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Silica Reinforcement and Char Reactions in the
Apollo Heat Shield

D. E. CagLiosTRO,* H. GOLDSTEIN,} AND J. A. PARKERT
NASA Ames Research Center, Moffett Field, Calif.

Reactions of the silica reinforcement fiber and ablation char of the Apollo heat shield have been investigated
by laboratory tests in an arc image furnace at temperature levels up to 5000°R, pressures up to 0.7 atm, and
heat flux similar to re-entry, 400 Btu/ft* sec, and by an actual re-entry test. Microchemical analyses and X-ray
diffraction studies have been made to determine the presence of SiC formation in the char. Experimental data
and analytical predictions of thermal and density profiles have been compared for the ablation of virgin heat
shield and precharred materials to determine the effects of SiC formation on ablation performance. Inallanaly-
ses, general agreement was found between chemical composition and the thermal predictions for laboratory
tests and re-entry materials. In all ablated materials, SiC was formed in the front surface of the char. The
highest SiC content found was 58 %, by weight and found in a high-pressure environment. The SiC formed was
found to act as a heat sink in the ablation process and can lower the front surface temperature by 300°R.

Nomenclature

A = cross-sectional area
Cpsy Cpg = heat capacity of solid gas
#,, Hy = enthalpy of the gas, solid

r . = solid thermal conductivity

M, == mass flow rates of gas

T = temperature

X = distance from the char surface
g = time

Ps = solid density

Introduction

BLATORS may contain a source of silica in the form of
A \silicone elastomers or as silica granules or fibers mixed with
organic polymer. The silica imparts mechanical strength to
the char formed on degradation of the polymer.® At elevated
temperatures and in anaerobic environments the char carbon
and the silica form SiC.2~7 The formation of SiC is a highly
endothermic reaction that can act as a heat sink in the ablation
process. Under oxidizing conditions in ablation, both SiC
and carbon in the char of the ablator oxidize.®~*® However,
when SiC oxidizes, it reacts to form a surface coat of SiO,,
which protects the underlying carbon or SiC in the char from
further oxidation. Carbon alone oxidizes more rapidly than
SiC forming the volatile oxides, CO and COQ,, which are lost
thereby removing char material. Also, SiC has better mech-
anical characteristics than carbon’*-'2 and can form a tougher
char.

Because of the importance of these processes and their
potential occurrence at conditions experienced by the Apollo
heat shield,*® the reactions between silica fiber and carbon
were investigated. The occurrence of silica-carbon rcactions
has been investigated primarily in rocket motor linings and
rhenolic ablators. In the future space shuttle vehicle, SiC
coatings have a potential use in protecting carbon nose caps
and leading edges.
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Experimental Procedure

Materials

Material samples were obtained from a re-entered Apollo
heat shield and from radiation-only ablation tests conducted
in an arc image furnace. Composition and elemental
analysis (Table 1) for the virgin material were available from
the Manned Spacecraft Center.'* This elemental analysis is
used in all subsequent discussion. Precharred samples tested
were obtained by heating the virgin material in 1.0 atm of
N, at 1930°R (800°C) for 14 hr. The prechars were mounted
and run in a similar manner to other samples. A thermo-
gravimetric (T.G.A.) analysis at 3°C/min for virgin heat
shield material is shown in Fig. 1.

Arc Image Furnace Runs

Virgin heat shield and precharred material were ablated
in helium in an arc image furnace. The samples were 0.5 in.
flat-faced cylinders mounted on modified electronic tube
sockets (Fig. 2). Heating rates were varied from 200 to
700 Btu/ft*-sec and pressures from 0.001 to 0.7 atm. Detailed
descriptions are given in Ref. 15. The test conditions and
length of runs are listed in Table 2.

Table 1 Virgin heat shield composition

Virgin polymer Composition

Component Weight fraction
E-glass 0.125
Refrasil 0.125
Phenolic microballoons 0.300
Den-438 0.184
Polysebacic anhydride 0.1962
NMA 0.0346
Vinylcylohexene dioxide 0.0328
DMP-30 0.0023

Virgin polymer Elemental analysis

Element Weight percent
Carbon 50%
Hydrogen 4.5%
Oxygen 16%

Silica 29.5%
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Fig. 1 T.G.A. of Apollo heat shield material.

Fig. 2 Mounted sample.

X-Ray and Chemical Analysis of Materials Tested

Samples of both the Apollo spaceshot materials and the
arc image furnace materials were prepared for analysis in
similar ways. These samples were designated series 1, 2,
and 3. Series 1 and 3 were arc image furnace materials;
series 2, Apollo re-entry materials.

For x-ray density gradient measurements, series 1 samples
were mounted on a cylindrical tube socket (Fig. 2). A
diamond cutoff wheel was used to cut samples % in. thick
perpendicular to the model. These samples were then placed
in a holder for continuous recording of x-ray density gradients.

Series 2 samples were cut from an Apollo space vehicle and
soaked in water to remove salts (residuals from sea exposure).
They were mounted and cut about £ in. thick perpendicular
to the base with a silicon carbide cutoff wheel. Series 3
samples were prepared in the same way as series 1, except
they were & in. thick. After the density gradients were
recorded, all samples were sectioned to provide powdered
material for x-ray diffraction studies to determine the amounts
of crystalline materials present. An agate mortar was used
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a Norelco diffractometer. After the diffraction studies, the
powder was submitted for elemental microanalysis. The
section locations (Fig. 6) were chosen such that Sec. 1 was
the char layer adjacent to the front surface of the char;
Sec. 2 was the char layer farther from the front surface;
Sec. 3 was the char layer close to the pyrolysis zone; Sec. 4
was the transition zone between char and virgin material;
and Sec. 5 was the virgin heat shield material. The experi-
mental density profiles for the ablated materials are calculated
from the x-ray absorption profiles. These profiles have been
fitted with smooth curves based on a least squares seventh-
order polynomial.

Thermal Response Calculations

A modified version of the Aerotherm Corporation’s char-
ring material ablator computer program (CMA) has been
used to predict and compare thermal performance.'® The
model of an ablating polymer containing silica is composed
of three zones; the char, the pyrolysis zone, and the virgin
polymer. A schematic for the model is shown in Fig. 3.
In the model, heat is transferred or generated by the processes
of heat conduction and convection, and by chemical reaction.
Mass transfer occurs only by convection and is equivalent
to that produced by chemical reaction. Heat flux in the
model is applied at the front surface and no recession of this
surface occurs. The mass and energy balances are as follows:

Mass Balance

N

Mo Mg dp, m
—_ = = —
BN dx a0
= —— e’
= change in mass mass tlow generyted
flow by reaction
Energy Balance
M, ol
T Y A ™y g 2 e = 2)
PsCps 39 Ao\ ax/, & " A ox
—— it
heat accumulated heat conducted heat generated heat convected
in solid in solid by reaction by gas
PYROLYSIS
IZONE VIRGIN
CHAR POLYMER

Fig. 3 Ablation model.

to grind these samples to a powder, which was analyzed with o x
Table 2 Sample conditions
Maximum Maximum temp
Average Run front 0.1 in. from
flux Pressure time surface front surface
Sample Facility Btu/ft?sec atm Atmosphere sec temp ‘R ‘R
1A23 Arc image furnace 398 0.00014 He 40 4874°R 2876°R®
IA26 Arc image furnace 395 0.0003 He 5 — —
1A27 Arc image furnace 370 0.0003 He 10 — —
1A34 1950°R Prechar- 405 0.00017 He 8 4920 2930
arc image furnace
1A35 1950°R Prechar- 400 0.00017 He 15 4990 3550
arc image furnace
11A4 MSC — — — — — -—
1IA19 Space shot — — — — — —
11A26 Samples — — — — — —
T11A21 Arc image 440 0.7 He 40 4610 2650
1IIA49 Arc image 320 0.0002 He 45 3720 36007
@ Erratic.

b Failed at 11 sec.
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Table 3 Ablatior: chemistry-kinetic parameters

J. SPACECRAFT

Area Reaction Kinetic model Coefficients AHgyx, Btu/lb
. dpP
Pyrolysis zone Polymer(P) —-1—-> e = A e~ FURT(™ Ay = 1.75(10%)/sec AH, = 500
) s
as ~ s
Char Qarbon(C) + i — Ape ™ E2/RT(HO) A, = 2.21(103) ft*/Ib/sec AH; = 4800
gi(c)fs(;sc)) ) E2/R = 6.25(10%)
Char SiC(SC) ——— SiC(gaS) aLdSHC_) = Z—g — AzeE3/RT Az = AH; = 5950
E3/R =
A= ASH The assumptions used in this formulation are; 1) gas and solid
- Eé;gﬁ%%“;égucﬂw gjgﬁsggs are in thermal equilibrium, 2) sensible heat can only be
H = HYDROGEN accounted for by the solid (p,Cps> p,C,y), 3) heat conduction
50 - 100 can be accounted for by the solid (K;> K,), and 4) diffusion
| - 90 is slow compared to convection.
40} - 80 These equations are general and can be applied to each of
VIRGIN ™. A A A A -7k the three zones. It is only necessary to have the proper
POLYMER < 301 "0 8 thermophysical and kinetic data for each zone. In the
- /_\___’/ _s0 ¥ Apol}o mate'rial, the important reactions qnd heats of react.ion
1ea B2 | i —40k gons1der§d in these _zones are showq in .Table 3: Little
CHAR & = ~ 30 2 information was available for the sublimation reaction (4s,
ol /|-~ o0 = E./R); therefore, the sublimation option was not exercised.
cl ¢ | ¢ c “lo Because there is considerable uncertainty in the kinetic
. . . ) parameters available and used for the SiC reaction (A,
° 'o[?; STAlr\?cs !-:|R50M 20 .25 .30 .35 .40 E,/R), computer runs were also made with a hundredfold
FRONT SURFACE, In increase in A4, and a twofold increase in AH,. Computer
runs for the polymer pyrolysis and SiC reaction were then
Fig. 4 Sample IA—35 prechar density profile. compared to runs with just the polymer pyrolysis. Both
were then compared to the actual thermal response data
obtained from the arc image furnace runs. The differential
A= ASH 0 = OXYGEN equations are solved by a finite difference technique. The
C = CARBON H = HYDROGEN solution provides gas flow rates and compositions at the
R P e — -100 char surface, density and temperature profiles within the
w0 Al i -ZZ solid, and the location of the pyrolysis zone.
VIRGIN "2 ‘ i A A S0 &
POLYMER S 30| | l 60 ¢ Results and Discussion
o 5 ] -0 & . . .
Tea C20F R Nt -a0 g A typical expern_nental der;sﬂyproﬁle foreach (?f t‘h'e different
S A DN . . |- c 30 g ablated materials is shown in Figs. 4-6. The limiting values
10 -20 shown are for the density of virgin heat shield material and
i ! - 10 the char density obtained from thermogravimetric analysis
0 T 2 5 a4 5 s 1 s e experiments up to 800°C. While the virgin material was
DISTANCE FROM FRONT SURFACE, in sometimes more dense than manufacturer’s data would
suggest, the char density after ablation was less than expected
Fig. 5 Sample IIA—19 space shot density profile. for a loss of material due to pyrolysis and SiC formation.
Visual examination and x-ray diffraction data show evidence
of voids and shrinkage and point to a physically inhomo-
A - ASH geneous char and pyrolysis zone (see Fig. 7). It may be
—— EXPERIMENTAL C = CARBON
——— COMPUTER PREDICTION 45 seC O = OXYGEN
— - — COMPUTER PREDICTION 40 S€C  H = HYDROGEN
50 5 S H 100
| A 2w o 420
40} A 180
VIRGIN % A Al A 170 u’%
POLYMER 3 30| / /,-// 1eo E
e Eol ] \/ 77 :ig - Fig. 7 Cross section of a
.G.A. @ — v 5 spaceshot char.
CHAR i P 30w
0F &7 c ¢ ¢ 420
—10
] 1 1 L L 1 O
0 .05 0 .5 .20 .25 30 .35 .40

DISTANCE FROM FRONT SURFACE, in

Fig. 6 Sample IXYA—49 virgin polymer density profile.
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concluded that the inhomogeneities result from the ablation
process itself which sets up thermal and mechanical strains
that deform the material. In one spaceshot sample, further
evidence was apparent in the formation of long fissures
spanning the entire length of the original sample (Fig. 7).

The elemental composition of the char and virgin heat shield
material are shown in Figs. 4 and 6, respectively. These
values are within the ranges expected from the manufacturer’s
specifications. In all cases the ablated materials contained
SiC in the areas close to the front surface of the char. In
arc image furnace runs, the surface temperatures of the chars
were in the range where SiC formation should occur. In
Fig. 8, typical results of the SiC analysis and temperature
histories available are shown along with the temperatures for
SiC formation and sublimation and melting point of SiO..
The remaining data on SiC content are shown in Table 4.
In one sample from the arc image furnace runs (A21 series 3),
the section close to the front surface of the char contained
509% SiC. This run differed from the remaining runs because
it was made at a relatively high pressure 0.7 atm and had a
front surface temperature of 4610°R. The high SiC content
may result from the suppression of SiC sublimation at the
higher pressures. All results are for the crystalline form of
SiC and therefore represent a lower limit on the total con-
centration of SiC present because noncrystalline SiC may
also be present. The error in the weight percent reported
for the crystalline material is +10%. When prechars fired
at 800°C were ablated in the arc image furnace, SiC was also
formed in the section close to the front surface. In these
samples, little change was observed in the total weight percent
of carbon. If silica and carbon react to form SiC, there is
only a small change in the total carbon content of the sample
(i.e., for the reaction).

Si0; +3C —— SiC+2CO

At 1009, conversion of the limiting reactant SiO», the carbon
content in the solid would decrease from 39.4 to 34.69, by
weight (including the carbon present in the SiC formed).
There is a large difference between the carbon compositions
of the front layer of char from the ablation materials derived
from virgin heat shield ablation and from prechar ablation.
After ablation, the carbon content in prechars does not
exceed 409, by weight (Fig. 4), but in the virgin heat shield
materials, the carbon content close to the front surface is
greater than 409, (Fig. 6). This implies that SiO, is being
removed by other processes as well as by reaction with the
carbon in the char to form SiC; alternatively, there may be
secondary deposition of carbon from the polymer pyrolysis
gases in the char. For example, if SiO, vaporizes to gaseous
SiO and this gaseous SiO is a precursor in the reaction to
produce SiC, SiC formation could be limited by the physical
removal of SiO gas by entrainment in the transpiring gases

1 O m
A35 Al9 A49
1234 1234 5 12345
SAMPLE
FRONT
SURFACE
|- 25% WT SIC 1~ 29% WT SIC |- 25% SIC
2-2% WT SIC 2- 0% WT SIC 2-19% SIC
5000 T TEMPERATURE ~ SIC SUBUMES  SOOO [T l TEMPERATURE
¥ PROFILE AT AT 4500 — & - PROFILE AT
L4000 15 sec SIC MEUS . uj 4000 45 sec
g AT3500R— 5 N
230001 $IC FORNS AT 3000° — & 3000
5 5
£ 2000 S 20001 i
w ul
= -
1000 1000 ff
4 —
01234 1 012345 )
lcm lcm

Fig. 8 Thermal history of samples.
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Table 4 SiC content of char

Maximum %, by weight crystalline SiC*

Run wt. % SiC
I A2 9o,
1 A27 219
1 A34 24
I A35 25%
I A19 29%
II A26 9%
II A4 2%
111 A21 58%;
IIT A49 25%

% In all samples maximum SiC was found to occur in area adjacent to front
surface of char.

from the pyrolyzing polymer. These transpiring gases might
also blow the molten silica away from the char, or actually
react with the SiO gas, thus reacting in the gas phase and
inhibiting the reaction of SiO with the solid carbon in the
char. In the case of secondary carbon deposition, the density
near the front surface may decrease by sublimation, reaction,
or physical loss, while pyrolysis gases are cracked depositing
carbon. The density would thus decrease as shown in the
sections close to the front surface, yet the carbon content
would increase.

Thermal Response

The temperature response for the runs in the arc image
furnace are reported for representative samples in Figs. 9-12.
These profiles show the thermal response at various depths
and at the front surface of the char. The two prechar samples
were run at similar conditions of heat flux and pressure to
check the reproducibility of the arc image furnace experi-
ments. The measured temperature profiles compared in
Fig. 9 agree within +50°C. The virgin polymer heat shield
material provides more thermal protection than the char
alone, as would be expected. A thermal response curve for
the virgin polymer heat shield is compared to the response of
the prechar in Fig. 10. Computer predicted thermal response
curves derived from the analytical model have also been
plotted in Figs. 11 and 12. While these profiles are predicted
in depth, the predictions are usually high for both the virgin
heat shield aterial and the prechars. Possible reasons for
this are that the chars formed are inhomogeneous and there-
fore the thermophysical data are not adequate, or that notall the
chemical and physical phenomena are included in the model.
The model does give a conservative prediction and can there-
fore be used in designing adequate heat shield thicknesses. In
addition to the computer prediction, which includes only the
virgin polymer pyrolysis kinetics, plots have been made that
also include the SiC kinetics. Figures 11 and 12 show that
including the SiC endothermic reaction can decrease the
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Fig. 9 Samples 1A34 and IA3S prechars.
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Fig. 10 Samples 1A23 and TA34.
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Fig. 11 Sample IA3S prechar.
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Fig. 12 Sample 111A49 virgin polymer.

temperature response predicted for the materials and that
the reaction can decrease the front surface temperature of
the char by about 300°R (Fig. 11).

A fact to note from the computer predictions is that they
all predict temperatures at the front surface that are too high
compared to experiment. At these elevated temperatures,
additional phenomena occur and should be taken into account
in the analytical model. For example, although the model
predicts a temperature of 2897°C (5200°R) (Fig. 11), the
model does not include the reactions of SiC sublimation and
dissociation and SiO. dissociation and vaporization. All
these processes can also occur at these temperatures. Unfor-
tunately, they occur at very high temperatures, and accurate
chemical parameters describing them are difficult to obtain
with direct experiment. Further experimental information
will be required to include these phenomena. The analytical
model is flexible enough so this experimentation can be
included easily once the problem of obtaining high-tempera-
ture rate data is solved.
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Summary

Silica reactions with carbon in the Apollo heat shield have
been investigated in an actual re-entered heat shield and in
samples produced with an arc image furnace. In all cases,
x-ray diffraction studies show that SiC is formed in the front
surface of the char. Chemical analyses of virgin polymer
ablation samples show that the amount of total residual
carbon in the chars differs from that in prechar ablation
samples. This difference was attributed to chemical reaction
or physical removal of SiO, from the char or to secondary
deposition of carbon from the pyrolysis gases.

A computer model of the ablation process shows that
incorporation of the SiC reaction sequence acts as a heat
sink and decreases front surface temperatures and in-depth
temperatures. The computer predictions also indicate that
the temperatures attained near the front surface may be
sufficiently high for other processes to occur at the high
temperatures of the char. Therefore, modifications of the
model should be made to test the effects of reactions such as
SiC dissociation and sublimation, and SiO. vaporization.
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