Study of Thermal Stability and Ablation Behavior of
Carbon/Epoxy-Novolac Composites

M. R. Firouzmanesh, A. Aref Azar

Polymer Engineering Department, Amir Kabir University, Tehran, Iran

Received 17 May 2002; accepted 10 September 2003

ABSTRACT: The use of carbon/epoxy-novolac compos-
ites as advanced ablative materials for insulation of exit cone
of solid-propellant rocket nozzles are studied. In this article,
three types of carbon fabrics are used and their composites
are prepared by use of impregnation and hand lay-up meth-
ods. To study the thermal stability and ablation behavior,
these composites are tested by thermal tests such as thermo-
gravimetric analysis (TGA) and oxyacetylene standard
flame tests; the latter test is one of the most important
standard tests of ablative materials. The test apparatus is
made according to American standard, ASTM-E-285-80, and

over 33 polymeric composites and 3 steel specimens were
carried out according to its standards. It is found that the
composites that are made up of C-9750 fabric (high-strength
carbon fabric) in comparison with steel and the other types
of carbon fabric specimens have the highest thermal stability
and the best ablation behavior. © 2003 Wiley Periodicals, Inc.
] Appl Polym Sci 88: 2455-2461, 2003
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INTRODUCTION

Ablative polymers and polymeric composites serve an
important function in aerospace technology. They pro-
tect aerodynamic surfaces, propulsion structures, or
incident heating rates. This protective function is ac-
complished by a self-regulating heat and mass transfer
process known as ablation. In fact, ablation is a geo-
logical term at least 120 years old. It is derived from
the suppletive past participle of the Latin “au ferre,”
which means to remove or carry away.'

In particular, carbon-reinforced epoxy composites
play an important role in the production of high-
performance vehicles as well as critical aerospace
structures, primary structures of commercial and mil-
itary aircrafts.>”

According to the concept of effective thermal de-
composition, the epoxy-novolac systems belong to the
advanced epoxy systems, which are similar or even
better in ablative behavior® than the conventional phe-
nolic systems.” The performance of such systems as
ablators was first mentioned by G. J. Fleming® in an
ablative symposium. Use of the epoxy-novolac as ma-
trix in ablative composites is mentioned as an ad-
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vanced system and the literature surveys confirm this
reality.”'* These ablative materials belong to the char-
ring ablators.''™" (If elimination of groups along the
polymer chain predominates over chain cleavage, then
much of the original chain structure will remain as
carbon and a char will develop.)

Generally, by increasing the crosslinking density of
ablative matrix, the percentage of residual char will be
higher and the efficiency of such systems as ablative
insulators will increase. In this group of ablative materi-
als, the residual char in high temperatures works as a
binder and causes better protection from the substrate
degradation.'*™

According to the recommendations made in litera-
ture surveys, to obtain a high degree of insulation
properties in an ablative composite, the weight per-
centage of reinforcement should be in the range of
60-70%; such systems (e.g., carbon/epoxy-novolac
composites) belong to the low-density ablators.

According to the literature surveys, the lower the
density of ablative composite insulation, the higher
the ability of thermal insulation of composite.'” Poly-
meric ablative composite systems are made up of two
different phases: continuous phase (matrix) and dis-
continuous phase (reinforcement).'®~

The most important resins as ablators belong to the
thermosetting resins (e.g., phenolics, polybenzithia-
zoles, epoxy-novolacs, polybenzimidazoles, and poly-
imides),'” and in the case of reinforcements, carbon,
silica, graphite, asbestos, and glass have similar im-
portance in such systems.?**
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EXPERIMENTAL
Materials
Resin system

The resin system used is a triple system consisting of
resin, hardener, and accelerator. Epoxy-novolac resin
(DEN 431), which has excellent properties such as
processibility as an ablator, was acquired from Dow
Chemicals Co (USA).**> This epoxy resin is a multi-
epoxy functional that could produce a higher strength
network in comparison with the conventional epoxy
resins (bisphenol-A).>*2® Ease of processibility and
high-thermal resistivity will cause such resins to be
used as binders in erosion operations.”” >

Curing agent

Nadic methyl anhydride (NMA), high-temperature re-
sistant-grade, was supplied by Dow Chemicals Co.
and was used as curing agent in hot-cure epoxy-no-
volac systems, which has the best thermal perfor-
mance among the other epoxy-curing agents.” The
high-temperature performance of such cured system
depends on the curing agent’s abilities. It affects on
not only the pot life, but also the required viscosity
range of the system. The use of liquid anhydride cur-
ing agents (e.g., NMA) is very convenient in such
systems because of the decreasing viscosity and also
because of the increasing high-temperature perfor-
mance of the system.>*!

Accelerator

Because of the higher thermal stability and perfor-
mance of a triple component system, a general pur-
pose grade of benzyl dimethyl amine (BDMA; Dow
Chemicals Co.) was used as accelerator in this system.

Carbon reinforcements

There are a number of 100% carbon fabric categories.
Carbon fiber is manufactured in various sizes, speci-
fied by the k size of the fiber. The designation k stands
for 1000 filaments, so a 1 k carbon fiber has 1000
filaments; a 3k carbon fiber has 3000 filaments in it,
and so on.

Because each filament adds more strength and also
weight to a fiber, to acquire more weight or strength,
fiber size should just be increased (i.e., a 3k carbon
fiber has three times the filament count of a 1k, three
times the actual tensile strength, and three times the
actual weight per given linear length of fibers).

To get more tensile strength in composite speci-
mens, we used a 3k carbon fiber, supplied by the Multi
Products Interprise Co., Switzerland. These carbon
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fibers are superior strength and the other specifica-
tions are as follows.

TETEX HP: C,, 9750; C,, 9751; C,, 9756; Carbon
plain weave.

TETEX HP: C,, 9750; Carbon plain weave: 100 cm
wide.

Weight: 240 g/m?; Thickness: 0.31 mm.

Density: 774.2 kg/m.

TETEX HP: C,, 9751; Carbon plain weave: 100 cm
wide.

Weight: 125 g/m?; Thickness: 0.16 mm.

TETEX HP: C,, 9756; Carbon plain weave: 100 cm
wide.

Weight: 275 g/m?; Thickness: 0.32 mm.

Density: 859.4 kg/m°.

Apparatus
Oxyacetylene standard flame test

To evaluate the thermal behavior and ablation perfor-
mance®”® of the ablative composite insulators, the
oxyacetylene standard flame test is carried out accord-
ing to ASTM-E-285-80. The results of the standard test
is useful to show the thermal behavior of ablative
materials in solid-propellant rocket motors and noz-
zles.>* This test method covers the screening of abla-
tive materials to determine the relative thermal insu-
lation effectiveness when tested as a flat panel in an
environment of a steady flow of hot gas provided by
an oxyacetylene burner. The apparatus includes oxy-
acetylene burner, specimen holder, burn-through time
detector, and back-face temperature recorders. This
test is used for the determination of burn-through
time, erosion rate, insulating effectiveness, and insu-
lation index numbers of the ablators.

Figure 1 illustrates the oxyacetylene standard
flame test apparatus. Hot combustion gases are di-
rected along the normal to the specimen until burn-
through is achieved. The erosion rate of the material
is determined by dividing the original thickness by
the time to burn-through. The insulation effective-
ness is determined from back-face temperature mea-
surements. Insulation index numbers are computed
by dividing the times for temperature changes of 80,
180, and 380°C, from the initial ambient tempera-
ture, by the original thickness. This test method is
more applicable to screening materials for nozzles
and motor liners than for aerodynamic heating. The
conditions generated by the oxyacetylene heat
source in this test method represent only one set of
conditions; they do not simulate any specific appli-
cation. Thus, the test results cannot be used to pre-
dict directly the behavior of materials for specific
environments nor can they be used for design pur-
poses. However, over a number of years, the test has
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Figure 1 Standard oxyacetylene flame text apparatus.

been useful in determining the relative merit of
materials, particularly in weeding out obviously
poor materials from more advanced data-generation
programs. It has been considered for use as a pro-
duction quality control test for rocket insulation
materials. More information about the measurement
techniques is supplied in the following paragraphs.
Pressure regulators. The regulators for the oxygen and
the acetylene shall be capable of supplying the flow of
gases (pressure gauges graduated 0 to 50 psig for
oxygen and 0 to 30 psig for acetylene, both in 1-psig
increments).

Flow meters. The flow meters for the acetylene and
the oxygen shall be capable of supplying an accurate
flow of gases. A variation of £5% in gas flow rate
due to instrumentation inaccuracies shall be permis-
sible.

Flow pressure gauges. Suitable pressure gauges shall be
located at the exit (downstream) side of the flow
meters to monitor metered gas pressure.
Temperature-measuring devices. Gas temperatures shall
be measured with thermocouples, thermistors, or
other suitable devices located at the exit side of the
flow meters.

Back-face temperature measurement The back-face tem-
perature history shall be measured with a No. 28
AWG-gauge chromel-alumel thermocouple.
Temperature recorder. The thermocouple electromotive
force (EMF) shall be recorded as back-face temperature
in degrees Celsius, as a function of time during the test.
Calorimeter. The cold wall flux of the hot gas source
shall be measured by using a calorimetric device.
Burn-through detector. A device such as a mirror, pho-
tocell, or direct visual means shall be used to detect
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TABLE 1
Composition of samples with different amount
of hardener

Sample Resin Hardener (phr) Acc. (phr)
1 100 100 1.5
2 100 87.5 15
3 100 75 1.5

burn-through of the specimen for termination of the
test.

Timer. An electric time clock, 0 to 1000 s graduated in
0.1-s increments, shall be used to measure the time to
burn-through of the specimen.

As previously mentioned, to evaluate the thermal
behavior and high temperature performance of such
carbon composites, the oxyacetylene standard flame
test is carried out.

By installation of proper thermocouples in specified
points in composite specimens and by use of a digital
temperature recorder and the other necessary instru-
ments (according to ASTM E-285-80), the changes of
thickness versus temperature can be easily shown and
plotted.

Thermogravimetric analysis (TGA)

TGA is one of the most favored techniques for rapid
evaluation in comparing the thermal stability of vari-
ous materials. TGA was performed by using a Poly-
mer Laboratories Corp. thermogravimetric analyzer
with a temperature increase rate of 20°C/min over the
range of room temperature to 800°C in air atmosphere.

Resin system preparation

To study the hardener variation effects on the proper-
ties of epoxy-novolac resins and their optimization,
samples with different hardener values with compo-
sitions mentioned in Table I were prepared. The pre-
pared specimens were first cured for 2 h at 90°C, and
then postcuring was carried out continuously for 4 h
at 165°C and 16 h at 200°C. Then, thermogravimetric
analysis was carried out.

Sample preparation

After resin system preparation, carbon fabrics were
cut into, and after weighing, the impregnation process
was carried out by hand lay-up method, as previously
mentioned. Then, the fabrics were immersed into the
matrix system. Different numbers of impregnated fab-
ric layers (based on the carbon fabric) were placed on
the metal plate (as substrate) to obtain the necessary
thickness (according to the ASTM-E285-80 standard)
and the impregnation process was carried out until
the necessary resin pick-up took place (30-40 wt %).
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Figure 2 TGA curves of resin systems with different hard-
ener values: - - -, 50 phr; —, 100 phr; - - -, 87.5 phr.

Then, the curing process was carried out according to
the program mentioned before. If no voids or cracks
occurred in the cured specimens, they would be re-
weighed to calculate the resin pick-up and reinforce-
ment percentage (the latter should be in the range of
60-70 wt % carbon fabrics).”*® Finally, the sample
specimens were cut into the necessary dimensions
with a titanium carbide drill to carry out the standard
oxyacetylene flame test.

RESULTS AND DISCUSSION

TGA is used to determine the thermal stability of
samples. The results are shown in Table I. Figure 2
illustrates the TGA curves of resin systems with dif-
ferent hardener values. Table II shows the changes in
weight of the resin systems for different amounts of
hardener in different temperatures.

It is observed that all these resin systems are nearly
stable up to 275°C. The weight loss of samples started
at this temperature, and at 475°C, the weight losses of
the samples with the 75-, 87.5-, and 100-phr hardener
were 61, 51, and 58%, respectively.

The results indicated that thermal stability of the
sample with 87.5-phr hardener is more than the oth-
ers. The sample with 87.5-phr hardener has the lowest
emission and weight loss among the others. It is
shown that the weight loss of this resin system com-

TABLE 1I
Weight Loss of Resin Systems with Different Amounts
of Hardener at Three Different Temperatures

Sample
Temperature (°C) 1 2 3
275 2.3 2 3.3
380 11 8 14
475 58 51 61
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TABLE III
The Results of Standard Oxyacetylene Flame Tests (specimen dimension: 10 X 10 cm” and oxygen pressure: 6 bar)
No. A? B C D E F G H I ] K L M N O P Q R
1 9750 15 255 3750 68 660 1.139 1.7 1.6 13 32 15 33 45 66 11 11 2515
2 9750 15 24271 3734 65 655 1138 1.7 17 135 30 16 31 40 58 11 11 2470
3 9750 15 22240 3475 64 655 1130 175 14 13 32 15 33 43 58 6 10 2400
4 9750 15 234.57  350.1 67  6.60 1.129 1.7 15 145 31 14 32 46 60 7 7 2450
5 9750 15 24875 3605 69 655 1137 175 16 125 30 14 31 44 58 7 7 2463
6 9750 15 24482 3654 67 6.60 1136 1.7 17 13 30 16 29 47 60 7 8 2465
7 9750 15 21654 3609 66 6.60 1.140 1.8 14 135 31 15 30 50 65 8 8 2239
8 9750 15 240.18 3695 65 6,55 1145 1.8 16 13 32 15 32 42 58 8 8 2260
9 9750 15 23846 3613 66 6.60 1140 1.7 17 14 32 17 25 39 62 8.5 85 2500
10 9750 15 230.02 3594 64 660 1139 17 14 145 32 14 29 38 59 8.5 9 2500
11 9751 35 16415 2379 69 540 1200 175 14 14 31 13 20 28 54 10 8.5 2550
12 9751 35 15830 2328 68 545 1210 1.7 13 13 32 13 21 30 55 10 10 2450
13 9751 35 15792 2357 67 550 1.230 1.7 13 13 31 13 21 31 61 10 11 2240
14 9751 35 15484 2346 66 545 1240 175 16 16 31 12 20 29 62 105 11 2450
15 9751 35 1654 239.7 69 550 1.23 1.8 16 16 32 16 28 38 60 105 11 2250
16 9751 35 158.30 232.8 68 555 1.235 1.7 14 17 32 14 27 40 62 11 11 2480
17 9751 35 156.58 2337 67 550 1.30 1.8 15 17 32 13 21 32 56 11 12 2520
18 9751 35 158.14 2396 66 555 1.25 1.7 17 16 31 13 19 27 53 10 12.5 2500
19 9751 35 15646 2407 65 5.40 1.24 1.8 15 14 31 14 26 39 60 10.5 10 2510
20 9751 35 151.67 2298 66 550 1235 1.7 17 13 32 14 27 41 60 11 10 2500
21 9756 15 219.13 4058 64 6.70 1.2 1.7 14 14 30 13 17 24 40 10 11 2500
22 9756 15 227.37 429 63  6.60 1.21 1.8 17 11 30 13 17 26 41 10 12 2450
23 9756 15 20871 3865 64 6.75 1.28 1.7 15 13 30 15 18 23 43 11 10 2490
24 9756 15 20669 3758 65 6.77 1.26 1.75 14 14 31 14 18 24 41 11 11 2380
25 9756 15 201.88  380.9 62  6.60 1.25 1.8 17 12 32 13 18 25 42 10 11 2350
26 9756 15 20974 3884 61 640 124 1.7 16 11 32 14 17 26 39 105 10 2400
27 9756 15 209.72 3813 66 650 1.29 1.8 17 13 32 15 19 25 41 105 105 2515
28 9756 15 214.15 3824 67  6.60 1.28 1.7 14 12 31 15 18 24 38 10 11 2470
29 9756 15 22259 3905 65 6.70 1.27 1.8 15 13 32 16 20 28 42 11 10 2510
30 9756 15 21935 391.7 66 6.60 1.21 1.75 17 14 31 15 18 23 42 10 11 2500
31 Steel® — — — — 9.0 — 1.7 18 15 31 7 12 17 23 11 11 2550
32 Steel? — — — — 9.0 — 1.75 17 155 31 7 11 16 22 10 11 2050
33 Steel>® — — — — 9.0 — 1.7 17 15 32 7 11 17 22 105 11 2100

@ Column heads are defined as follows: A, fabric type; B, the number of layers; C, fabrics weight (g); D, total weight (g); E,
weight percentage of fibers; F, thickness (mm); G, specimen density (g/cm’); H, acetylene pressure (bar); I, oxygen volume
rate (L/min); ], acetylene volume rate (L/min); K, specimen initial temperature (°C); L, time to reach 80°C (s); M, time to reach
180°C (s); N, time to reach 380°C (s); O, burn-through time (s); P, oxygen temperature (°C); Q, acetylene temperature (°C); R,

flame temperature (°C).
P Special steel in solid propellant rockets.

position is only 2% at 275°C, 8% at 380°C, and 51% at
475°C.

The ablation behavior of about 30 composite speci-
mens and three steels are shown in Table III. As
shown in this table, the Carbon 9750 composites have
the best ablation behavior among the others. To im-
prove the processibility of the resin system, it was
preheated to 40°C, the temperature in which the im-
pregnation of reinforcement could be carried out, for
1 h. Then, other components were added and mixed
well. The curing program was obtained from literature
on the matrix system and selected process. Impregna-
tion of the fabrics was carried out by hand lay-up
method.

To compare the thermal behavior of such materials,
the temperature profile versus time for three types of
carbon composites and one kind of steel is shown in
Figure 3. Figure 3 illustrates temperature profile dis-

tribution for different samples. According to the
ASTM-E-285-80 standard, the insulating effectiveness
in these samples are determined from back-face tem-
perature measurements. As shown in that figure, the
back-face temperature of C-9750, C-9751, C-9756, and
steel specimens rise to 2050°C after 61, 59, 41, and 23 s,
respectively.

The above results and the results obtained from
Table IV show that carbon fabric, C-9750 composites
are better than the other two fabric composites.

To determine the thermal stability of samples with
different carbon fabrics, TGA analysis was carried out.
The results are given in Figure 4, which illustrates the
weight loss of such materials of the fabrics at three
different temperatures. Regarding these results, the
thermal degradation of all samples started at about
320°C but the weight loss rate of the sample which is
reinforced with carbon fabric 9750 is much slower
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Figure 3 Temperature versus time for different samples.

than the others. At 575°C, the weight loss of this
sample is 9%. The rates for samples that are reinforced
with carbon fabrics 9751 and 9756 are 15 and 19%,
respectively, and at 800°C, the weight loss of C-9750,
C-9751, and C-9756 composites are 35, 40, and 43%,
respectively.

CONCLUSION

Carbon/epoxy-novolac composites belong to the ad-
vanced ablative systems, which have the highest tem-
perature performance among the others. In this article,
ablation behavior of three kinds of carbon fabric com-
posites were compared together and with the steel.
According to the experimental results, carbon fabric
9750/ epoxy-novolac composite systems had the best

TABLE IV
Weight Loss of Samples with Different Carbon Fabrics
at Three Different Temperatures

Sample®
Temperature (°C) C-9751 C-9756 C-9750
325 3 4 2
575 15 19 9
800 40 43 35

@87.5 parts nadic methyl anhydride (NMA) as hardener
per hundered parts of resin.

thermal and ablative behavior among the others, even
compared with the special steel. According to our
results, the compound with 87.5-phr hardener has the
highest thermal stability in comparison with the oth-
ers. Oxyacetylene standard flame test shows that the
samples that are reinforced with carbon fabric 9750
have a longer average burn-through time and better
ablation specification in comparison with the others.
TGA results indicate that the samples reinforced with
carbon fabric 9750 have the highest thermal stability
among the others.

100

Weight 30
percent
(%)
70

50

0 100 260 300 400 500 600 700 800
Temperature ("C)

Figure 4 TGA curves of composite samples with different
carbon fabric: - - -, 9756, —, 9751; - - -, 9750.
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