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Abstract

The successful return of re-entry space vehicle, which is subjected to severe aerodynamic heating, is largely accompanied by some provisions
to reduce the heat transfer to the structure. Heat shield is the best protection means which undergoes physical, chemical, and mostly endothermal

transformations.

The objective of this work is to investigate the ablating, charring, and thermal degradation behaviour of heat shield resol-type phenolic
resin/kaolinite/asbestos cloth nanocomposite by oxyacetylene flame test with an external heat flux of 8 x 10° W/m? and 3000 K hot gas temperature

and thermal analyzer techniques.

Kinetic parameters of thermal degradation and temperature distribution at the back surface of the nanocomposite heat shield were determined

and compared with that of composite counterpart.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Despite of the great deal of research performed on the thermal
degradation of polymeric structure as a complex phenomenon,
many aspects are still unclear [1-7]. The thermal degradation
covers a wide field of important processes, such as the devel-
opment of heat resistant, thermal stabilization, ablation and the
characterization of high temperature structure for aircraft and
aerospace usage [3].

In the ablation process, the high heat fluxes are dissipated by
the material through a series of endothermic processes. That
finally leads to the loss and the consumption of the mate-
rial itself [S]. The working process of an ablative heat shield
can be briefly summarized as follows; the convective heat that
reaches to the vehicle surface is balanced by surface radiation,
phase transitions, and chemical reactions. Moreover, part of
the incoming convective heat flux is blocked by the outcom-
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ing flow of hot gases that result from the degradative processes
[5,8].

Thermal protection via ablation is achieved through a self-
regulating heat and mass transfer process involving an insulator
with low thermal conductivity and the sacrificial pyrolysis and
concomitant formation of a tough refractory char on the insula-
tor surface. Above the decomposition temperature, the insulator
produces pyrolysis gases in the reaction zone and degrades to
a char layer at higher temperatures. The majority of mass loss
occurs in the reaction zone. The presence of the char layer reg-
ulates penetration of heat from the surface and produces a steep
temperature gradient [9].

Recent advances in polymer layered silicate nanocompos-
ites encourage the examination of this unique class of evolving
materials as potential ablatives [9]. Polymer layered silicate
nanocomposites show excellent potential as ablative materi-
als because upon pyrolysis, the organic—inorganic nanostructure
reinforcing the polymer can be converted into a uniform ceramic
char, which may lead to significantly increased resistance to oxi-
dation and mechanical erosion in comparison with composite
ablative materials [9—-12].
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Nomenclature

A Frequency factor of composite (s~!)

Ac Frequency factor for char formation (s™h
Ag Frequency factor for gas formation (s~ 1)

Cl Primary char

C2 Secondary char

doo1 |k Basal distance of initial kaolinite (°A)

doo1|lkpc Basal distance of kaolinite DMSO complex (°A)

E Activation energy of composite thermal degrada-
tion (Jmol ™)

E. Activation energy for char formation (J mol~!)

E, Activation energy for gas formation (J mol~!)

flo) Conversion functional relationship

G Mass rate of gaseous products of composite ther-

modecomposition (kgs~' m~2)
Gl Primary gas
G2 Secondary gas

r Reactive intermediate

k Rate constant (s~!)

ke Rate constant for char formation (s~!)

kg Rate constant for gas formation (s™hH

kp Rate constant for polymer formation (s ')
m Weight of sample (kg)

mo Initial weight of the sample (kg)

mg Final weight of the sample (kg)

mp Specific pyrolysis mass flow rate (kgm~2s~!)
n Degree of thermal degradation reaction

P Composite

R Universal gas constant (J kg~! mol~! K—1)
t Time (s)

T Absolute temperature (K)

Vv Volatile

Ve Yield of charring

o Degree of thermal degradation

B Heating rate (K s~

Kaolinite is an aluminosilicate with the ideal composi-
tion Al,SipO5(OH)4. Moreover, kaolinite is a 1:1 dioctahedral
clay mineral whose structure is composed of interstratified
AlO7(OH)4 octahedral sheets and SiO4 tetrahedral sheets
[13,14]. Consequently, the interlayer space is unsymmetrical,
which is not found in the other layered materials [13]. Van der
Waals bonds between the aluminol and Si—O groups link adja-
cent lamella to each other, and frequently make the intercalation
processes difficult [15].

The successful intercalation agents decrease the electrostatic
attraction between the lamellae by causing an increase in the
dielectric constant when the compounds penetrate between the
layers [16]. The kind of guest species intercalated between the
layers of kaolinite is limited due to hydrogen bonding between
hydrogen groups of AlO(OH)4 octahedral sheets and SiOg4
tetrahedral sheets. Only a limited number of polar guest species,
such as dimethylsulfoxide (DMSO) can directly be intercalated
[17,18].

In this work, the ablative performance and thermal decom-
position of phenolic resin/kaolinite/asbestos cloth ablative
nanocomposites as a heat shield are examined in comparison
with asbestos phenolic resin/cloth composite.

2. Kinetic models of thermal degradation

It is worth bearing in mind that all of the mechanisms and
equation derivations used in this section were comprehensively
recorded in our previous work [19].

Thermal degradation simplified in three processes: heating,
thermal decomposition, and ignition of the gaseous decomposed
products in air [19-21].

Pyrolysis gases mix and react with air in the combustion
zone above the surface releasing heat and producing carbon
dioxide, water and incomplete combustion products, such as
carbon monoxide. The basic thermal degradation mechanism
leading to volatile fuel generation in char forming polymers has
been described as a generalized chemical bond scission process
consisting of primary and secondary decomposition events. The
primary decomposition step is side chain scission of the poly-
mer to form intermediates. The primary char decomposes by
dehydrogenation to form the secondary gas and thermally stable
secondary char [21].

A simple solution for the mass loss history of a poly-
meric material allows estimation of the generation rate under
isothermal and nonisothermal heating, and can be verified using
standard laboratory thermogravimetric techniques. By consid-
ering some assumptions, the process of thermal degradation
will be reduced and simplified. The following assumptions are
considered [19,21,22];

A: The breaking of primary chemical bonds in the polymer is
the rate limiting step.

B: The reactive intermediate is in dynamic equilibrium with the
parent polymer.

C: Thermal degradation of primary char to secondary char and
gas is slow compared to the formation of the primary char.

D: The oxidative environment in the pyrolysis zone of a thermal
degradation solid polymer is anaerobic.

E: All of the chemical reactions are of first order.

F: Assumptions A-E lead to a simplified mass loss model as
follows [15,19,21]:

m@:l_[kg

o ke + kc:| {1 — exp(—kpt)} (D)

Eq. (1) shows that as t — oo, the residual mass approaches
an equilibrium value at constant temperature given by [19-21]:

m(co) [ ke
ke + ke

} = Ye @)

mo

Assuming Arrhenius forms for kg, (kg = Ag exp(—Eg/RT)) and
ke, (ke =Ac exp(—E./RT)) in Eq. (2):

In {1 _yc} —1n [Ag} _ {Eg_EC} l 3)
Ye Ac R T
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Substituting Eq. (2) into Eq. (1) yields the final results for
the isothermal mass loss history in terms of the rate constant for
thermolysis of primary chemical bonds, k, as:

m(t)
— = Yye + I — yo)exp(—kpt) “
mo

For a constant heating rate, 8 = dT/dt, the independent vari-
able, i.e., kpt, in Eq. (4) can be transformed from time to the
dimensionless variable. The exact solution of Eq. (4) for the
fractional mass as a function of temperature at constant heating
rate is [19,21]:

D) e (= yoyexp [T — To)e E/AT ®)
mo B

The fractional mass loss rate during a linear temperature pro-
gram is obtained by differentiating Eq. (5) with respect to time.
No simple solution is possible when y; = y.(T), so we make the
approximation that the char yield is constant and not a function
of temperature, thus with y. = i, we obtain [19,21]:

—ldm (T — TH)E
o dr (1 = wkp(T) <1 + —R[Z )
X exp [_(T_;‘))]‘P(T)] (6)

The rate of weight loss in thermogravimetric analysis is
dependent on temperature, and can be expressed as [19,23-25]:

do

i kf () @)

The rate constant could be described as an Arrhenius form as:

k= Aexp (_E> (8)
RT

As mentioned earlier, according to the assumptions made, all
of the chemical reactions are first order, but the mass loss of com-
posite and nanocomposite system are of nth order. Integrating
Eq. (8) with respect to temperature and using the phase boundary
reaction method for textile polymeric system( f () = (1 — @)"),
the final result could be expressed as:

do/dt

—— =A E 9
Tay = m(mﬁ ©)

3. Experimental
3.1. Materials

A resol type phenolic resin (IL800/2) supplied by Resitan
company, with the properties given in reference [19], was used
as the polymeric matrix.

Asbestos cloth (Grade AAA) was added as reinforcing to the
polymeric matrix. Properties of asbestos cloth are given in [19].

The kaolinite sample employed in this work was sepa-
rated from Semirom natural clay. Dimethylsulfoxide (DMSO),
ammonium hydroxide (NH4OH) and ethyl alcohol were high-
purity lab grade from Merck and used as received.

3.2. Preparation of kaolinite -DMSO complex

To obtain the intercalated samples the natural clay (kaolin-
ite) was firstly disaggregated, weighed, and dispersed in a dilute
ammonium hydroxide solution (100 ml NH4OH and 4000 ml of
water) for 24 h. Then, left for 3—4 h and subsequently, the disper-
sion was decanted and separated from the rest. This procedure
was repeated until a relative large quantity of aqueous solution
containing fine clay was obtained.

The solvent was removed by drying at 70 °C for 24 h. For
washing with distilled water, a kaolinite-water solution (60 mg
of clay in 1 cm? of distilled water) was made. This solution was
also dried at 100 °C.

To modify the kaolinite, approximately 100 g of the clay
fraction was transferred to a 5000 ml round-bottom flask and
suspended in 4000 ml of DMSO (95 v/v % DMSO: water). The
suspension was stirred at 60 °C for 192 h and then centrifuged
at 4000 rpm to recover the solids.

To remove the residual DMSO, the resultant material
(kaolinite-DMSO complex) was dried at 40 °C for 120h and
subsequently characterized [15,16].

3.3. Nanocomposite preparation

In this work, the combination of solution and in situ inter-
calation is employed for nanocomposite sample preparation, as
follows:

Ethyl alcohol is used to disperse the layered silicates which
are intercalated with DMSO and at the same time to dissolve
the phenolic resin. To stack the layers the crystallite is delami-
nated in ethyl alcohol. This will occur due to the weak van der
Waals force. Phenolic resin then can be adsorbed onto the delam-
inated individual layer. However, upon ethyl alcohol removal
the layers can reassemble to reform the stack with phenolic
chains sandwich in between, forming a well order intercalated
nanocomposites.

Asbestos cloth impregnated by phenolic resin/layered silicate
intercalated. The sample was precured at 120 °C for 10 min, and
then cured at 160 °C and 3 bar for an hour in autoclave. After cur-
ing, the composite was postcured for 0.5 h at 150 °C. Therefore,
due to ethyl alcohol removal and phenolic resin polymerisation,
the nanocomposite samples were formed.

The final sample is a flat panel by dimensions of
6 x 100 x 100 mm with a sandwich structure, formed from
4mm layers nanocomposite and 2mm layer of aluminum
substrate. For oxyacetylene flame test, the nickel-chrome ther-
mocouple was placed on the back of the sample. This is shown
in Fig. 1. The characteristic of samples are given in Table 1.

3.4. Nanocomposite characterization

The structure of the polymer layered silicate nanocomposites
has traditionally been elucidated using X-ray diffraction (XRD)
and transmission electron microscopy (TEM) [12]. The most
straightforward is XRD. The sample preparation is relatively
easy and the X-ray analysis can be performed within a few hours
[9-13].
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Fig. 1. The sample for oxyacetylene flame test, top (a) and back (b) surface of the sample.

To analyze the specimen, XRD a Miniflex diffractometer
using Cu Ka radiation with a dwell time of 1°/min, in the 26
Bragg—Brentano geometry was employed.

X-ray fluorescence (XRF) measurements were also carried
out in a PW 2400, Philips spectrometer.

Transmission electron microscopy is a useful complement
to XRD. TEM gives a direct measure of the spatial distribu-
tion of the layers, but it requires substantial skills in specimen
preparation and analysis [12,13]. Because of the presence of
asbestos cloth reinforcement (around 50 wt.%) in our samples,
the TEM test cannot give useful information. Instead of TEM,
scanning electron microscopy (SEM) and surface scattering of
atomic tracing testes were used to confirm the nanocomposite
formation.

Scanning electron microscopy (SEM) studies were carried
out using a CanScan FE microscope with a field emission gun
operating at 20kV acceleration voltages. The samples were
coated with a 2-3 nm gold/palladium films using a Denton Mag-
netron Sputter coater system.

STA 625, Polymer Laboratories (TG and TGA) was
employed to evaluate the thermal performance of the insulation
material samples.

To evaluate the thermal behaviour and ablation performance
of the ablative material insulators, the oxyacetylene flame test is
performed according to ASTM-E-285-80. This test can create

Table 1
The characteristics of the samples

Sample Component Mclay/Mresin© Wresin©~ Welay  Wasbestos

Asbestos 0.00 0.50 0.00 0.50
cloth/phenolic resin
composite

Asbestos
cloth/phenolic
resin/kaolinite
nanocomposite
Asbestos
cloth/phenolic
resin/kaolinite
nanocomposite
Asbestos
cloth/phenolic
resin/kaolinite

nanocomposite

Composite

NKA1 0.06 047  0.03 050

NKA2 0.10 044  0.04 052

NKA3 0.14 042 006 052

hot gas with 3400 K and 9 x 10° W/mK heat flux. Hot com-
bustion gases are directed along the normal to the specimen.
The results of the test are useful to show the thermal behaviour
of ablative materials. This test method covers the screening of
ablative materials to determine the relative thermal insulation
effectiveness when tested as a flat panel in an environment of a
steady flow of hot gas provided by an oxyacetylene burner.

Cone calorimetry was employed on an Atlas CONE2 accord-
ing to ASTM E 1354 at a heat flux of 80 KW/m?2, which is a
normal irradiance level for the evaluation of the flammability,
using a cone shaped heater.

4. Results and discussion
4.1. Composition and morphology

The chemical composition of natural kaolinite and modified
kaolinite (kaolinite-DMSO complex) was detected by XRF to
determine the impurity of initial kaolinite and the evaluation of
purification process, Table 2.

If SiO; and Al, O3 are assumed as net kaolinite, the percent
of purity increases from 80.32% in natural kaolinite to 95.7% in
modified kaolinite with DMSO. XRF cannot detect the organic
part of the modified kaolinite, i.e., DMSO. It is about 25.121%.

Itis observed that the more impurities (especially Na,O) were
removed after the chemical treatments.

Fig. 2 compares the XRD spectra of the modified kaolinite
(kaolinite/DMSO complex) with initial kaolinite. The analysis
of the 001 d-spacing and 26 are reported in Table 3. In modi-
fied kaolinite, basal reflection (dyo;) peak was shifted to lower

2-THETA:2DGRAPHICS
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Fig. 2. X-ray diffraction patterns of initial (upper curve) and modified (lower
curve) kaolinite.
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Table 2
The chemical composition of the initial and modified kaolinite obtained by XRF

Chemical composition (mass %)

Initial kaolinite Modified kaolinite Modified kaolinite (normalized)

Kaolinite SiOy

Al,0O3

MgO
SO3
Cl
K,O
CaO
TiO,
Fe, 03
Zr

NaZO

Common impurity

Major impurity

Total
Non-detectable material (organic part, i.e., DMSO)
Purity (%)

41.763 38.292 51.102
38.569 33.365 44.527
0411 0.257 0.342
0.115 - -
0.116 - -
0.268 0.239 0.319
0.745 0312 0.416
1.513 1.437 1.917
1.391 0.871 1.163
0.029 0.026 0.034
15.08 0.079 0.105
100 74.932 100
- 25.121 -
80.32 - 95.629

Table 3

Identification of the phase, basal distance and interlayer expansion

Phase 20 (°) A26 (°) doo1 (°A) Ad*(°A)
Kaolinite 12.3 0.0 7.1 0.0
Kaolinite-DMSO complex 7.9 —4.4 11.2 4.1

& Ad = doo1|—doo1 | g -

angle and decreased strongly. Variation in the interplanar spac-
ing was determined by subtracting the basal lattice value of
the intercalated kaolinite from the basal lattice value of raw
kaolinite.

The basal space of modified kaolinite was 11.2°A at26 =7.9°,
which represents an expansion of 4.1°A, related to the basal
space of the raw kaolinite (7.1°A at 20 =12.3°).

Fig. 3. compares the XRD patterns of nanocomposite
(6 wt.%) and composite and shows any significant difference. As
observed there is no trace of kaolinite peaks in the nanocompos-
ite XRD pattern. It means the nanocomposite has an exfoliated
morphology.

As mentioned the atomic tracing (SEM surface scattering)
was employed as a complement technique for XRD analysis
to evaluate the exfoliation and dispersion of layered silicate in
resin, Fig. 4. This figure clearly shows the Si atoms are well
uniformly distributed in nanocomposite along a solid line.

2-THETA:2DGRAPHICS
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Fig. 3. X-ray diffraction patterns of nanocomposite (6 wt.%) (lower curve) and
composite (upper curve).

4.2. Thermal behaviour

Fig. 5 shows the TG analysis of the initial and modified kaoli-
nite. This figure indicates the initial loss weight of DMSO is
started at a temperature of 150°C and completed at around
300 °C. The total mass loss is approximately less than 29%
which its major part is attributed to DMSO.

Fig. 6 shows a TGA thermogram of weight loss as a func-
tion of temperature for phenolic/asbestos composite and NKA1,
NKA2, and NKA3 nanocomposites (defined in Table 1) in an
air atmosphere. In general, major weight losses are observed
on the range of ~300-500 °C for all the specimens. Evidently,
the thermal decomposition of the phenolic/asbestos-kaolinite
nanocomposites shifts slightly toward the higher temperature
range comparing with that of phenolic/asbestos composite, and
confirms the enhancement of thermal stability of nanocompos-
ite. After ~600 °C, mainly the inorganic residue is remained.

Linear dependency of the In((de/df)/(1 — @)") versus the
reciprocal of temperature can be obtained by choosing a certain

Fig. 4. Surface scattering of Si atoms in intercalated layered silicate/phenolic
resin nanocomposite.
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Fig. 5. The TGA curves of initial and modified kaolinite.
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Fig. 6. The TGA curves of composite and nanocomposite samples.

n. From this correlation, and Eq. (9), the activation energies, E,
frequency factor, A, and degree of thermal degradation, n, are
evaluated by linear regression analysis of the data points.

The relative rate constants for volatile and char formation
are obtained by plotting Eq. (3). Thus, a plot of In[(1 — y¢)/yc]
versus 1/7 has a slope proportional to the difference in activation
energies for volatile and char formation and an intercept which
is the natural logarithm of the ratio of the frequencies factors.

100 r 0.1
90| + 0.09
80{ Composite Modei .. | 0.08
__ 704 F0.07 Ty
S =
— 601 r0.06 3
£ £
2 50+ + 0.05 s
240 N L0.04 5
Composite Experiment .g.
304 F0.03 ~
20 + 0.02
104 + 0.01
0 0

0 100 200 300 400 500 600 700 800
Temperature ( °C)

Fig. 7. The thermogravimetric curves of asbestos/phenolic composite at 10 °C/
min in air, in comparison with the model.
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Fig. 8. The thermogravimetric curves of NKA3 at 10 °C/min in air, in compar-
ison with the model.

The thermal degradation kinetic parameters of the samples
are given in Table 4. It can be seen that the activation energy
of composite is nearly three orders of magnitude larger than the
activation energy of net phenolic resin. This is due to asbestos
cloth chemical reactions and its interaction with resin. Simi-
lar data were reported by the other researchers, (for asbestos
cloth phenolic resin composite, [19,23] and net phenolic resin,
[19,24,25]).

Table 4
The kinetic parameters of the samples
Kinetic parameter Unit Phenolic resin (in nitrogen) [19] Composite (in nitrogen) [19] Composite (in air) NKA3 (in air)
Activation energy, E J/mol 1.43 x 10° 1.75 x 108 9.57 x 107 12 x 107
The difference in J/mol 4.1 x 10* 3.92 x 107 1.01 x 107 1.3 x 107
activation energy for
volatile and char
formation, E; — E.
Frequency factor, A s7! 3% 10° 1.26 x 1010 8.82 x 10* 8.9 x 10*
The fraction of frequency - 13 46.5 4 4.1
factor for volatile and
char formation, Ag/Ac
Degree of thermal - 1 6.5 1.7 1.7

degradation reaction, n
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Fig. 9. Temperature distribution of back surface of the asbestos/phenolic com- Fig. 10. Comparison of the heat release rate (HRR) and the mass loss plot
posite and NKA1,NKA2, and NKA3 nanocomposites; which measured in for phenolic asbestos cloth composite and phenolic asbestos cloth kaolinite
oxyacetylene flame test. nanocomposite (NKA3) at 80 kWm~2 heat flux.
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(E) Heat Flux
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Fig. 11. Scanning electron micrographs of asbestos-phenolic composite after cone calorimetery test. (A) Top surface and (B), (C), and (D) lateral surface, and (E)
illustrating the heat flux direction.
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Figs. 7 and 8 show TGA and DTA weight loss experimental
points of asbestos/phenolic composite and NKA3 nanocompos-
ite at 10 K/min in air, compared with the theoretical curves
generated by Egs. (5) and (6), respectively. As shown in these
figures, due to a good agreement between experimental data and
model predictions, all of the calculated kinetic parameters are
reliable.

4.3. Ablation performance

Fig. 9 shows the temperature distribution at the back surface
of NKA1, NKA2, and NKA3 nanocomposites in comparison
with asbestos/phenolic composite. These temperature distri-
butions were measured experimentally by oxyacetylene flame
test. Test duration is 15s and external conventional heat
flux is 9 x 10 W/m K. At the end of the test, the back sur-
face temperature of a 4 mm thickness NKA3, NKA2, NKA1
and asbestos/phenolic composite are 78.4, 80.89, 86.315, and
138.53 °C, respectively. It shows that the back surface temper-

(A

Acc Spot N
27.0kv 80 400

5 pm

(E) Heat Flux

ature of NKA3 nanocomposites, for example, is 43.4% lower
than composite.

The heat release rate (HRR) and mass loss plots for
asbestos cloth/phenolic composite and NKA3 nanocomposite at
80 kW/m? heat flux are shown in Fig. 10. This figure shows that
composite and nanocomposite behave thermally similar until
100s of the flame test. After that, by increasing the surface
temperature to 1000 °C, rate of mass loss and HRR of nanocom-
posite decrease. It is concluded that the NKA3 nanocomposite
has a 35% lower HRR and 22% lower mass loss than the asbestos
cloth/phenolic composite.

Figs. 11 and 12 show scanning electron micrographs of the
asbestos-phenolic composite and NKA3 nanocomposite abla-
tive sample after cone calorimetry test, respectively. These
figures are illustrating top surface (surface of char region), lateral
surfaces, and heat flux direction. The characteristic of abla-
tion regions, virgin material, porous reaction zone and dense
char layer are apparent in all of the samples. Therefore, the
microstructural of nanocomposite char implies that increasing

.‘;u.rh.mn‘} Ddt ——— |
30 2000k SE KS2

Fig. 12. Scanning electron micrographs of NKA3 nanocomposite after cone calorimetery test. (A) Top surface and (B), (C), and (D) lateral surface, and (E) illustrating

the heat flux direction.
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Fig. 13. X-ray diffraction patterns of initial NKA3, NKA3 after flame test, and
composite after flame test.

clay content results in a tougher char. In these chars, a nanoscopic
packed platy morphology is observed, Fig. 12B.

In general, the spatially uniform arrangement of the silicate
layers on an ultra-fine nanometer level facilitates the formation
of a spatially uniform inorganic char. This clay dense char causes
the higher performance of nanocomposites at high temperature
by forming the secondary ceramic layer heat shield on the top
surface of the ablative nanocomposites.

Fig. 13. shows the XRD patterns of initial NKA3, NKA3 after
flame test, and composite sample after flame test. This analysis
shows that the mineral composition of composite due to flame
test changes from clinochrysotile (Mg3Si»O5(OH)4 to forsterite
(Mg>Si04). NKA3 nanocomposite after cone calorimeter flame
test indicates a mineral composition of forsterite (Mg>SiOy4)
and aluminum silicate (Al,O3, SiO;). It can be concluded that
the char layer of ablative nanocomposite is a ceramic based on
aluminum silicate.

5. Conclusions

1. The polymer layered silicate nanocomposites result in an
improvement in thermal stability compared with the com-
posite counterpart. A relatively tough, inorganic ceramic
layer forms during thermal degradation of the nanocompos-
ites. This refractory ceramic results in at least an order of
magnitude decrease in the mass loss rate relative to the com-
posite, even for as little as 6 wt.% exfoliated layered sili-
cate.

2. The NKA3 nanocomposite has a 35% lower HRR and 22%
lower mass loss than the asbestos cloth/phenolic compo-
site.

3. The improvement in ablation performance of these nanocom-
posites relative to the net polymer or traditional filled systems
with a comparable inorganic fraction could be associated to
the ceramic forming in the nanocomposites char layer. The
base of this ceramic layer is aluminum silicate that protected
the ablation char layer against the thermal erosion effects.
This nanoscopic morphology is comparable to the length
scale of the decomposition and ceramic forming reactions
determined by the temperature profile and the diffusivities of
the reactants and products. Thus, a uniform supply of inor-
ganic precursor to the ceramic is always available during the
decomposition process.

4. In 9 x 10° W/m K external conventional heat flux condition,
ablation performance of NKA3 nanocomposite is 43.4%
higher than the asbestos cloth/phenolic composite.
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