material zone is observed that eventually promotes the mechanical erosion
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resistance of the ablative composites i.e. a key parameter in hyperthermal and hypersonic
environments encountered by an aerodynamic surface during its mission.

Figure 7: Post burnt ablative composites N100 ablator (a) N101 ablator (b) N102 ablator
and (c) N103 ablator

16.3.2.2. Radial ablation rates and char yield
Radial/mass ablation rates and % char yields of the ablated composite specimens
were measured using equations 3.4 & 3.6 and displayed in Figure 8[17]. The 8 wt%
addition of CF in the rubber matrix has augmented the radial ablation resistance and mass
ablation resistance of the composite specimens up to 51 and 59% while % char yield has
come down to 28% owing to the excellent thermal stability, fiber-to-matrix bonding, and
even dispersion of the incorporated fibers into the host matrix. The endothermic char-silica
reaction is another potent source of heat absorbance in the system employing spectra fibers
and hydrocarbon chains.

16.4. Thermogravimetric/ differential thermal analysis
16.4.1. Thermal stability of composite
Thermogravimetric analysis in Figure 9 and Table 2 illustrate the thermal stability
enhancement with the progressive addition of CFs in the rubber matrix due to their high
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thermal stability and low thermal conductivity. The maximum weight loss in the heating
air environment for all ablators is observed in the temperature range 500-650oC. The
weight loss measurements at 300, 500, 600, and 700oC elucidate that N103 has the
maximum capability to withstand against the heat flow as clear from Table 2[11,18, 19]. It
definitely serves to shift the degradation transient to higher T s .
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Figure 8: Radial/mass ablation rates and % char yield of the ablative composites at
different CF concentrations in the polymer matrix

TABLE 2: %Weight loss of NC composites at different temperatures
Sample
ID
NC1
NC2
NC3
NC4

%Weight Loss
O
at 300 C
3.58
3.58
3.3
2.45

%Weight Loss
O
at 500 C
30.98
45.24
28.82
30.5

%Weight Loss
O
at 600 C
63.72
77.45
62.29
61.99

%Weight Loss
O
at 700 C
82.65
80.18
78.89
77.59

16.4.2. Heat flow behavior
Differential thermal analysis of the composite specimens also in Figure 10 reveals
the effective heat absorbance evolution with the wt% increment of CFs in the host polymer
matrix and N103 absorbs maximum input heat[20]. The maximum heat variation regarding
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heat absorbance and exhaust is observed in the polymer composites pyrolysis temperature
range[6, 14].

16.5. Mechanical properties
16.5.1. Ultimate tensile strength and Hardness
Stress-strain curves, tensile strength, elongation at break, 100% modulus and Shore
A hardness are depicted in Figure 11 and Figure 12. The incorporation of CFs in the NBR
matrix has adversely affected the mechanical properties, while Shore A hardness of the NC
ablators has been augmented up to 42% as clear from Figure 13. The tensile fracture of the
composite specimen also elaborate the matrix-filler debonding and CF’s pull out due to
weak fiber–matrix bond as clear in Figure 14[10, 20, 21].
The mechanical properties in this case are not positively influenced by the silane
coupling agent employed. More exotic methods like uncured rubber coated fibers may
have to be used. The coating could cure with the rubber matrix during thermosetting to
provide better mechanical strength in the fabricated composite with the proviso of
enhanced ablation resistance.
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Figure 9: The effect of ceramic fiber concentration on the thermal degradation of the NC
composites
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Figure 10: The effect of ceramic fiber concentration on the heat flow response of NC
composites
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Figure 11: Stress-Strain contours of the NC composites

16.6. Thermal Conductivity Measurements
Figure 15 shows the effect of various concentrations of ceramic fibers on the
thermal conductivity of NBR rubber nanocomposites. It is observed that with increasing
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the ceramic fiber’s concentration in the host polymer matrix, thermal conductivity of the
nanocomposite specimens has remarkably enhanced. The 6 wt% incorporation of ceramic
fibers has improved the thermal resistance of NBR nanocomposite up to 63%.
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Figure 12: The effect of ceramic fibers concentration on the elongation at break and
ultimate tensile strength of the polymer composites
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Figure 13: Variation in shore A hardness of the composite specimens at diverse loadings of
ceramic fibers in the rubber matrix.
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This may be attributed due to the high thermal conductivity of the incorporated ceramic
fibers. The maximum thermal conductivity was observed for N103 i.e. 0.84 W/m-oC owing
to the outstanding thermal conductivity of the incorporated ceramic fibers.

16.6. Conclusion
Micro-size ceramic fibers have been uniformly dispersed in the NBR matrix using
two-roller mixing mill. The peak backface temperatures of the NCL ablators are
diminished from 190oC (N100) to 80oC (N103) with increasing fiber concentration in the
rubber matrix. Linear/mass ablation rates, insulation index and % char yield data of the NC
ablators illustrate the incredible enhancement in anti-ablation performance with the
progressive incorporation of CFs in the polymer matrix. The ablation resistance of the CF
impregnated ablative composite in the shear mode of the impinged flame is also far better
than the base composite formulation. Aluminum silicate fibers have progressively
influenced the thermal stability, thermal conductivity, and heat absorbance capability of
the fabricated ablators. Tensile properties of the ablative composites are degraded while
the rubber hardness is augmented with increasing CFs concentration in the host matrix.

Figure 14: SEM image of N103 fractured sample in tensile mode
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Figure 15: Thermal conductivity of ceramic fibers impregnated NBR nanocomposites
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Figure 1a illustrates the peak temperature elevations during the ablation testing of the
synthetic fibers incorporated NBR composites. The composite specimens with 6 wt%
chopped carbon fibers and 7 wt% Kevlar fibers have much lower backface temperatures
compared to the other synthetic fibers incorporated ablative composite for the alike duration
of high temperature flame impingement. The minimum peak backface temperatures (54 and
56oC) were noticed for NBR 83 and NBR 63, correspondingly compared to the other synthetic
fibers incorporated NBR systems owing to the lower thermal conductivity of the carbon and
Kevlar fibers impregnated composites compared to the other tested fiber/NBR compositions
(Figure 1f). It is also attributed due to the active charring action of chopped carbon and Kevlar
fibers included rubber composites that quenches enormous ablation flame heat and controlled
the backface temperature of the fabricated ablative composite. Chopped glass fiber
impregnated NBR composite has the highest peak backface temperature among the synthetic
fibers impregnated ablative composite family due to its higher thermal conductivity. It also
means that glass fibers have not played an active role to diminish the backface temperature
elevation.
Linear ablation resistance of the ablated NBR composites is displayed in Figure 1b.
The presented data exposed that Kevlar fiber/NBR composite has outstanding ablation
resistance (0.002 mm/s) corresponding to the other synthetic fibers incorporated NBR
formulations attributed due the active role of aromatic polyimide fibers to enhance the
transpirational, char-reinforcement, and charring action that develop a protective and
proactive char layer during the oxy-acetylene flame ablation performance test which
remarkably diminished the erosion rate of the ablative[1].
Figure 1c displays the results of linear mass ablation rates of the synthetic fibers
incorporated ablative composites. NBR 63 has the lowest mass ablation rate (0.04 g/s) as
compared to the other chopped fibers impregnated NBR formulations attributed. It means that
charring and char-reinforcement reaction of the NBR base formulation was highly active
when chopped carbon fibers were used as a incorporation compared with Kevlar, Spectra,
Glass, and ceramic fibers impregnated NBR compositions R. Radial ablation rates of the
fabricated composite specimens are depicted in Figure 1d. The figure exposed that NBR63
has also superior performance in parallel flow mode of the O-A flame compare to the other
NBR/fiber composites due to the excellent compatibility and charring action of the
incorporated carbon fibers. The lowest radial ablation rate (0.05mm/s) was measured for
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carbon fiber/NBR composite relative to other synthetic fiber impregnated NBR ablative
composites[2].
Figure 1e displays that glass fiber/NBR composite has better thermal stability than the
other composite specimens due to the higher temperature stability of the glass fiber. Figure 1f
elucidates the measured thermal conductivity value at 100oC the NBR/fiber composites. The
presented data showed that NBR 63 and NBR 83 have much lower thermal conductivity
(0.012 and 0.02 W/m-oC, respectively) compared to the NBR73 and NBR103 (0.09 and
0.085W/m-oC, correspondingly). The low thermal conductivity of NBR 63, NBR 83, and
NBR 93 attributed due to the proactive heat quenching phenomenon of carbon, Kevlar and
Spectra fibers begins at lower temperatures compared to glass and ceramic fibers.
Consequently, these low melting/charring temperature fibers have efficiently enhanced the
thermal insulation character of the NBR composites[3].

Figure 1: The effect synthetic fibers on the peak backface temperature (a), linear ablation rates
(b), linear mass ablation rate (c), radial ablation rate (d), Thermogravimetric weight
loss at 700oC (e), thermal conductivity (f), ultimate tensile strength (g), and shore A
hardness of NBR composites.
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Section # 6

Conclusion and Future Prospective

Chapter 17

Conclusion
17. Conclusion
Fifty six variant elastomeric systems have been used with multiple reinforcements
(MWCNTs, nanokaolinite, nanomontmorillonite, fine natural cork, phenolic resin, carbon
fiber, Kevlar fiber, glass fiber, Spectra fiber, and ceramic fiber) and matrices ( ethylene
propylene monomer rubber, styrene butadiene rubber, silicon rubber, nitrile butadiene
rubber)

to

fabricate

polymer

ablative

composites

for

hyperthermal/hypersonic

environments encountered during the space vehicle and ballistic missiles reentry missions.
The additives have been incorporated into the rubber matrices using internal dispersion
kneader and two-roller mixing mill for specific duration, temperature and rolling velocity
conditions. Three types of mold geometries have been used to fabricate rubber composite
specimens on the hot isostactic press for the linear ablation and backface temperature (P
ablators), radial ablation (R ablator), and mechanical (tensile testing specimen)
investigations. Oxy–acetylene torch coupled with the temperature data logging system was
used to execute the ablation characteristics of the ablative composites.
The quality of an ablative is best seen in terms of the ablation rate and the backface
temperature following exposure to ultrahigh temperatures, shear, or both. The systematic
study helps to rank the various composites studied in terms of the net linear or radial
ablation rates as well as the peak backface temperatures (PBTs) reached after full-time
exposure.
Table 1 elucidates the summary of the ablation, thermal, and mechanical
investigative experimental results of the ablative composites based on diverse polymeric
matrixes and reinforcements.
The least linear ablation rates are obtained for systems employing nanofillers like
MWCNTs, kaolinite, and sodium montmorillonite. Incidentally, these systems also exhibit
lower backface temperatures except the MWCNTs doped composites, plausibly due to the
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higher thermal conductivity (k) of the MWCNTs inclusions. The least backface
temperatures are exhibited by the fiberous composites with the exception of glass and
spectra fibers. The low thermal conductivity of ceramic fibers and the char-forming nature
of Kevlar fibers understandably tend to reduce the backface temperatures of the
corresponding composites. The relatively higher k glass fibers yield higher PBT. The
higher thermal conductivity ceramic fibers, however, does not contribute to the expected
higher heat transfer through the body of the composites to raise the PBT. This is
considered mainly due to the uniform micro-porous char structure obtained during ablation
using C-fiber, Chapter 13, Figure 8 (a-c).

The observed char morphology helps to

transport the gaseous products of pyrolysis smoothly through the porous structure, thereby
scooping sensitive heat from within the body of the composite. The resulting
transpirational cooling helps to obtain a lower PBT as recorded.
A stark difference is observed between the uniform micro-porous char morphology
(Figure 8, Chapter 14) and the dendridic structure (Figure 8, Chapter 15) obtained
respectively, with aromatic Kevlar and the linear Spectra (UHMWPE fiber) fibers
composites. The result is Spectra fiber composite PBT that is twice that of its Kevlar fiber
counterpart.
A cursory look at radial ablation rates reveals that the composites fabricated with
kaolinite, cork and ceramic fibers exhibit the least values. Hence these inclusions are
recommended in situations that involve shear flow such as the convergent section of rocket
motor chambers, usually lined with the flexible elastomeric ablative composites. These
inclusions yield reasonable ablation rates together with acceptable PBTs as indicated in
Table 1.
In so far as mechanical properties are concerned high modulus inclusions such as
MWCNTs and fibers yield correspondingly high modulus composites. Expectedly, the
measured maximum elongation values are significantly lower for these composites.
Ceramic fiber reinforced composites are an exception. The much higher strain at break for
this composite is owing to the weak bonding of the ceramic fiber with the host NBR matrix

259

as seen in Figure 5d, Chapter 16. Visible fiber pull out on the tensile fractured specimen
surface is observed for the weak fiber-NBR interfaces.
The maximum doping effect of MWCNTs on the linear ablation resistance, radial
mass ablation resistance, and ultimate tensile strength was observed for NBR-14 composite
while maximum elongation at break, least backface temperature evolution rate and better
ablation resistance in shear mode of the flame was noticed for EPDM-14 ablator.
Nanokaolinite impregnated NBR ablative composite have more fascinating experimental
results corresponding to ultrahigh temperature thermal resistance, ablation rates, thermal
stability, and mechanical properties than the nanomontmorillonite incorporated composite.
The phenolic resin blending with the NBR has adversely affected the PBT but
enhances the thermal endurance and ablation resistance of the composite specimens. The
progressive addition of fine cork contents in the NBR matrix has elevated the ablation
resistance, thermal stability, and rubber hardness whereas UTS suffers with increasing the
filler concentration.
Chopped carbon fibers have efficiently reduced the thermal conduction through the
ablator due to the enhancement in the charring action of the polymer composite. S glass
fiber’s insertion in the nitrile rubber has remarkably diminished the peak backface
temperature elevation, ablation resistance, and improved the tensile strength of the
fabricated composites due to its excellent thermal stability and mechanical strength.
The best linear ablation resistance against the hyperthermal flame was scrutinized
for the chopped Kevlar 49 impregnated NBR ablative composites due the superb charring
and thermal aspects of the synthetic fiber. The Spectra fibers addition in the NBR matrix
has proven to be a useful reinforcing ingredient to lessen the backface temperature,
ablation rates, and to enhance the mechanical features of the composite specimen.
Thermal stability and ablation performance of the NBR composites have been
effectively elevated with the progressive addition of ceramic fibers due to their efficient
thermal endurance. Notably, nanokaolinite, chopped Kevlar fibers and MWCNTs
impregnated NBR ablative composites are the materials of choice among the present
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ablative family due to their outstanding ablation, thermal, and mechanical performance in
the extreme inimical temperature environments.
Specifically:
 Among the multiwalled carbon nanotubes (MWCNTs) impregnated rubber
nanocomposites, NBR ablative composite with 1 wt% nanotubes has the least V Pl ,
V Rm , Y R and the utmost UTS was also observed for NBR14 ablator. The maximum
effect of MWCNTs incorporation regarding thermal stability, rubber hardness, and
V Pm was scrutinized for SR14 ablator. The maximum elongation at break,
minimum radial ablation resistance and PBTR were noticed for E14. The lowest
value of backface temperature (104.4oC) is observed for SBR14. The best ablation
resistance (0.0021mm/s) is also observed for NBR14.
 The relative analysis of the nanoclays impregnated NBR ablative composites
elucidates that NBR23 with 30 wt% nanokaolinite has the least backface
temperature (54.7oC) after 200s oxy–acetylene flame exposure, maximum linear
and radial ablation resistance, better thermal stability, EB, and tensile strength than
the nanomontmorillonite incorporated polymer composites.
 The progressive addition of fine natural cork in the NBR matrix has effectively
enhanced the ablation, thermal, and mechanical properties of the ablative composite
but the supreme effect of the cork impregnation is observed regarding the rubber
hardness (87 shore A) and radial ablation resistance augmentation among the
rubber formulations investigated.
 The increment in phenolic resin blending concentration in the NBR matrix has
remarkably augmented the UTS, EB, rubber hardness, thermal stability,
linear/radial/mass ablation resistance but the thermal conduction through the
ablator during the ablation testing was also elevated, an adverse effect of the
polymer blending regarding ablation performance of this ablative composite.
 The ablation, thermal and mechanical investigation of the synthetic fibers
reinforced NBR ablative composites demonstrates that at the peak reinforcing,
positive influence is scrutinized for chopped Kevlar fibers incorporated ablative
composite regarding peak backface temperature elevation, backface temperature
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evolution rate, and linear mass ablation resistance. Glass fiber/NBR composite has
the least % char yield in HOI and PF modes, maximum tensile strength, and rubber
hardness. The peak elongation at break is observed for Spectra fiber impregnated
NBR composite. The maximum thermal stability was observed for ceramic fiber
impregnated rubber composite. The best radial ablation resistance is offered by the
carbon fiber impregnated ablative composite.

Based on a systematic study of multiple reinforced elastomeric ablatives, it is
logical to conclude that system like SBR-14 and NBR-23 are best suited for applications
requiring low backface temperatures as a result of direct impingement of the ultrahigh
temperature flame e.g. combustion chambers of rocket motors. On the other hand, system
requiring resistance to shear with high temperature flow of hot gases, carbon fiber or fine
cork impregnated composites may offer a viable solution e.g. nozzle inlet region of rocket
motors and noze cones of reentry vehicles. The study also reveals that shear flow (using Rablator) is invariably accompanied by higher backface temperatures compared to the Pablator counterpart. Thus a layered assembly of the best R-ablators with a backing of the
best P-ablator is recommended in situations typically demanding resistance to shear
coupled with low backface temperatures. The designer can pick up the right kind of
combination of such graded composite assemblies for the situation at hand using the
consolidated ablation data presented in Table 1.
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TABLE 1: Itemized ablation, thermal, and mechanical characteristics chart of all the fabricated ablative composites with peak
reinforcement concentrations in the polymer matrices
Matrix

Filler

Max
Loadin
g

SR 14

b

EPDMR
14
c
SBR 14

d

NBR 14

NBR 23
NBR 33
NBR 43
NBR 53
NBR 63
NBR 73
NBR 83
NBR 93
NBR 103

e

MWCN
Ts
MWCNT
s
MWCNT
s
MWCNT
s
Kaolinite
f
NaMMT
Cork
Phenolic
Resin
Carbon
Fiber
Glass
Fiber
Kevlar49 Fiber
g
Spectra
Fiber
Ceramic
Fiber

PBT

i

PBTR

j

V Pl

k

V Pm

l

YP

m

V Rl

n

V Rm

o

YR

after
100Sec
o

TG at
700oC

q

TC

r

UTS

s

EB

Hardnes
s

1

73.4

0.122

0.0094

0.071

0.887

0.167

0.159

3.769

45.16

1

60.6

0.416

0.0409

0.276

16.76

0.125

3.653

71.06

0.38

6.9

360

66

1

44.3

0.393

0.0466

0.204

13.89

0.149

0.061
7
0.076

4.458

77.92

0.03

5.571

104.2

60

1

54.7

0.578

0.0021

0.142

8.328

0.159

2.802

67.97

0.08

7.443

109.8

61.4

30
30

31.1
33.2

0.252
0.296

0.0021
0.0023

0.014
0.212

80.06
10.33

0.091
0.169

0.051
6
0.006
0.094

1.194
4.765

61.98
66.04

0.06
0.12

8.439
2.967

269.4
137.2

47.5
52

10
30

38.8
44.6

0.368
0.437

0.0405
0.0122

0.376
0.145

21.33
7.306

0.091
0.142

0.038
0.081

2.192
4.847

66.44
61.89

0.01
0.07

3.582
5.061

139.1
141.1

87
74

6

29.8

0.161

0.0601

0.045

2.589

0.090

3.989

67.96

0.0015

4.758

22.21

57

6

50.2

0.241

0.0154

0.142

8.328

0.156

0.073
3
0.064

3.424

65.3

0.56

8.82

10.37

63.8

7

39

0.137

0.0041

0.143

8.328

0.191

5.452

67.61

0.0072

7.559

16.84

58

8

53.8

0.583

0.0256

0.651

10.42

0.187

0.101
6
0.091

4.724

66.21

0.048

7.925

128.5

68

8

31.7

0.522

0.0193

0.165

12.77

0.105

0.071

7.545

78.41

0.564

1.068

192.1

54.5

C

o

p

W/mo
C
0.45

wt%
a

h

C/s

mm/s

g/s

%

mm/s

g/s

%

%

MPa

%

Shore A

6.71

132.3
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a

SR: Silicone Rubber
b
EPDMR: Ethylene Propylene Diene Monomer Rubber
c
SBR: Styrene Butadiene Rubber
d
NBR: Acrylonitrile Butadine Rubber
e
MWCNTs: Multiwalled Carbon Nanotubes
f
Na-MMT: Sodium Montmorillonite clay
g
Spectra: Ultra-high molecular weight polyethylene
h
PBT: Peak Backface Temperature after 200s flame exposure
i
PBTR: Peak Backface Temperature Rate

j

V Pl : Linear Ablation Rate
V Pm : Linear Mass Ablation Rate
l
Y P : Linear Char Yield
m
V Rl : Linear Ablation Rate
n
V Rm : Linear Mass Ablation Rate
o
Y R : Linear Char Yield
p
TG: Thermogravimetric Weight Loss at 700 oC
q
UTS: Ultimate Tensile Strength
r
EB: Elongation at break
k
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17.1 Proposed Future Work
In future, we shall try to proceed this research project on the basis of the following steps to
enhance the ablation, thermal, interfacial, and mechanical properties of the ablative
composites.
 The mechanical properties of elastomeric composites are a sensitive function of the
strain rate that may influence the compliance of the ablation in practical use. It is
therefore recommended that favorable ablatives may be subjected to dynamic
mechanical thermal analysis to observe the effect of the tunable temperatures and
operating velocities on the shear modulus, storage modulus, loss modulus, creep
resistance, tensile strength, elongation at break, and elastic modulus.
 Interfacial study of the reinforcement–polymer matrix bonding to improve the filler
to matrix interaction for better dispersion, thermal and mechanical aspects.
 The range of thermoset matrices employed to fabricate the ablative composites
may be extended to include EPDM, HNBR, ladder silicone polymers, epoxies, etc
for a variety of filler combinations.
 Plasma torch ablation study of the polymeric ablator to scrutinize the effect of more
rigorous temperature environment than the oxy–acetylene flame on their ablation
performance.
 Differential scanning calorimetric study of the ablative composites to execute the
glass transition, crystallization, and melting temperatures with their corresponding
specific heats/enthalpies.
 Fabrication, ablation, thermal, and mechanical investigation of ceramic matrix
(alumina,

zirconia,

silica,

magnesium

calcium

aluminum

silicates,

silicon/aluminum carbides and nitrides, etc) composites.
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Designation: D 412 – 98a (Reapproved 2002)e1

Standard Test Methods for

Vulcanized Rubber and Thermoplastic Elastomers—
Tension1
This standard is issued under the fixed designation D 412; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.
This standard has been approved for use by agencies of the Department of Defense.

e1 NOTE—Section 9.2 was editorially updated in January 2003.

E 4 Practices for Force Verification of Testing Machines3
2.2 ASTM Adjunct:
Cut Ring Specimens, Method B (D 412)4
2.3 ISO Standards:
ISO 37 Rubber, Vulcanized and Thermoplastic Determination of Tensile Stress-Strain Properties5

1. Scope
1.1 These test methods cover procedures used to evaluate
the tensile (tension) properties of vulcanized thermoset rubbers
and thermoplastic elastomers. These methods are not applicable to ebonite and similar hard, low elongation materials.
The methods appear as follows:
Test Method A—Dumbbell and Straight Section Specimens
Test Method B—Cut Ring Specimens

3. Terminology
3.1 Definitions:
3.1.1 tensile set—the extension remaining after a specimen
has been stretched and allowed to retract in a specified manner,
expressed as a percentage of the original length. (D 1566)
3.1.2 tensile set-after-break—the tensile set measured by
fitting the two broken dumbbell pieces together at the point of
rupture.
3.1.3 tensile strength—the maximum tensile stress applied
in stretching a specimen to rupture. (D 1566)
3.1.4 tensile stress—a stress applied to stretch a test piece
(specimen). (D 1566)
3.1.5 tensile stress at-given-elongation—the stress required
to stretch the uniform cross section of a test specimen to a
given elongation. (D 1566)
3.1.6 thermoplastic elastomers—a diverse family of rubberlike materials that unlike conventional vulcanized rubbers can
be processed and recycled like thermoplastic materials.
3.1.7 ultimate elongation—the elongation at which rupture
occurs in the application of continued tensile stress.
3.1.8 yield point—that point on the stress-strain curve, short
of ultimate failure, where the rate of stress with respect to
strain, goes through a zero value and may become negative.
(D 1566)
3.1.9 yield strain—the level of strain at the yield point.
(D 1566)

NOTE 1—These two different methods do not produce identical results.

1.2 The values stated in either SI or non-SI units shall be
regarded separately as normative for this standard. The values
in each system may not be exact equivalents; therefore each
system must be used independently, without combining values.
1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appropriate safety and health practices and determine the applicability of regulatory limitations prior to use.
2. Referenced Documents
2.1 ASTM Standards:
D 1349 Practice for Rubber—Standard Temperatures for
Testing2
D 1566 Terminology Relating to Rubber2
D 3182 Practice for Rubber—Materials, Equipment and
Procedures for Mixing Standard Compounds and Preparing Standard Vulcanized Sheets2
D 3183 Practice for Rubber—Preparation of Pieces for Test
Purposes from Products2
D 3767 Practice for Rubber—Measurement of Dimensions2
D 4483 Practice for Determining Precision for Test Method
Standards in the Rubber and Carbon Black Industries2
1
These test methods are under the jurisdiction of ASTM Committee D11 on
Rubber and are the direct responsibility of Subcommittee D11.10 on Physical
Testing.
Current edition approved Dec. 10, 2002. Published January 2003. Originally
approved in 1935. Last previous edition approved in 1998 as D 412 – 98a.
2
Annual Book of ASTM Standards, Vol 09.01.

3

Annual Book of ASTM Standards, Vol 03.01.
Detailed drawings are available from ASTM Headquarters, 100 Barr Harbor
Drive, Conshohocken, PA 19428. Order Adjunct No. ADJD0412.
5
Available from American National Standards Institute (ANSI), 25 W. 43rd St.,
4th Floor, New York, NY 10036.
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applied force is measured with the requisite accuracy during
the extension of the specimen to rupture. If the testing machine
is not equipped with a recorder, a device shall be provided that
indicates, after rupture, the maximum force applied during
extension. Testing machine systems shall be capable of measuring elongation of the test specimen in minimum increments
of 10 %.

3.1.10 yield stress—the level of stress at the yield point.
(D 1566)
4. Summary of Test Method
4.1 The determination of tensile properties starts with test
pieces taken from the sample material and includes the
preparation of the specimens and the testing of the specimens.
Specimens may be in the shape of dumbbells, rings or straight
pieces of uniform cross-sectional area.
4.2 Measurements for tensile stress, tensile stress at a given
elongation, tensile strength, yield point, and ultimate elongation are made on specimens that have not been prestressed.
Tensile stress, yield point, and tensile strength are based on the
original cross-sectional area of a uniform cross-section of the
specimen.
4.3 Measurement of tensile set is made after a previously
unstressed specimen has been extended and allowed to retract
by a prescribed procedure. Measurement of “set after break” is
also described.

NOTE 2—A rate of elongation of 1000 6 100 mm/min (40 6 4 in./min)
may be used and notation of the speed made in the report. In case of
dispute, the test shall be repeated and the rate of elongation shall be at 500
6 50 mm/min (20 6 2 in./min).

6.2 Test Chamber for Elevated and Low Temperatures—The
test chamber shall conform with the following requirements:
6.2.1 Air shall be circulated through the chamber at a
velocity of 1 to 2 m/s (3.3 to 6.6 ft/s) at the location of the grips
or spindles and specimens maintained within 2°C (3.6°F) of the
specified temperature.
6.2.2 A calibrated sensing device shall be located near the
grips or spindles for measuring the actual temperature.
6.2.3 The chamber shall be vented to an exhaust system or
to the outside atmosphere to remove fumes liberated at high
temperatures.
6.2.4 Provisions shall be made for suspending specimens
vertically near the grips or spindles for conditioning prior to
test. The specimens shall not touch each other or the sides of
the chamber except for momentary contact when agitated by
the circulating air.
6.2.5 Fast acting grips suitable for manipulation at high or
low temperatures may be provided to permit placing dumbbells
or straight specimens in the grips in the shortest time possible
to minimize any change in temperature of the chamber.
6.2.6 The dynamometer shall be suitable for use at the
temperature of test or it shall be thermally insulated from the
chamber.
6.2.7 Provision shall be made for measuring the elongation
of specimens in the chamber. If a scale is used to measure the
extension between the bench-marks, the scale shall be located
parallel and close to the grip path during specimen extension
and shall be controlled from outside the chamber.
6.3 Dial Micrometer—The dial micrometer shall conform to
the requirements of Practice D 3767 (Method A). For ring
specimens, see 14.10 of these test methods.
6.4 Apparatus for Tensile Set Test—The testing machine
described in 6.1 or an apparatus similar to that shown in Fig. 1
may be used. A stop watch or other suitable timing device
measuring in minute intervals for at least 30 min, shall be
provided. A scale or other device shall be provided for
measuring tensile set to within 1 %.

5. Significance and Use
5.1 All materials and products covered by these test methods must withstand tensile forces for adequate performance in
certain applications. These test methods allow for the measurement of such tensile properties. However, tensile properties
alone may not directly relate to the total end use performance
of the product because of the wide range of potential performance requirements in actual use.
5.2 Tensile properties depend both on the material and the
conditions of test (extension rate, temperature, humidity, specimen geometry, pretest conditioning, etc.); therefore materials
should be compared only when tested under the same conditions.
5.3 Temperature and rate of extension may have substantial
effects on tensile properties and therefore should be controlled.
These effects will vary depending on the type of material being
tested.
5.4 Tensile set represents residual deformation which is
partly permanent and partly recoverable after stretching and
retraction. For this reason, the periods of extension and
recovery (and other conditions of test) must be controlled to
obtain comparable results.
6. Apparatus
6.1 Testing Machine—Tension tests shall be made on a
power driven machine equipped to produce a uniform rate of
grip separation of 500 6 50 mm/min (20 6 2 in./min) for a
distance of at least 750 mm (30 in.) (see Note 1). The testing
machine shall have both a suitable dynamometer and an
indicating or recording system for measuring the applied force
within 62 %. If the capacity range cannot be changed for a test
(as in the case of pendulum dynamometers) the applied force at
break shall be measured within 62 % of the full scale value,
and the smallest tensile force measured shall be accurate to
within 10 %. If the dynamometer is of the compensating type
for measuring tensile stress directly, means shall be provided to
adjust for the cross-sectional area of the specimen. The
response of the recorder shall be sufficiently rapid that the

7. Selection of Test Specimens
7.1 Consider the following information in making selections:
7.1.1 Since anisotropy or grain directionality due to flow
introduced during processing and preparation may have an
influence on tensile properties, dumbbell or straight specimens
should be cut so the lengthwise direction of the specimen is
2

D 412 – 98a (2002)e1

FIG. 1 Apparatus for Tensile Set Test

parallel to the grain direction when this direction is known.
Ring specimens normally give an average of with and across
the grain properties.
7.1.2 Unless otherwise noted, thermoplastic rubber or thermoplastic elastomer specimens, or both, are to be cut from
injection molded sheets or plaques with a thickness of 3.0 6
0.3 mm. Specimens of other thickness will not necessarily give
comparable results. Specimens are to be tested in directions
both parallel and perpendicular to the direction of flow in the
mold. Sheet or plaque dimensions must be sufficient to do this.
7.1.3 Ring specimens enable elongations to be measured by
grip separation, but the elongation across the radial width of
the ring specimens is not uniform. To minimize this effect the
width of the ring specimens must be small compared to the
diameter.

7.1.4 Straight specimens tend to break in the grips if normal
extension-to-break testing is conducted and should be used
only when it is not feasible to prepare another type of
specimen. For obtaining non-rupture stress-strain or material
modulus properties, straight specimens are quite useful.
7.1.5 The size of specimen type used will be determined by
the material, test equipment and the sample or piece available
for test. A longer specimen may be used for rubbers having low
ultimate elongation to improve precision of elongation measurement.
8. Calibration of the Testing Machine
8.1 Calibrate the testing machine in accordance with Procedure A of Practice E 4. If the dynamometer is of the strain-gage
type, calibrate the tester at one or more forces in addition to the
3
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TEST METHOD A—DUMBBELL AND STRAIGHT
SPECIMENS

requirements in Sections 7 and 18 of Practice E 4. Testers
having pendulum dynamometers may be calibrated as follows:
8.1.1 Place one end of a dumbbell specimen in the upper
grip of the testing machine.
8.1.2 Remove the lower grip from the machine and attach it,
by means of the gripping mechanism to the dumbbell specimen
in the upper grip.
8.1.3 Attach a hook to the lower end of the lower specimen
grip mechanism.
8.1.4 Suspend a known mass from the hook of the lower
specimen grip mechanism in such a way as to permit the mass
assembly to temporarily rest on the lower testing machine grip
framework or holder (see Note 2).
8.1.5 Start the grip separation motor or mechanism, as in
normal testing, and allow it to run until the mass is freely
suspended by the specimen in the upper grip.
8.1.6 If the dial or scale does not indicate the force applied
(or its equivalent in stress for a compensating type tester)
within specified tolerance, thoroughly inspect the testing machine for malfunction (for example, excess friction in bearings
and other moving parts). Ensure that the mass of the lower grip
mechanism and the hook are included as part of the known
mass.
8.1.7 After machine friction or other malfunction has been
removed, recalibrate the testing machine at a minimum of three
points using known masses to produce forces of approximately
10, 20 and 50 % of capacity. If pawls or rachets are used during
routine testing, use them for calibration. Check for friction in
the head by calibrating with the pawls up.

10. Apparatus
10.1 Die—The shape and dimensions of the die for preparing dumbbell specimens shall conform with those shown in
Fig. 2. The inside faces in the reduced section shall be
perpendicular to the plane formed by the cutting edges and
polished for a distance of at least 5 mm (0.2 in.) from the
cutting edge. The die shall at all times be sharp and free of
nicks (see 9.2).
NOTE 4—The condition of the die may be determined by investigating
the rupture point on any series of broken (ruptured) specimens. Remove
such specimens from the grips of the testing machine, stack the joinedtogether specimens on top of each other, and note if there is any tendency
for tensile breaks to occur at the same position on each of the specimens.
Rupture consistently at the same place indicates that the die may be dull,
nicked, or bent at that location.

NOTE 3—It is advisable to provide a means for preventing the known
mass from falling to the floor in case the dumbbell should break.

10.2 Bench Marker—The two marks placed on the specimen and used to measure elongation or strain are called “bench
marks” (see Note 4). The bench marker shall consist of a base
plate containing two raised parallel projections. The surfaces of
the raised projections (parallel to the plane of the base plate)
are ground smooth in the same plane. The raised projection
marking surfaces shall be between 0.05 and 0.08 mm (0.002
and 0.003 in.) wide and at least 15 mm (0.6 in.) long. The
angles between the parallel marking surfaces and the sides of
the projections shall be at least 75°. The distance between the
centers of the two parallel projections or marking surfaces shall
be within 1 % of the required or target bench mark distance. A
handle attached to the back or top of the bench marker base
plate is normally a part of the bench marker.

8.2 A rapid approximate calibration of the testing machine
may be obtained by using a spring calibration device.

NOTE 5—If a contact extensometer is used to measure elongation,
bench marks are not necessary.

10.3 Ink Applicator—A flat unyielding surface (hardwood,
metal, or plastic) shall be used to apply either ink or powder to
the bench marker. The ink or powder shall adhere to the
specimen, have no deteriorating effect on the specimen and be
of contrasting color to that of the specimen.
10.4 Grips—The testing machine shall have two grips, one
of which shall be connected to the dynamometer.
10.4.1 Grips for testing dumbbell specimens shall tighten
automatically and exert a uniform pressure across the gripping
surfaces, increasing as the tension increases in order to prevent
slippage and to favor failure of the specimen in the straight
reduced section. Constant pressure pneumatic type grips also
are satisfactory. At the end of each grip a positioning device is
recommended for inserting specimens to the same depth in the
grip and for alignment with the direction of pull.
10.4.2 Grips for testing straight specimens shall be constant
pressure pneumatic, wedged, or toggle type designed to transmit the applied gripping force over the entire width of the
gripped specimen.

9. Test Temperature
9.1 Unless otherwise specified, the standard temperature for
testing shall be 23 6 2°C (73.4 6 3.6°F). Specimens shall be
conditioned for at least 3 h when the test temperature is 23°C
(73.4°F). If the material is affected by moisture, maintain the
relative humidity at 50 6 5 % and condition the specimens for
at least 24 h prior to testing. When testing at any other
temperature is required use one of the temperatures listed in
Practice D 1349.
9.2 For testing at temperatures above 23°C (73.4°F) preheat
specimens for 10 6 2 min for Method A and for 6 6 2 min for
Method B (see Note 3). Place each specimen in the test
chamber at intervals ahead of testing so that all specimens of a
series will be in the chamber the same length of time. The
preheat time at elevated temperatures must be limited to avoid
additional vulcanization or thermal aging. (Warning—In addition to other precautions, suitable heat or cold resistant
gloves should be worn for arm and hand protection when
testing at other than 23°C (73.4°F). A mask for the face is very
desirable for high temperature testing to prevent the inhalation
of toxic fumes when the door of the chamber is open.)
9.3 For testing at temperatures below 23°C (73.4°F) condition the specimens at least 10 min prior to testing.

11. Specimens
11.1 Dumbbell Specimens—Whenever possible, the test
specimens shall be injection molded or cut from a flat sheet not
less than 1.3 mm (0.05 in.) nor more than 3.3 mm (0.13 in.)
4
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FIG. 2 Standard Dies for Cutting Dumbbell Specimens

11.1.1 Marking Dumbbell Specimens—Dumbbell specimens shall be marked with the bench marker described in 10.2,
with no tension on the specimens at the time of marking. Marks
shall be placed on the reduced section, equidistant from its
center and perpendicular to the longitudinal axis. The between
bench mark distance shall be as follows: for Die C or Die D of
Fig. 2, 25.00 6 0.25 mm (1.00 6 0.01 in.); for any other Die
of Fig. 2, 50.006 0.5 mm (2.00 6 0.02 in.).
11.1.2 Measuring Thickness of Dumbbell Specimens—
Three measurements shall be made for the thickness, one at the
center and one at each end of the reduced section. The median
of the three measurements shall be used as the thickness in
calculating the cross sectional area. Specimens with a difference between the maximum and the minimum thickness

thick and of a size which will permit cutting a specimen by one
of the standard methods (see Practice D 3182). Sheets may be
prepared directly by processing or from finished articles by
cutting and buffing. If obtained from a manufactured article,
the specimen shall be free of surface roughness, fabric layers,
etc. in accordance with the procedure described in Practice
D 3183. All specimens shall be cut so that the lengthwise
portion of the specimens is parallel to the grain unless
otherwise specified. In the case of sheets prepared in accordance with Practice D 3182, the specimen shall be 2.0 6 0.2
mm (0.08 6 0.008 in.) thick died out in the direction of the
grain. Use Die C, Fig. 2 (unless otherwise noted) to cut the
specimens from the sheet with a single impact stroke (hand or
machine) to ensure smooth cut surfaces.
5
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Dimensions of Standard Dumbbell DiesA (Metric Units)
Dimension
A
B
C
D
D-E
F
G
H
L
W
Z

Units

Tolerance

Die A

Die B

Die C

Die D

Die E

Die F

mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm

61
max
min
66B
61
62
61
62
62
60.05, –0.00
61

25
40
140
32
13
38
14
25
59
12
13

25
40
140
32
13
38
14
25
59
6
13

25
40
115
32
13
19
14
25
33
6
13

16
30
100
32
13
19
14
16
33
3
13

16
30
125
32
13
38
14
16
59
3
13

16
30
125
32
13
38
14
16
59
6
13

A
Dies whose dimensions are expressed in metric units are not exactly the same as dies whose dimensions are expressed in U.S. customary units. Dies dimensioned
in metric units are intended for use with apparatus calibrated in metric units.
B
For dies used in clicking machines it is preferable that this tolerance be 60.5 mm.

FIG. 2 a (continued)
Dimensions of Standard Dumbbell DiesA (U.S. Customary Units)
Dimension
A
B
C
D
D-E
F
G
H
L
W
Z
A
B

Units

Tolerance

Die A

Die B

Die C

Die D

Die E

Die F

in.
in.
in.
in.
in.
in.
in.
in.
in.
in.
in.

60.04
max
min
60.25B
60.04
60.08
60.04
60.08
60.08
60.002, –0.000
60.04

1
1.6
5.5
1.25
0.5
1.5
0.56
1
2.32
0.500
0.5

1
1.6
5.5
1.25
0.5
1.5
0.56
1
2.32
0.250
0.5

1
1.6
4.5
1.25
0.5
0.75
0.56
1
1.31
0.250
0.5

0.62
1.2
4
1.25
0.5
0.75
0.56
0.63
1.31
0.125
0.5

0.62
1.2
5
1.25
0.5
1.5
0.56
0.63
2.32
0.125
0.5

0.62
1.2
5
1.25
0.5
1.5
0.56
0.63
2.32
0.250
0.5

Dies whose dimensions are expressed in metric units are not exactly the same as dies whose dimensions are expressed in U.S. customary units.
For dies used in clicking machines it is preferable that this tolerance by 60.02 in.

FIG. 2 b (continued)

section. This avoids complications that prevent the maximum
strength of the material from being evaluated. Unless otherwise
specified, the rate of grip separation shall be 500 6 50 mm/min
(20 6 2 in./min) (see Note 6). Start the machine and note the
distance between the bench marks, taking care to avoid
parallax. Record the force at the elongation(s) specified for the
test and at the time of rupture. The elongation measurement is
made preferably through the use of an extensometer, an
autographic mechanism or a spark mechanism. At rupture,
measure and record the elongation to the nearest 10 %. See
Section 13 for calculations.

exceeding 0.08 mm (0.003 in.), shall be discarded. The width
of the specimen shall be taken as the distance between the
cutting edges of the die in the restricted section.
11.2 Straight Specimens—Straight specimens may be prepared if it is not practical to cut either a dumbbell or a ring
specimen as in the case of a narrow strip, small tubing or
narrow electrical insulation material. These specimens shall be
of sufficient length to permit their insertion in the grips used for
the test. Bench marks shall be placed on the specimens as
described for dumbbell specimens in 11.1.1. To determine the
cross sectional area of straight specimens in the form of tubes,
the mass, length, and density of the specimen may be required.
The cross sectional area shall be calculated from these measurements as follows:
A 5 M/DL

NOTE 7—For materials having a yield point (yield strain) under 20 %
elongation when tested at 500 6 50 mm/min (20 6 2 in./min), the rate of
elongation shall be reduced to 50 6 5 mm/min (2.0 6 0.2 in./min). If the
material still has a yield point (strain) under 20 % elongation, the rate shall
be reduced to 5 6 0.5 mm/min (0.2 6 0.002 in./min). The actual rate of
separation shall be reported.

(1)

where:
A = cross-sectional area, cm2,
M = mass, g,
D = density, g/cm3, and
L = length, cm.

12.2 Determination of Tensile Set—Place the specimen in
the grips of the testing machine described in 6.1 or the
apparatus shown in Fig. 1, and adjust symmetrically so as to
distribute the tension uniformly over the cross section. Separate the grips at a rate of speed as uniformly as possible, that
requires 15 s to reach the specified elongation. Hold the
specimen at the specified elongation for 10 min, release
quickly without allowing it to snap back and allow the
specimen to rest for 10 min. At the end of the 10 min rest
period, measure the distance between the bench marks to the

NOTE 6—A in square inches = A (cm2) 3 0.155.

12. Procedure
12.1 Determination of Tensile Stress, Tensile Strength and
Yield Point—Place the dumbbell or straight specimen in the
grips of the testing machine, using care to adjust the specimen
symmetrically to distribute tension uniformly over the cross
6
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13.8 Test Result—A test result is the median of three
individual test measurement values for any of the measured
properties as described above, for routine testing. There are
two exceptions to this and for these exceptions a total of five
specimens (measurements) shall be tested and the test result
reported as the median of five.
13.8.1 Exception 1—If one or two of the three measured
values do not meet specified requirement values when testing
for compliance with specifications.
13.8.2 Exception 2—If referee tests are being conducted.

nearest 1 % of the original between bench mark distance. Use
a stop watch for the timing operations. See Section 13 for
calculations.
12.3 Determination of Set-After-Break—Ten minutes after a
specimen is broken in a normal tensile strength test, carefully
fit the two pieces together so that they are in good contact over
the full area of the break. Measure the distance between the
bench marks. See Section 13 for calculations.
13. Calculation
13.1 Calculate the tensile stress at any specified elongation
as follows:

TEST METHOD B—CUT RING SPECIMENS

T~xxx! 5 F~xxx!/A

14. Apparatus
14.1 Cutter—A typical ring cutter assembly is illustrated in
Fig. 3. This is used for cutting rings from flat sheets by
mounting the upper shaft portion of the cutter in a rotating
housing that can be lowered onto a sheet held by the rubber
holding plate as shown in Fig. 4.
14.1.1 Blade Depth Gage—This gage consists of a cylindrical disk having a thickness of at least 0.5 mm (0.02 in.)
greater than the thickness of the rubber to be cut and a diameter
less than the inside diameter of the specimen used for adjusting
the protrusion of the blades from the body of the cutter. See
Fig. 3.
14.2 Rubber Holding Plate—The apparatus for holding the
sheet during cutting shall have plane parallel upper and lower
surfaces and shall be a rigid polymeric material (hard rubber,
polyurethane, polymethylmethacrylate) with holes approximately 1.5 mm (0.06 in.) in diameter spaced 6 or 7 mm (0.24
or 0.32 in.) apart across the central region of the plate. All the
holes shall connect to a central internal cavity which can be
maintained at a reduced pressure for holding the sheet in place
due to atmospheric pressure. Fig. 4 illustrates the design of an
apparatus for holding standard sheets (approximately 1503
150 3 2 mm) during cutting.
14.3 Source of Reduced Pressure—Any device such as a
vacuum pump that can maintain an absolute pressure below 10
kPa (0.1 atm) in the holding plate central cavity.
14.4 Soap Solution—A mild soap solution shall be used on
the specimen sheet to lubricate the cutting blades.
14.5 Cutter Rotator—A precision drill press or other suitable machine capable of rotating the cutter at an angular speed
of at least 30 rad/s (approximately 300 r/min) during cutting
shall be used. The cutter rotator device shall be mounted on a
horizontal base and have a vertical support orientation for the
shaft that rotates the spindle and cutter. The run-out of the
rotating spindle shall not exceed 0.01 mm (0.004 in.).
14.6 Indexing Table—A milling table or other device with
typical x-y motions shall be provided for positioning the sheet
and holder with respect to the spindle of the cutter rotating
device.
14.7 Tensile Testing Machine—A machine as specified in
6.1 shall be provided.
14.8 Test Fixture—A test fixture as shown in Fig. 5 shall be
provided for testing the ring specimens. The testing machine
shall be calibrated as outlined in Section 8.
14.9 Test Chamber—A chamber for testing at high and low
temperatures shall be provided as specified in 6.2.

(2)

where:
T(xxx) = tensile stress at (xxx) % elongation, MPa (lbf/
in.2),
F(xxx) = force at specified elongation, MN or (lbf), and
A
= cross-sectional area of unstrained specimen, m2
(in.2).
13.2 Calculate the yield stress as follows:
Y~stress! 5 F~y!/A

(3)

where:
Y(stress)

= yield stress, that stress level where the yield
point occurs, MPa (lbf/in.2),
= magnitude of force at the yield point, MN (lbf),
F(y)
and
A
= cross-sectional area of unstrained specimen, m2
(in.2).
13.3 Evaluate the yield strain as that strain or elongation
magnitude, where the rate of change of stress with respect to
strain, goes through a zero value.
13.4 Calculate the tensile strength as follows:
TS 5 F~BE!/A

(4)

where:
TS
= tensile strength, the stress at rupture, MPa (lbf/
in.2),
F(BE) = the force magnitude at rupture, MN (lbf), and
A
= cross-sectional area of unstrained specimen, m2
(in.2).
13.5 Calculate the elongation (at any degree of extension) as
follows:
E 5 100@L – L~o!#/L~o!

(5)

where:
E
= the elongation in percent (of original bench mark
distance),
L
= observed distance between bench marks on the
extended specimen, and
L(o) = original distance between bench marks (use same
units for L and L(o)).
13.6 The breaking or ultimate elongation is evaluated when
L is equal to the distance between bench marks at the point of
specimen rupture.
13.7 Calculate the tensile set, by using Eq 5, where L is
equal to the distance between bench marks after the 10 min
retraction period.
7
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NOTE 1—Dimension C to be 2 mm (0.08 in.) less than the inside diameter of the ring.
FIG. 3 Typical Ring Cutter Assembly

14.9.1 The fixtures specified in 14.8 are satisfactory for
testing at other than room temperature. However at extreme
temperatures, a suitable lubricant shall be used to lubricate the
spindle bearings.
14.9.2 The dynamometer shall be suitable for use at the
temperature of test or thermally insulated from the chamber.
14.10 Dial Micrometer—A dial micrometer shall be provided that conforms to the requirements of Practice D 3767.
14.10.1 The base of the micrometer used to measure the
radial width shall consist of an upper cylindrical surface (with
its axis oriented in a horizontal direction) at least 12 mm (0.5
in.) long and 15.56 0.5 mm (0.61 6 0.02 in.) in diameter. To
accommodate small diameter rings that approach the 15.5 mm
(0.61 in.) diameter of the base and to avoid any ring extension
in placing the ring on the base, the bottom half of the
cylindrical surface may be truncated at the cylinder centerline,
that is, a half cylinder shape. This permits placing small rings
on the upper cylindrical surface without interference fit problems. Curved feet on the end of the dial micrometer shaft to fit
the curvature of the ring(s), may be used.

15. Ring Specimen
15.1 ASTM Cut Rings—Two types of cut ring specimens
may be used. Unless otherwise specified, the Type 1 ring
specimen shall be used.
15.1.1 Ring Dimensions:
mm
Type 1
Circumference (inside)
Diameter (inside)
Radial width
Thickness, minimum
maximum
Type 2
Circumference mean
Diameter (inside)
Radial width
Thickness, minimum
maximum

in.

50.0 6 0.01
15.92 6 0.003
1.0 6 0.01
1.0
3.3

2.0 6 0.004
0.637 6 0.001
0.040 6 0.0004
0.040
0.13

100.0 6 0.2
29.8 6 0.06
2.0 6 0.02
1.0
3.3

4.0 6 0.0004
1.19 6 0.0001
0.08 6 0.0008
0.04
0.13

15.2 ISO Cut Rings—The normal size and the small size
ring specimens in ISO 37 have the following dimensions given
in mm. See ISO 37 for specific testing procedures for these
rings.
8
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Dimension

mm

in.

Dimension

mm

in.

A
B
C
D
E

178
152
89
229
6

7.0
6.0
3.5
9.0
0.25

F
G
H

19
23
1.5

0.75
0.90
0.062

FIG. 4 Rubber Holding Plate

FIG. 5 Assembly, Ring Tensile Test Fixture

Diameter, inside
Diameter, outside
Thickness

Normal
44.6 6 0.2 mm
52.6 6 0.2 mm
4.0 6 0.2 mm

blade depth gage. Place the cutter in the drill press and adjust
the spindle or table so that the bottom of the blade holder is
about 13 mm (0.5 in.) above the surface of the holding plate.
Set the stop on the vertical travel of the spindle so that the tips
of the cutting blades just penetrate the surface of the plate.
Place the sheet on the holding plate and reduce the pressure in
the cavity to 10 kPa (0.1 atm) or less. Lubricate the sheet with
mild soap solution. Lower the cutter at a steady rate until it

Small
8.0 6 0.1 mm
10.0 6 0.1 mm
1.0 6 0.1 mm

15.3 Rings Cut from Tubing—The dimensions of the ring
specimen(s) depend on the diameter and wall thickness of the
tubing and should be specified in the product specification.
15.4 Preparation of Cut Ring Specimens—Place the blades
in the slots of the cutter and adjust the blade depth using the

9
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temperature. For below room temperature tests cool the specimens at the test temperature for at least 10 min prior to test.
Use test temperatures prescribed in Practice D 1349. Place
each specimen in the test chamber at intervals such that the
recommendations of 9.2 are followed.

reaches the stop. Be sure that the blade holder does not contact
the sheet. If necessary, readjust the blade depth. Return the
spindle to its original position and repeat the operation on
another sheet.
15.5 Preparation of Ring Specimens from Tubing—Place
the tubing on a mandrel preferably slightly larger than the inner
diameter of the tubing. Rotate the mandrel and tubing in a
lathe. Cut ring specimens to the desired axial length by means
of a knife or razor blade held in the tool post of the lathe. Lay
thin wall tubing flat and cut ring specimens with a die or
cutting mechanism having two parallel blades.
15.6 Ring Dimension Measurements:
15.6.1 Circumference—The inside circumference can be
determined by a stepped cone or by “go-no go” gages. Do not
use any stress in excess of that needed to overcome any
ellipticity of the ring specimen. The mean circumference is
obtained by adding to the value for the inside circumference,
the product of the radial width and p (3.14).
15.6.2 Radial Width—The radial width is measured at three
locations distributed around the circumference using the micrometer described in 14.10.
15.6.3 Thickness—For cut rings, the thickness of the disk
cut from the inside of the ring is measured with a micrometer
described in Practice D 3767.
15.6.4 Cross-Sectional Area—The cross-sectional area is
calculated from the median of three measurements of radial
width and thickness. For thin wall tubing, the area is calculated
from the axial length of the cut section and wall thickness.

17. Calculation
17.1 Stress-strain properties for ring specimens are in general calculated in the same manner as for dumbbell and straight
specimens with one important exception. Extending a ring
specimen generates a nonuniform stress (or strain) field across
the width (as viewed from left to right) of each leg of the ring.
The initial inside dimension (circumference) is less than the
outside dimension (circumference), therefore for any extension
of the grips, the inside strain (or stress) is greater than the
outside strain (or stress) because of the differences in the initial
(unstrained) dimensions.
17.2 The following options are used to calculate stress at a
specified elongation (strain) and breaking or ultimate elongation.
17.2.1 Stress at a Specified Elongation—The mean circumference of the ring is used for determining the elongation. The
rationale for this choice is that the mean circumference best
represents the average strain in each leg of the ring.
17.2.2 Ultimate (Breaking) Elongation—This is calculated
on the basis of the inside circumference since this represents
the maximum strain (stress) in each leg of the ring. This
location is the most probable site for the initiation of the
rupture process that occurs at break.
17.3 Calculate the tensile stress at any specified elongation
by using Eq 2 in 13.1.
17.3.1 The elongation to be used to evaluate the force as
specified in Eq 2 (13.1), is calculated as follows:

16. Procedure
16.1 Determination of Tensile Stress, Tensile Strength,
Breaking (Ultimate) Elongation and Yield Point—In testing
ring specimens, lubricate the surface of the spindle with a
suitable lubricant, such a mineral oil or silicone oil. Select one
with documented assurance that it does not interact or affect the
material being tested. The initial setting of the distance
between the spindle centers may be calculated and adjusted
according to the following equation:
IS 5 @C~TS! – C~SP!#/2

E 5 200@L/MC~TS!#

(7)

where:
E
L

= elongation (specified), percent,
= increase in grip separation at specified elongation, mm (in.), and
MC(TS) = mean circumference of test specimen, mm (in.).
17.3.2 The grip separation for any specified elongation can
be found by rearranging Eq 7, as given below:

(6)

where:
IS
= initial separation of spindle centers, mm (in.),
C(TS) = circumference of test specimen, inside circumference for Type 1 rings, mean circumference for
Type 2 rings, mm (in.), and
C(SP) = circumference of either (one) spindle, mm (in.).
Unless otherwise specified the rate of spindle separation
shall be 500 6 50 mm/min (20 6 2 in./min) (see Notes 6 and
7). Start the test machine and record the force and corresponding distance between the spindles. At rupture, measure and
record the ultimate (breaking) elongation and the tensile (force)
strength. See Section 17 for calculations.

L 5 E 3 MC~TS!/200

(8)

17.4 Calculate the yield stress by using Eq 3 in 13.2.
17.5 Evaluate the yield strain as given in 13.3. Since yield
strain may be considered to be an average bulk property of any
material, use the mean circumference for this evaluation.
17.6 Calculate the tensile strength by using Eq 4 in 13.4.
17.7 Calculate the breaking or ultimate elongation as follows (see Notes 8 and 9):
E 5 200/@L/IC~TS!#

NOTE 8—When using the small ISO ring, the rate of spindle separation
shall be 100 6 10 mm/min (4 6 0.4 in./min).

(9)

where:
E
= breaking or ultimate elongation, percent,
L
= increase in grip separation at break, mm (in.), and
IC(TS) = inside circumference of ring test specimen, mm
(in.).

16.2 Tests at Temperatures Other than Standard—Use the
test chamber described in 6.2 and observe the precautionary
statement in Note 2. For tests at temperatures above 23°C
(73.4°F), preheat the specimens 6 6 2 min at the test
10
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tested on each of two days one week apart as in the main
program. The main program results are referred to as “Test
Only” and the secondary program results are referred to as
“Cure and Test.”
19.3.4 The results of the precision calculations for repeatability and reproducibility are given in Tables 1 and 2, in
ascending order of material average or level, for each of the
materials evaluated and for each of the three properties
evaluated.
19.3.5 The precision of this test method may be expressed in
the format of the following statements that use what is called
an “appropriate value” of r, R, (r), or (R), that is, that value to
be used in decisions about test results (obtained with the test
method). The appropriate value is that value of r or R
associated with a mean level in Tables 1-4 closest to the mean
level under consideration at any given time, for any given
material in routine testing operations.
19.3.6 Repeatability—The repeatability, r, of this test
method has been established as the appropriate value tabulated
in Tables 1 and 2. Two single test results, obtained under
normal test method procedures, that differ by more than this
tabulated r (for any given level) must be considered as derived
from different or nonidentical sample populations.
19.3.7 Reproducibility—The reproducibility, R, of this test
method has been established as the appropriate value tabulated
in Tables 1 and 2. Two single test results obtained in two
different laboratories, under normal test method procedures,
that differ by more than the tabulated R (for any given level)
must be considered to have come from different or nonidentical
sample populations.
19.3.8 Repeatability and reproducibility expressed as a
percentage of the mean level, (r) and (R), have equivalent
application statements as above for r and R. For the (r) and (R)
statements, the difference in the two single test results is
expressed as a percentage of the arithmetic mean of the two test
results.
19.3.9 Bias—In test method terminology, bias is the difference between an average test value and the reference (or true)
test property value. Reference values do not exist for this test
method since the value (of the test property) is exclusively
defined by the test method. Bias, therefore, cannot be determined.
19.4 Test Method B (Rings):
19.4.1 A Type 1 precision was evaluated in 1985. Both
repeatability and reproducibility are short term, a period of a
few days separates replicate test results. A test result is the
mean value, as specified by this test method, obtained on three
determinations or measurements of the property or parameter
in question.
19.4.2 Six different materials were used in the interlaboratory program, these were tested in four laboratories on two
different days.
19.4.3 The results of the precision calculations for repeatability and reproducibility are given in Tables 3 and 4, in
ascending order of material average or level, for each of the
materials evaluated.

17.8 The inside circumference is used for both types of
rings, see 15.1.1 for dimensions. Use the inside diameter to
calculate the inside circumference for Type 2 rings.
NOTE 9—Eq 8, Eq 9, and 10 are applicable only if the initial setting of
the spindle centers is adjusted in accordance with Eq 7.
NOTE 10—The user of these test method should be aware that because
of the different dimensions used in calculating (1) stress at a specified
elongation (less than the ultimate elongation) and (2) the ultimate
(breaking) elongation (see 20.1 and 20.2), it is possible that a stress at a
specified elongation, slightly less (4 to 5 %) than the ultimate elongation
cannot be measured (calculated).

18. Report
18.1 Report the following information:
18.1.1 Results calculated in accordance with Section 13 or
17, whichever is applicable,
18.1.2 Type or description of test specimen and with Section
13 which type of die, either U.S. Customary Units or Metric
Units, was used.
18.1.3 Date of test,
18.1.4 Rate of extension if not as specified,
18.1.5 Temperature and humidity of test room if not as
specified,
18.1.6 Temperature of test if at other than 23 6 2°C (73.4 6
3.6°F) and
18.1.7 Date of vulcanization, preparation of the rubber, or
both, if known.
19. Precision and Bias
19.1 This precision and bias section has been prepared in
accordance with Practice D 4483. Refer to Practice D 4483 for
terminology and other statistical details.
19.2 The precision results in this precision and bias section
give an estimate of the precision of these test methods with the
materials used in the particular interlaboratory program as
described below. The precision parameters should not be used
for acceptance/rejection testing of any group of materials
without documentation that the parameters are applicable to
those particular materials and the specific testing protocols that
include these test methods.
19.3 Test Method A (Dumbbells):
19.3.1 For the main interlaboratory program a Type 1
precision was evaluated in 1986. Both repeatability and reproducibility are short term, a period of a few days separates
replicate test results. A test result is the median value, as
specified by this test method, obtained on three determination(s) or measurement(s) of the property or parameter in
question.
19.3.2 Three different materials were used in this interlaboratory program, these were tested in ten laboratories on two
different days.
19.3.3 For the main interlaboratory program cured sheets of
each of the three compounds were circulated to each laboratory
and stress-strain (dumbbell) specimens were cut, gaged, and
tested. A secondary interlaboratory test was conducted for one
of the compounds (R19160). For this testing, uncured compound was circulated and sheets were cured at a specified time
and temperature (10 min at 157°C) in each laboratory. From
these individually cured sheets, test specimens were cut and
11
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TABLE 1 Type 1 (Test Only) Precision on Method A Die C Dumbbell Test Specimens
NOTE:
Sr =
r
=
(r) =
SR =
R
=
(R) =

repeatability standard deviation.
repeatability = 2.83 times the square root of the repeatability variance.
repeatability (as percentage of material average).
reproducibility standard deviation.
reproducibility = 2.83 times the square root of the reproducibility variance.
reproducibility (as percentage of material average).

Part 1 Tensile Strength, MPa:
Material

Average

1. N18081
3. E17074
2. R19160
Pooled ValuesA

9.88
15.38
25.70
16.99

Part 2 Percent Elongation:
Material

Average

3. E17074
2. R19160
1. N18081
Pooled ValuesA

156.3
510.4
591.6
419.4

Within Laboratories

Sr
0.200
0.467
0.436
0.385

A

1.17
2.01
9.08
4.09

Between Laboratories
(r)
5.75
8.60
4.80
6.42

SR
0.293
0.482
1.890
1.102

(r)
11.41
6.36
8.52
8.61

SR
11.481
21.243
27.198
20.999

Within Laboratories

Sr
6.304
11.471
17.810
12.761

Part 3 Stress at 100 % Elongation, MPa:
Material
Average
1. N18081
2. R19160
3. E17074
Pooled ValuesA

r
0.568
1.323
1.235
1.090

r
17.842
32.464
50.402
36.114

r
0.151
0.142
1.385
0.808

(R)
8.40
8.88
20.82
18.37

Between Laboratories

Within Laboratories

Sr
0.053
0.050
0.489
0.285

R
0.829
1.366
5.351
3.120

R
32.492
60.120
76.972
59.427

(R)
20.78
11.77
13.01
14.16

Between Laboratories
(r)
12.96
7.10
15.25
19.79

SR
0.061
0.274
0.738
0.456

R
0.1744
0.7755
2.0910
1.2915

(R)
14.92
38.62
23.02
31.60

No values omitted.

TABLE 2 Type 1 (Cure and Test) Precision on Method A Die C Dumbbell Test SpecimensA
NOTE 1:
Sr =
r
=
(r) =
SR =
R
=
(R) =

repeatability standard deviation.
repeatability = 2.83 times the square root of the repeatability variance.
repeatability (as percentage of material average).
reproducibility standard deviation.
reproducibility = 2.83 times the square root of the reproducibility variance.
reproducibility (as percentage of material average).

NOTE 2:
N18081—highly extended, low durometer CR (Neoprene).
R19160—high tensile NR.
E17047—moderately filled EPDM.
Part 1 Tensile Strength, MPa:
Material
1. R19160

Part 2 Percent Elongation:
Material
1. R19160

Average
26.0

Within Laboratories

Sr
0.613

Average
526.9

A

1.83

Between Laboratories
(r)
6.66

SR
1.74

(r)
7.15

SR
19.6

Within Laboratories

Sr
13.32

Part 3 Stress at 100 % Elongation, MPa:
Material
Average
1. R19160

r
1.73

r
37.7

r
0.205

(R)
19.0

Between Laboratories

Within Laboratories

Sr
0.072

R
4.95

R
55.70

(R)
10.5

Between Laboratories
(r)
11.21

SR
0.226

R
0.641

(R)
34.5

Seven laboratories participated in this cure and test program.

19.4.4 Repeatability, r, varies over the range of material
levels as evaluated. Reproducibility, R, varies over the range of
material levels as evaluated.

19.4.5 The precision of this test method may be expressed in
the format of the following statements that use what is called
an “appropriate value” of r, R, (r), or (R), that is, that value to
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TABLE 3 Type 1 Precision—Test Method B (Rings)
NOTE:
Sr =
r
=
(r) =
SR =
R
=
(R) =

repeatability standard deviation.
repeatability = 2.83 times the square root of the repeatability variance.
repeatability (as percentage of material average).
reproducibility standard deviation.
reproducibility = 2.83 times the square root of the reproducibility variance.
reproducibility (as percentage of material average).
Tensile Strength (MPa)
Material

5. MATL 5
6. MATL 6
1. MATL 1
4. MATL 4
2. MATL 2
3. MATL 3
Pooled ValuesA
A

Average
11.5
12.7
14.6
15.0
20.3
22.3
15.9

Within Laboratories

Sr
0.666
0.274
0.367
0.553
1.293
1.556
0.942

r
1.885
0.775
1.040
1.565
3.660
4.405
2.666

Between Laboratories
(r)
16.3
6.0
7.1
10.4
18.0
19.6
16.7

SR
1.43
0.83
0.40
3.03
2.47
1.55
1.87

R
4.06
2.35
1.15
8.59
6.99
4.40
5.31

(R)
35.3
18.5
7.9
57.2
34.4
19.6
33.3

No values omitted.

TABLE 4 Type 1 Precision—Test Method B (Rings)
NOTE:
Sr =
r
=
(r) =
SR =
R
=
(R) =

repeatability standard deviation.
repeatability = 2.83 times the square root of the repeatability variance.
repeatability (as percentage of material average).
reproducibility standard deviation.
reproducibility = 2.83 times the square root of the reproducibility variance.
reproducibility (as percentage of material average).
Ultimate Elongation, %
Material

1. MATL 1
2. MATL 2
4. MATL 4
5. MATL 5
6. MATL 6
3. MATL 3
Pooled ValuesA
A

Average
322.1
445.4
509.4
545.0
599.7
815.8
539.6

Within Laboratories

Sr
15.25
11.35
27.44
2.91
12.91
16.25
16.54

r
43.18
32.12
77.65
8.25
36.55
45.99
46.82

Between Laboratories
(r)
13.40
7.21
15.24
1.51
6.09
5.63
8.67

SR
33.4
34.1
51.1
56.3
14.0
90.6
48.2

R
94.7
96.6
144.8
159.5
39.6
256.5
136.4

(R)
29.4
21.7
28.4
29.2
6.60
31.4
25.2

No values omitted.

19.4.8 Repeatability and reproducibility expressed as a
percentage of the mean level, (r) and (R), have equivalent
application statements as 19.3.6 and 19.3.7 for r and R. For the
(r) and (R) statements, the difference in the two single test
results is expressed as a percentage of the arithmetic mean of
the two test results.
19.4.9 Bias—In test method terminology, bias is the difference between an average test value and the reference (or true)
test property value. Reference values do not exist for this test
method since the value (of the test property) is exclusively
defined by the test method. Bias, therefore, cannot be determined.

be used in decisions about test results (obtained with the test
method). The appropriate value is that value of r or R
associated with a mean level in Tables 1-4 closest to the mean
level under consideration at any given time, for any given
material in routine testing operations.
19.4.6 Repeatability—The repeatability, r, of this test
method has been established as the appropriate value tabulated
in Tables 3 and 4. Two single test results, obtained under
normal test method procedures, that differ by more than this
tabulated r (for any given level) must be considered as derived
from different or nonidentical sample populations.
19.4.7 Reproducibility—The reproducibility, R, of this test
method has been established as the appropriate value tabulated
in Tables 3 and 4. Two single test results obtained in two
different laboratories, under normal test method procedures,
that differ by more than the tabulated R (for any given level)
must be considered to have come from different or nonidentical
sample populations.

20. Keywords
20.1 elongation; set after break; tensile properties; tensile
set; tensile strength; tensile stress; yield point
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