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Compressive Response of Lightweight Ceramic Ablators:
Silicone Impregnated Reusable Ceramic Ablator
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Silicone impregnated reusable ceramic ablators are highly porous � brous ceramic substrates that are partially
impregnated with silicone. The ablators are used as heat shields for planetary entry. The compressive responses of
virgin and charred ablators, and their corresponding � brous substrates, are reported. The � bers in the materials
tend to be randomly and uniformly aligned parallel to a preferred plane, resulting in anisotropic mechanical
properties. Compressive loads, applied either parallel or normal to the preferred � ber-alignment plane, yielded
initial stress–strain responses that were fairly linear, to strains of about 1 or 2%. For virgin ablators loaded
normal to the � ber-alignment plane, the initial linear response was followed by a rapid decrease in the slope of the
stress–strain curve, after which the stress increased asymptotically with strain, to strains over 80%, and stresses
approaching 10 MPa, without macroscopic failure. In all other cases, after the initial linear response, the stress
varied in an erratic, roughly horizontal, manner, without exceeding about 3 MPa. This erratic stress path indicates
discontinuous breaking of the bonds between the � bers and/or buckling of the � bers. Good correlation between
compressive strength and hardness was found among materials with this latter response. Comparisons are made
with the behavior of phenolic impregnated carbon ablator.

Nomenclature
A = indentation surface area, ¼ D±, mm2

D = diameter of hardness indenter, mm
e = energy density [de� ned in Eq. (3)], MJ/m3

Ei = initial Young’s modulus, MPa
E j = secant modulus, j D 1, 2 [de� ned in Eq. (1)], MPa
H = Lmax=A, hardness, MPa
Lmax = maximum load during hardness test, N
S = compressive strength, MPa
S0 = stress at initial fracture, MPa
± = depth of penetration of hardness indenter, mm
" = strain, mm/mm
"c = critical strain [numerical parameter in Eq. (2), values

listed in Table 2], mm/mm
" j = strain at stress ¾ j , j D 1, 2, mm/mm
"S = strain at S, mm/mm
"0 = strain at initial fracture, mm/mm
¾ = stress, MPa
¾a ; ¾b = numerical parameter in Eq. (2) [values listed

in Table 2], MPa
¾ j = stress values, j D 1, 2, used to calculate E j

in Eq. (1), MPa
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¾Y = yield stress, MPa
¾1 = 0.5S, MPa
¾2 = 0.9S (if 0.9S · S0 · S) or equal to S0

(if S0 < 0:9S), MPa

Introduction

T HIS paper is the second in a series of papers that present re-
sults of experimental studies of the mechanical behavior of

lightweight ceramic ablator (LCA) materials. The impetus for (and
importance of) these studies is discussed in the Introduction to our
initial paper.1 Brie� y, LCAs were developedat the Thermal Protec-
tion Materials and Systems Branch at NASA Ames ResearchCenter
for use as heat shields on planetary entry vehicles. LCAs are highly
porous� brousceramicsubstratesthat are partiallyimpregnatedwith
organic resins.2 The principal types of LCAs are silicone impreg-
nated reusable ceramic ablator (SIRCA) and phenolic impregnated
carbonablator(PICA). SIRCA is used in applicationswhere theheat
� uxesare 200W/cm2 or less, andPICA is usedforheat � uxesgreater
than 400 W/cm2 . SIRCA was the heat shield on the aft plate of Mars
Path� nder and was chosen for the leading edges and nose cap of the
X-34 vehicle.3 SIRCA has also been adopted for use on the back
interface plates of the entry aeroshells of both Mars Exploration
Rovers, scheduledfor launch in 2003, and recentlyKistler Corpora-
tionhasadoptedSIRCA for the nosecapandotherhigh heatingareas
on their proposedK-1 reusable launch vehicle. PICA was chosen as
the heat shield for Stardust Sample Return Capsule’s forebody4 and
is a candidate for future outer planet missions (to Jupiter, Saturn,
Neptune,and their moons) that are anticipatedtoward the end of the
current decade.

The thermal performance and ablation characteristics of LCAs
have been studied extensively by Tran,2 Tran et al.,4¡7 and Chen
and Milos.8 Although most experimental work on LCAs to date
has been on thermal properties, Milos and Squire3 conducted ther-
mostructural analyses that included the results of three-point and
cantilever bending tests on SIRCA. More recently, Marschall and
Cox9 and Marschall and Milos10 measured the gas permeability of
SIRCA, PICA, and several rigid � brous refractory substrates.

Previously, the compressive and hardness responses of PICA,
charred PICA, and PICA’s carbon � ber substrate, Fiberform®,
were presented.1 In the present paper, results are presented from
compression and hardness tests on two types of SIRCA, in both
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their virgin and charred states, and on their corresponding � brous
substrates. The materials were tested with uniaxial loads parallel
to, and transverse to, the plane of preferred � ber alignment, to de-
termine the anisotropy of the mechanical response. In addition, the
prominent characteristics of PICA and SIRCA under compressive
loading are compared.

In the following two sections of this paper, the samples that were
tested and the compression and hardness test procedures that were
used are described.Then, a discussionof the compressionand hard-
ness results for each material and loading condition is presented.

Materials and Test Procedures
Materials

Compression and hardness measurements were made on two
types of SIRCA, with NASA designations 15A and 15F, wherein
the 15 indicates the approximate density in pounds mass per cubic
foot, and A and F refer to the type of substrate. In particular,A sig-
ni� es Ames insulation material (AIM), which is made from silica
� bers (»3-¹m diam), and F designatesa � brous refractorycompos-
ite insulation (FRCI), which consists of 78% silica � bers (»3-¹m
diam), 20% Nextel 312 � bers (»8-¹m diam), and 2% SiC powder
(1200 grit). Nextel 312 consists of 62.6% A12O3, 24.4% SiO2, and
12.9% B2O3. Both types of SIRCA are impregnated with silicone
resin. The average density of the SIRCA specimens tested in the
present study ranged from about 245 to 330 kg/m3 for SIRCA 15A,
and from 240 to 260 kg/m3 for SIRCA 15F. The average density of
the substrate materials that were tested ranged from about 165 to
190 kg/m3 for AIM and from 170 to 220 kg/m3 for FRCI. Density
is taken to be the mass of a sample divided by its bulk volume as
determined by its exterior dimensions; average density is the mean
average, taken over individual density measurements on different
samples. Numerical values of density with § values are average
values with standard deviations.

In earlier work,2;5¡7 conditions encountered during atmospheric
entry were simulated in the 60 MW InteractionHeating Facility and
20 MW Aerodynamic Heating Facility at NASA Ames Research
Center. The LCAs were found to ablate and develop a char layer
(on the order of a few millimeters thick) with material properties
that vary with surface depth. Thus, the in� uence of charring on
the mechanical properties of the LCAs is also of interest. To ob-
tain uniformly charred SIRCA for mechanical testing in the present
study, specimens were pyrolyzed in a tube furnace, in an argon at-
mosphere, at 1000±C for 10 min, and then the furnace was turned
off and the specimens were cooled to room temperature. The cool-
ing rate was approximately 50±C/min in the beginning, and then
decreased gradually to about 20±C/min toward the end. This pro-
cess caused decompositionof the silicone resin and yielded � brous
substrates coated in char residue. The average postcharred density
of SIRCA ranged from about 240 to 270 kg/m3 for SIRCA 15A and
from about 240 to 300 kg/m3 for SIRCA 15F.

As in the case of PICA, the � bers in the substratesof SIRCA tend
to be randomly and uniformly aligned parallel to a preferred plane,
resulting in highly anisotropic mechanical properties that are de-
pendent on the orientationof the plane of preferred � ber alignment
with respect to the direction of loading during measurement. For
brevity, the plane of preferred � ber alignment is called simply the
preferredplane, and, in discussionsof the hardnessand compression
data, the terms transverse loading or transverse compression refer
to loads applied perpendicular to the preferred plane, whereas par-
allel loading or parallel compression designate loads parallel to the
preferred plane. It is mentioned, in passing, that a study of fracture
surfaces, produced in various modes of loading (including tension,
shear, and bending, as well as compression), has been undertaken
via scanning electron microscopy. Comprehensive results of this
study will be available in due course. Here, to illustrate general
microstructural features, photomicrographs of fracture surfaces of
virgin SIRCA and charred SIRCA are shown, at various levels of
magni� cation, in Figs. 1 and 2, respectively. Speci� cally, Fig. 1
shows a fracture surface at three levels of magni� cation of a SIRCA
15F specimen that was tested in transverse compression.The views
are oblique relative to the preferred plane of � ber alignment. A rel-
atively high degree of porosity is evident in the photomicrographs

Fig. 1 Scanningelectron photomicrographs,at three levels of magni� -
cation,of a fracture surface of aSIRCA 15Fspecimen thatwas fractured
in transverse compression.
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Fig. 2 Scanning electron photomicrographs, at two levels of magni� -
cation, of a region of a charred SIRCA 15A surface that was fractured
in parallel compression.

of SIRCA 15F. Figure 2 shows, under two levels of magni� cation,
a region of a fracture surface of a charred SIRCA 15A specimen
that was tested in parallel compression. The planes of the images
in Fig. 2 are roughly coincident with the preferred plane of � ber
alignment.

Test Procedures
Compression and hardness tests, under both parallel and trans-

verse loads, were carried out with the same procedures described
previouslyby the present authors.1 Loads were applied to the speci-
mens in a displacement-controlled Instron1123 test machine.Loads
were measured with a precision load cell that is National Institute
of Standards and Testing traceable and calibrated to 1% of full
scale. In addition, calibrations of the load cell by the dead weight
method, at low loads (between 5 and 30 N), were found to be within
2% throughout the range of loads that were tested. Compression
test specimens had nominal dimensions of 12.7 £ 12.7 £ 25.4 mm.
The load was applied parallel to the long axis of the specimens.
One portion of the compression test � xture consisted of a self-
aligning “frictionless” hemisphere. The crosshead speed ranged
from 0.102 mm/min (for parallel loading) to 0.762 mm/min (for
transverseloading). Measuredvaluesof load and displacementwere
converted to values of stress and strain, respectively,by dividing the

loads by the corresponding initial cross-sectionalareas of the spec-
imens and the displacementsby the correspondinginitial lengths of
the specimens.

Hardness indents were made with a steel ball of diameter D D
19:05 mm. A preload of 1 N was applied to minimize surface ef-
fects. The load was then increased to a maximum value Lmax (usu-
ally about 30 N) and subsequently reduced to the preload value,
where the depth of penetration ± was determined. Hardness H is
de� ned by the relation H D Lmax=A, where the indent surface area
A is approximated by the relation A D ¼ D±. In the hardness mea-
surements, the displacement was measured with a linear variable
differential transformer,with a range of §6.35 mm and a resolution
of 3 ¹m. The crosshead speed was 0.102 mm/min. This procedure
was developedby Parmenter and Milstein11 to measure the hardness
of � ber reinforced silica aerogels.

Exploratory tests were carried out to determine suitable values
of Lmax for use in hardness testing. Generally, the LCAs and their
respective substrates responded well to maximum loads of 30 N;
however, SIRCA 15F began to crack in some cases at loads greater
than 20 N, resulting in choppy load-displacementcurves. To verify
that this behaviordid not unduly in� uence the test results,half of the
indentson SIRCA 15F were made with nominal Lmax valuesof 20 N
and the other half with nominal Lmax values of 30 N. No appre-
ciable load dependence was observed for the hardness of SIRCA
15F between about 20 and 30 N. However, there was a tendency
for the apparent measured hardness of SIRCA 15F to decrease at
loads higher than 30 N because of cracking and surface cave-in,
particularly when the load on the indenter was parallel to the plane
of preferred � ber alignment. All other hardness measurements re-
ported herein (and in Ref. 1) were made with nominal Lmax values
of 30 N.

Results and Discussion
Compressive Response

Two distinct types of compressive stress–strain responses were
observed among the specimens tested for the present work and for
Ref. 1. For brevity, these are referredto as type 1 behaviorand type 2
behavior. Type 1 behaviorwas exhibited in all parallel compression
tests and in the transverse tests of AIM, FRCI, charredSIRCA 15A,
and charred SIRCA 15F. Type 2 behavior was found in the trans-
verse compressiontests of all virginLCAs (i.e., PICA, SIRCA 15A,
and SIRCA 15F), Fiberform, and charred PICA. The type 1 and 2
behaviors are described in the following paragraphs.

Although our main interest is in the behavior of the composite
LCA materials, it is nevertheless instructive to begin by examining
the compressive behavior of the bare substrates. Figures 3 and 4,
respectively,each show the stress–strain responsesof about a dozen
AIM and FRCI specimens that were loaded in parallelcompression.
Figures5 and 6 show the analogousbehaviors for transverseloading
over the same range of strain, that is, from 0 to 0.2 mm/mm. The
stress–strain response of each substrate is qualitatively the same,
regardless of orientation.Such qualitativebehavior is characterized

Fig. 3 Stress–strain curves obtained from parallel-compression test-
ing of AIM; density = 192 §§ 8 kg/m3 .
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Table 1 Mechanical properties of SIRCA, charred SIRCA, and the � brous substrates AIM and FRCI under compressive loading, derived
from Figs. 3–8 and 10–13; Fiberform, PICA, and charred PICA (from Ref. 1) included for comparisona

Mode of No. of Density,
Row Material loading samples kg/m3 S0, MPa "0, mm/mm S, MPa "S , mm/mm E1 , MPa E2 , MPa

1 AIM Pb 12 192§ 8 0.43 § 0.05 0.010§ 0.002 0.47§ 0.04 0.054§ 0.030 46 § 9 43 § 11
2 FRCI P 11 172§ 5 1.16 § 0.17 0.009§ 0.002 1.21§ 0.15 0.057§ 0.047 148§ 22 135§ 24
3 AIM Tc 11 165§ 2 0.27 § 0.03 0.015§ 0.003 0.29§ 0.02 0.091§ 0.059 26 § 6 18 § 4
4 FRCI T 10 182§ 8 0.78 § 0.09 0.013§ 0.003 0.84§ 0.07 0.081§ 0.068 72 § 9 62 § 15
5 S15Ad P 12 311§ 9 1.38 § 0.09 0.022§ 0.002 1.38§ 0.09 0.022§ 0.002 80 § 8 71 § 4
6 S15Fe P 8 260§ 4 2.08 § 0.12 0.017§ 0.001 2.08§ 0.12 0.017§ 0.001 130§ 5 126§ 5
7 Chf S15A P 13 243§ 8 1.41 § 0.42 0.020§ 0.008 1.51§ 0.32 0.028§ 0.009 88 § 14 78 § 23
8 Ch S15F P 12 253§ 21 2.38 § 0.33 0.018§ 0.003 2.40§ 0.32 0.026§ 0.017 138§ 17 141§ 23
9 Ch S15A T 12 268§ 12 1.19 § 0.58 0.019§ 0.006 1.22§ 0.57 0.038§ 0.030 70 § 19 70 § 28
10 Ch S15F T 12 244§ 16 1.71 § 0.91 0.022§ 0.007 1.80§ 0.85 0.124§ 0.107 89 § 46 85 § 47
11 Fiberform P 10 187§ 6 NAg NA 0.81§ 0.08 0.041§ 0.011 57 § 12 32 § 3
12 PICA P 18 220§ 4 1.54 § 0.09 0.017§ 0.002 1.55§ 0.09 0.023§ 0.011 143§ 17 106§ 9
13 Ch PICA P 11 225§ 8 NA NA 1.79§ 0.43 0.031§ 0.006 107§ 19 78 § 21

aNumerical values following the § signs are standard deviations. bParallel. cTransverse. dSIRCA 15A. eSIRCA 15F. fCharred. g NA, not available.

Fig. 4 Stress–strain curves obtained from parallel-compression test-
ing of FRCI; density = 172 §§ 5 kg/m3 .

Fig. 5 Stress–strain curves obtained from transverse-compression
testing of AIM; density = 165 §§ 2 kg/m3 .

herein as type 1. In Figs. 3–6, initially, the stress increases rather
linearlywith strain, up to strains of about 1% (0.01 mm/mm). Then,
following initial fracture, the stress varies with strain on an erratic
horizontal path that is indicative of continuing internal fracturing.
During this stage, bonds between � bers, and/or the � bers them-
selves, apparently are breaking. Table 1 lists mechanical properties
derived from Figs. 3–6. The entries in Table 1 include the stress S0

and strain "0 at initial fracture, the compressive strength S (i.e., the
maximum stress), the strain "s at which the maximum stress occurs,
and two secant moduli E1 and E2 . The determinations of "0, "s ,
and the secant moduli are reckoned to reference states at which the

Fig. 6 Stress–strain curves obtained from transverse-compression
testing of FRCI; density = 182 §§ 8 kg/m3 .

stress is 0.05 MPa to eliminate initial transient effects. The secant
moduli, which are a measure of stiffness, are the slopes de� ned by

E j D [¾ j ¡ 0:05 MPa]

[" j ¡ strain at 0:05 MPa]
(1)

where, for each sample, " j D strain at ¾ j , ¾1 D 0:5S, and ¾2 D 0:9S.
(Or, if a de� nitive initial fractureoccurredat S0 < 0:9S, then¾2 D S0,
so that all " j · "0.) Although a strongly anisotropic response is not
evident in the qualitative behavior of the bare substrates, there is
de� nite quantitative anisotropy, as is readily seen from rows 1–4 of
Table 1. Each substrate material is stronger and stiffer in parallel
loading, and FRCI is stronger and stiffer then AIM. Speci� cally,
for each substrate, in parallel loading, both S0 and S are about 50%
greater, and the secant moduli are about 100% greater, than in trans-
verse loading. In each mode of loading, the values of S0 and S and
the secant moduli of FRCI are about three times the corresponding
values for AIM.

Figures 7 and 8, respectively, show the stress–strain responses
of specimens of SIRCA 15A and SIRCA 15F that were loaded in
parallel compression.The parallel loading responses of the SIRCA
materials exhibit the type 1 behavior that is characteristic of the
substrates, as seen in Figs. 7 and 8 and in rows 5 and 6 of Table 1.
Figures 7 and 8 employ a smaller range of strain than Figs. 3–6,
to display clearly the initial, relatively linear, response and initial
fracture. Figure 9 displays representative parallel compressive re-
sponses of both types of SIRCA and PICA over a larger range
of strain. The compressive strengths of these samples are 1.45,
2.15, and 1.50 MPa, respectively, for SIRCA 15A, SIRCA 15F,
and PICA. At large strains, PICA undergoes macroscopic fracture
and crumbling, and the stress tends toward zero; however, both
types of SIRCA continue to exhibit the erratic, roughly horizontal,
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Fig. 7 Stress–strain curves obtained from parallel-compression test-
ing of SIRCA 15A; density = 311 §§ 9 kg/m3 .

Fig. 8 Stress–strain curves obtained from parallel-compression test-
ing of SIRCA 15F; density = 260 §§ 4 kg/m3 .

Fig. 9 Comparison of representative stress–strain curves of SIRCA
15A, SIRCA 15F, and PICA obtained from parallel-compressiontesting
over a large range of strain.

stress–strain responses that are characteristic of a continuing, in-
ternal fracturing process. In parallel loading, the values of S, E1,
and E2 of SIRCA 15F are about 50, 60, and 80% greater than the
corresponding values for SIRCA 15A. Because FRCI is consider-
ably stronger and stiffer than AIM, the relative strengthening and
stiffening in� uences of the silicone resin are greater in SIRCA 15A
than they are in SIRCA 15F. Speci� cally, in parallel loading, the
compressive strength of SIRCA 15A is about three times that of
AIM, whereas SIRCA 15F is about 70% stronger than FRCI. Like-
wise, the values of the secant moduli E1 and E2 of SIRCA 15A are
about 70% greater than the correspondingvalues for AIM, whereas

Fig. 10 Stress–strain curves obtained from parallel-compression test-
ing of charred SIRCA 15A; density = 243 §§ 8 kg/m3 .

Fig. 11 Stress–strain curves obtained from parallel-compression test-
ing of charred SIRCA 15F; density = 253 §§ 21 kg/m3 .

the corresponding values of the secant moduli of SIRCA 15F and
FRCI are comparable. Thus, for SIRCA 15F in parallel loading,
the � brous substrate is responsible for essentially all of the initial
resistance to deformation.

The compressive responses of charred SIRCA 15A and charred
SIRCA 15F are examined next because they had the same qualita-
tive behavior (i.e., type 1) as the virgin LCAs under parallel loading
and as the bare substrates under both modes of loading. Figures 10
and 11 show the parallel compressive responses of charred SIRCA
15A and charred SIRCA 15F specimens, respectively. The corre-
sponding mechanical properties for the charred LCAs are listed in
rows 7 and 8 of Table 1. Under parallel loading, the values of com-
pressivestrengthand secantmoduli of charredSIRCA 15A are com-
parable to the correspondingvalues for virgin SIRCA 15A, within
the limits of statisticalvariationsof material properties.This is also
the case for charred SIRCA 15F and virgin SIRCA 15F. Thus, a
comparison of the AIM and FRCI substrate data in rows 1 and 2 of
Table 1 with the corresponding data for charred SIRCA 15A and
charred SIRCA 15F in rows 7 and 8 shows that, even after the sili-
cone resin is pyrolized,the char residuecontinuesto strengthenboth
� brous substrates and stiffen the AIM substrate. As was observed
with PICA,1 the process of charring also introducesgreater nonuni-
formity among the SIRCA samples, as is seen from the relatively
greater scatter in Figs. 10 and 11, comparedwith Figs. 3, 4, 7, and 8.
Figures 12 and 13, respectively,show the stress–strain responses of
charredSIRCA 15Aand charredSIRCA 15F specimensundertrans-
verse compression.As Figs. 12 and 13 show, the charred specimens
subjected to transverse loading also exhibited a relatively high de-
gree of nonuniformity. Accordingly, the standard deviations listed
for the mechanical properties of the charred samples in rows 6–10
of Table 1 tend to be particularly large, especially for the stress at
initial fracture S0 and the compressive strength S. Under transverse
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Table 2 Transverse mechanical properties of SIRCA (derived
from Figs. 14 and 15) and PICA (from Fig. 7 in Ref. 1)

No. of Density, "c ,
Material specimens kg/m3 Ei , MPa ¾Y , MPa ¾a , MPa ¾b , MPa mm/mm

SIRCA 15A 12 245§ 11a 15 § 2 0.29§ 0.04 0.22b 0.12 0.97
SIRCA 15F 10 259§ 7 34 § 5 0.72§ 0.08 0.53 0.12 1.00
PICA 11 221§ 2 12 § 2 0.27§ 0.06 ¡0.29 0.55 1.00
aNumerical values following § signs are standard deviations.
bUpwardly concave portions of the stress–strain curves are described by the function ¾ D ¾a C ¾b=."c ¡ "/2.

Fig. 12 Stress–strain curves obtained from transverse-compression
testing of charred SIRCA 15A; density = 268 §§ 12 kg/m3.

Fig. 13 Stress–strain curves obtained from transverse-compression
testing of charred SIRCA 15F; density = 244 §§ 16 kg/m3.

load, charred SIRCA 15A is signi� cantly stronger and stiffer than
AIM, as is seen by comparing Figs. 5 and 12 and rows 3 and 9
in Table 1. In this mode, charred SIRCA 15F is also signi� cantly
stronger than FRCI, although the behavior of the charred samples
varies widely; the weakest of the charred SIRCA 15F samples had
compressive strengths that are comparable with the strongest FRCI
samples, as is seen by comparing Figs. 6 and 13.

The most interestingin� uenceof siliconeimpregnationwas found
in the transverse compression tests of virgin SIRCA 15A and vir-
gin SIRCA 15F specimens; the stress–strain results from these tests
are shown in Figs. 14 and 15, respectively. Here, the behavior is
distinctlydifferent from that found in the parallel testing of all spec-
imens and in the transverse testing of AIM, FRCI, charred SIRCA
15A, and charredSIRCA 15F. The transversecompressiveresponse
for both types of SIRCA begins with a relatively linear increase in
stress, up to strains of a few percent, after which the slope markedly
decreases;the slopethenbeginsto increaseat an increasinglygreater
rate, up to strains over 80%. The stress–strain responses that exhibit
these characteristics (regardless of whether fracture ultimately oc-
curs) are designated as type 2. The transverse compression tests of
PICA, charredPICA, and Fiberform also exhibited type 2 behavior,

Fig. 14 Stress–strain curves obtained from transverse-compression
testing of SIRCA 15A; density = 245 §§ 11 kg/m3 .

Fig. 15 Stress–strain curves obtained from transverse-compression
testing of SIRCA 15F; density = 259 §§ 7 kg/m3 .

although macroscopic fracture occurred at strains of about 60–70%
(see Ref. 1). Some of the SIRCA 15F specimens did show evi-
dence of internal fracture at strains in excess of about 50%, as seen
from jogs in some of the stress–strain curves in Fig. 15, but these
specimens still continued to support increasing stress with increas-
ing strain; this increasing stress–strain phenomenon also occurred
without observable barreling of the specimens.

Table 2 lists values of type 2 mechanical properties of the LCAs
derived from the transverse compression tests of SIRCA 15A
(Fig. 14), SIRCA 15F (Fig. 15), and PICA (Fig. 7 in Ref. 1). The
method for determining the initial Young modulus Ei and initial
yield stress ¾Y is described in Ref. 1. It is also shown here that the
upwardly concave portions of the transverse stress–strain curves of
the LCAs are described by the empirical equation

¾ ."/ D ¾a C ¾b=."c ¡ "/2 (2)

where ¾a , ¾b , and "c are numerical parameters listed in Table 2.
Figure 16 shows the analytic functions ¾ ."/ vs " plotted together
with experimental data points. Each datum point in Fig. 16 was
calculated by averaging the measured stresses (in Figs. 14 and 15
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Fig. 16 Comparison of experimental stress–strain behavior (data
points) with the empirical functions, ¾ = ¾a + ¾b/("c ¡ ")2 (——), for
SIRCA 15A, SIRCA 15F, and PICA in transverse compression.

Fig. 17 Comparison of cumulativeenergy density vs strain for SIRCA
15A, SIRCA 15F, and PICA obtained from representative transverse-
compression tests.

and in Fig. 7 of Ref. 1) at selected values of strain. The empirical
parameters in ¾."/ were � t to these data points in the following
ranges of strain: 0.15–0.84 for SIRCA 15A, 0.15–0.85 for SIRCA
15F, and 0.15–0.68 for PICA. In each case, the critical strain "c was
found to be at, or very close to, unity, which indicates a theoretical
asymptote at 100% strain. Figure 17 shows plots of energy density
vs strain for representative transverse compression tests of SIRCA
15A, SIRCA 15F, and PICA. As Fig. 17 shows, under transverse
compression, the LCAs are able to absorb considerable energy at
large strains.Energydensity e at strain " is the area under the stress–

strain curve, given by

e."/ D
Z "

0

¾.´/ d´ (3)

Figures 18 and 19 show representative transverse stress–strain
curves for each type of SIRCA, in its virgin and charred states, and
for its corresponding substrate. The initial transverse responses of
both types of SIRCA are somewhat similar to those of their cor-
responding substrates. For example, in the transverse mode, the
initial yield stressesof SIRCA 15A and SIRCA 15F are 0.29 § 0.04
and 0.72 § 0.08 MPa, respectively (see Table 2), compared with
stresses at initial fracture for AIM and FRCI of 0.27 § 0.03 and
0.78 § 0.09 MPa, respectively (see Table 1). However, after initial
fracture, the substrates (as well as both charred SIRCA materials)
exhibit continuing internal fracture, that is, the stress–strain pat-
tern is roughly horizontal, with appreciable noise. Eventually, the
substrates (and the charred SIRCA materials) cave in or collapse,

Fig. 18 Comparison of representative stress–strain curves of AIM,
SIRCA 15A, and charred SIRCA 15A obtained from transverse-
compression testing.

Fig. 19 Comparison of representative stress–strain curves of FRCI,
SIRCA 15F, and charred SIRCA 15F obtained from transverse-
compression testing.

whereas with increasingstrain, the stress–strain curves of the LCAs
continue to remain smooth, and they become concave upward. A
signi� cant difference between the SIRCA materials (and their sub-
strates) and PICA (and its substrate) is that the latter (type 2) behav-
iorwas presentin the transversecompressiveresponsesofFiberform
and charred PICA, as well as in that of virgin PICA. This difference
in behavior suggests that, in the transversemode, at large strains, the
� bers in Fiberformundergorelativelyless fractureand/or debonding
than do the � bers in AIM or FRCI.

Correlation of Hardness and Compressive Strength
Finally, the hardness H (see Table 3) and its correlation with

compressive strength S are examined. In Ref. 1, for PICA, charred
PICA, and Fiberform, wherein all parallel compressive responses
were of type 1 and all transverse responses were of type 2, it is
hypothesized that

: : : during parallel hardness testing, there exists highly localized
separation and buckling in a small region beneath the indenter
(since the dominant mechanism limiting compressive strength ap-
pears to be internal separation and buckling). As a result, the
present method of measuring the hardness of LCAs may yield val-
ues that correlate well with compressive strengths in parallel load-
ing.However, further testing with a wider variety ofLCA materials
needs to be carried out to establish any quantitative relationships.

As is discussed in the following paragraph, in the present study,
good correlation was indeed found between compressive strength
and hardness, not only for parallel loading tests, but for all tests
resulting in type 1 behavior. In Ref. 1, it was also remarked that
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Table 3 Hardness of SIRCA, charred SIRCA, and the � brous substrates AIM and FRCIa

Parallel loading Transverse loading

Density, No. of Hardness H , No. of Hardness H ,
Material kg/m3 indents MPa indents MPa

SIRCA 15A 330 7 2.45§ 0.18 20 1.66§ 0.10
AIM 170 10 0.59§ 0.05 5 0.41§ 0.01
SIRCA 15F 240 10 2.37§ 0.43 20 1.39§ 0.10
Charred SIRCA 15F 256 § 16 10 3.55§ 0.69 10 2.06§ 0.44
Charred SIRCA 15F 297 § 36 9 4.10§ 0.92 10 2.28§ 0.40
FRCI 220 10 2.19§ 0.32 5 1.33§ 0.09

aNumerical values following the § signs are standard deviations; where standard deviations are not listed for
densities, a single value of density was determined for one bulk specimen.

Table 4 Materials and test conditions associated
with the data points (a, b, : : :) in Fig. 20

Density of Density of
Datum Mode of H samples,b S samples,c

point Materiala loading kg/m3 kg/m3

a AIM Transverse 170 165§ 2
b AIM Parallel 170 192§ 8
c Fiberform Parallel 160 187§ 6
d FRCI Transverse 220 182§ 8
e FRCI Parallel 220 172§ 5
f SIRCA 15A Parallel 330 311§ 9
g SIRCA 15F Parallel 240 241§ 1
h SIRCA 15F Parallel 240 260§ 4
i Charred SIRCA 15F Transverse 256§ 16 244§ 16
j Charred PICA Parallel 225 § 2 225§ 8
k PICA Parallel 220 220§ 4
l Charred SIRCA 15F Parallel 256§ 16 253§ 21
aData for Fiberform, PICA, and charred PICA are from Ref. 1.
bRepresents the average density of samples used to determine the average hardness H
in each series of hardness tests.
cRepresents the average density of samples used to determine the average compressive
strength S in each series of compression tests.

: : : under transverse loading: : : the “representative stresses” ex-
erted by the hardness indenter are in the non-linear, upwardly
concave, regions of the stress-strain curves: : : . Therefore, such
stresses are too small to cause signi� cant localized fracture, and
in view of the complexity of the stress-strain curves, it may be
presumed that hardness measurements are unlikely to correlate
simply with compressive strengths.

This presumption, originally in reference to transverse testing of
PICA, charred PICA, and Fiberform, apparently is applicable to
cases associated with type 2 behavior, in general.

For those materials listed in Table 1 that exhibit type 1 behav-
ior in both transverse and parallel compression, the ratios of trans-
verse compressive strength to parallel compressive strength are in
the range from about 0.6 (for AIM) to 0.8 (for charred SIRCA
15A). The ratio of transversehardness to parallel hardness, for each
material listed in Table 3, is in a comparable range (i.e., about
0.6–0.7), including even the virgin SIRCA materials (which can
support transverse compressive stresses far in excess of their com-
pressive strengths in parallel loading). Figure 20 is a plot of the
average compressive strength vs average hardness for the materials
that exhibit type 1 compressive behavior. The straight line has the
form S D 0:73H and is the best least-squares, linear � t to the data,
constrained to pass through the origin; the R2 value is 0.77. Table 4
identi� es each datum point in Fig. 20 and lists the average densities
of the specimensused in the determinationsof the averagevalues of
S and H plotted in Fig. 20. Different samples were used for hard-
ness and for strength measurements; variations in average density
are owing to processingvariables and/or material inhomogeneities.
Some of the scatter in the data shown in Fig. 20 may be attributed
to these density differences. For example, in cases where the aver-
age density of the hardness specimens is substantially greater than
the average density of the compression test specimens (i.e., data
points d, e, and f ), it is expected that the data points would be
skewed in the direction of higher hardness and, hence, would tend

Fig. 20 Average compressive strength S vs average hardness H for
LCAs, charred LCAs, and � brous substrate materials that exhibited
type 1 compressive behavior.

to lie below the least-squares line. Conversely, when the density of
the compression test specimens is substantiallygreater than that of
the hardness specimens (see data points c and h), the data points
should lie above the least-squares line. These tendencies are indeed
observed in Fig. 20. Also, the data for the charred specimens (i , j ,
and l ) may be expected to deviate from the trendline because of the
relatively large standard deviations of their average S and H val-
ues. In view of these considerations, there exists a good correlation
between hardness and compressive strength over a wide range of
samples that exhibit type 1 compressive behavior.

Conclusions
This paper has presented results from compression and hardness

tests on silicone impregnated reusable ceramic ablators (SIRCA)
with the NASA designations SIRCA 15A and SIRCA 15F, in
their virgin and charred states, and on their corresponding � brous
substrates, Ames insulation material (AIM) and � brous refractory
composite insulation (FRCI). AIM is made from silica � bers, and
FRCI contains mainly silica and Nextel � bers. The materials have
anisotropic mechanical properties because the � bers tend to align
themselves parallel to a preferred plane. Therefore, two distinct
modes of loading were employed, that is, load was applied parallel
to the preferred plane of � ber alignment (referred to herein as par-
allel loading), and load was applied perpendicular to the preferred
� ber-alignment plane (called transverse loading herein).

Two characteristicmaterial responses, referred to hereinas type 1
and type2 behaviors,wereobservedduringthe compressiontests. In
type 1 behavior, the stress initially increased relatively linearlywith
strain, up to strains of about 1 or 2%, and then the stress followed an
erratic, roughly horizontal, path as the strain increased. The erratic
behavior in the latter stage indicates that bonds between the � bers,
and/or the � bers themselves,werebreakingin a discrete(i.e.,discon-
tinuous) manner as the material continuedto deform.The substrates
(AIM and FRCI), charredSIRCA 15A, and charredSIRCA 15F ex-
hibited type 1 behavior under both parallel and transverse loading,
and virgin SIRCA 15A and virgin SIRCA 15F exhibited type 1



298 PARMENTER ET AL.

behavior under parallel loading. Earlier parallel compression tests
on phenolic impregnatedcarbon ablator (PICA), charredPICA, and
Fiberform also resulted in type 1 behavior.1

The averagecompressivestrengthsof the materials that exhibited
type 1 behavior ranged from 0.3 to 2.4 MPa. Speci� cally, under par-
allel compression, virgin SIRCA 15A had an average compressive
strengthof 1.4 MPa, and virgin SIRCA 15F had an average strength
of 2.1 MPa. In parallel compression, SIRCA 15A was almost three
times as strong as its bare substrate AIM, whereas SIRCA 15F was
less than two times as strong as its bare substrate FRCI; however,
FRCI is about two and a half times stronger than AIM in this mode.
Therefore, the siliconeimpregnationhad a greater relative in� uence
on AIM than on FRCI. Also, under parallel compression, SIRCA
15F was about 50% stronger and 60–80% stiffer than SIRCA 15A.
The materials that exhibited type 1 behavior in both modes of load-
ing had ratios of strength in transverse compression to strength in
parallel compression from about 0.6 to 0.7 (for the substrates) and
about 0.8 (for the charred SIRCA materials). After pyrolysis, the
char residueprovidedstrengtheningbene� ts to SIRCA 15A and 15F
when compared to their correspondingsubstrates.However, greater
error was associated with the numerical values of the mechanical
properties of the charred materials owing to greater nonuniformi-
ties among the test specimens. For type 1 behavior, there was good
correlation between hardness and compressive strength.

Virgin SIRCA 15A and 15F exhibited type 2 behavior under
transverse loading. Earlier transverse compression tests for PICA,
charred PICA, and Fiberform also resulted in type 2 behavior. In
type 2 behavior, the stress initially also increased in a relatively
linear manner with strain, up to strains of a few percent, and
then the slope of the stress–strain curve decreased markedly. Af-
ter this occurrence, the stress increased in an asymptotic manner
wherein the stress varied with strain according to the empirical re-
lation ¾ ."/ D ¾a C ¾b=."c ¡ "/2, where "c is a theoreticalasymptote
that is close to unity (i.e., 100% strain) and ¾a and ¾b are constants.
Under transverse loading, both types of SIRCA supported stresses
close to 10 MPa, at strains over 80%, without macroscopicfracture.
Thus, the in� uence of silicone impregnation was most profound in
the transversemode of loading. The characteristic type 2 responses
of SIRCA and PICA also enable the materials to absorb consid-
erable energy under transverse compressive load. These responses
may enable the materials to serve, not only for thermal protection
of spacecraft,but also for absorbing impact during “hard” landings.
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