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Abstract

Evaluation of ablative materials for thermal protection at low heating rates is
discussed. Initially, 21 different materials with densities between 255 and
2200 kg/m3 were evaluated by performing convective heating tests in arc-
heated nitrogen streams and observing the backface temperature rise and sur-
face recession. Modified polyurethane foam composite, which has characteris-
tics desirable for ablative thermal protection, was evaluated and excellent
insulative performance was demonstrated. Ablative performance of the foam
materials is compared with the performance of ''state-of-the-art". materials

" and with analytical predictions,

1. INTRODUCTION

The cone frustum afterbody of the Apollo vehicle
is exposed to a mild thermal environment in
which convective heating rates are less than 1000
kW/m2, and the surface pressures are less than
about 0.05 atm, during entry into the Earth's
atmosphere. Proposed vehicles for which simi-
lar thermal environments may exist include
probes into the Mars atmosphere and lifting
entry bodies. Although these thermal environ-
ments are relatively mild, ablative protection
appears attractive.

This paper discusses the ‘ablative performance
of materials exposed to low-heating-rate en-
vironments. The performance of 21 state-of-

the-art materials was experimentally evaluated
in convective heating environments, These ma-
terials have densities between 225 and 2200
kg/xm3 (specific gravity = 0.22 to 2,2), and were
evaluated at heating rates to 600 kW/m?2.

A new class of low-density materials is also
discussed. Recently, a rigid polyurethane foam
composite (designated 5I) with a density of 54
kg/m3 was developed at Ames to provide both
low-temperature thermal protection and ﬁrf-
suppressant species for aircraft fuel fires. D
The low density of the materials and their char
stability also make them candidates for ablative
thermal protection. The ablative performance
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of the meterials was therefore evaluated in a
convective heating cnvironment at 170 kW/m?2,
at a nominal pressure of 0.01 atm. (2) Excel-
lent insulative performance was demonstrated
in a nitrogen envircnment; however, extensive
surface removal occurred in an air environ-
ment. The foar.s were modified to provide
erosion-resistant surfaces in oxidizing environ-
ments. The modified foams were evaluated at
heating rates between 170 and 1700 kW/m2 and
at a pressure of 0.0l atm. The performance
of the modified foams is discussed and com-
pared with the performance of the state-of-the
art materials.

2. EXPERIMENTAL PROCEDURE

Ablative performance of the materials was ewal-
uated by convectively heating blunt ablation sam-
ples in arc-heated supersonic flows. The

tests were perfurmed in the Planetary Entry
Ablation Facility at Ames. Details of the test
equipment, procedures, and the date reduction
are given in references 3 and 4. Conditions
used in this study are shown in Table I.

-’KTABLE I,

Test

" N3/Os 16, 9
°N /oz T 24.07
.Nzlc2 £ 55.0

S
L kel

The tests were performed in nitrogen and sim-
ulated air environments. To obtain a low
heating rate of 70 kW/m?2, the enthalpy of the
strearmn was reduced by heating argon in the arc
heater (22 percent by weight of total flow) and
adding unheated N2 and O2 in the arc-jet res-
ervoir, For heating rates between 170 and
1,020 kW/m2, only part of the N2 was heated
and the remaining gas was added in the reser-
voir. For 1,730 kW/mZ, all of the N2 and
O, was heated in the reservoir. The ablative

"TEST -CONDI'I‘IONS

" “Total itréi&n ’ Stagmhon—p01nt"
' : presaure, -

specimens were exposed to total heat 1eas
between 4,200 and 17,000 kJ/m2. As 4 om-
parison, the total heat load con tnc Ap.il- after-
body is approximately 7,000 kI/+

The ablative samples were 3.-.cm-dianmicter cylin-
ders. The rear face of each specime~r. vas in-
strumented with a chromel-alumel thermocouple
held in place by a 0.05-cm-thick micarta disk

bonded to the material with Epoxylive No. 8839
adhesive, Two sample designs wer. uased dur-
ing the investigation, A schernatic of this ar-

rangement is shown in Figure J.

In the initial model design, Figure l(a), the ab-
lative sample was bonded to a hollow cylinder
of aluminum, The design was used for testing
the materials at conditions 1, 2, and 3 (Table I).
To minimize heat transfer to the sample sup-
port and sting, a modified design, shown in Fig-
ure 1(b), was used for all remaining tests. The
sample was supported on the sting with three
square stainless-steel pins that prc,ccted into
0.5-cm-diameter holes drilied ir: the rear fage of
the sample. The initial mass per unit areaiof
the samples (,IX ) was varied from ! fe 10
kg/m¢e,

r, ,Stagnation-pomt

s .convective . _Model exposure Time

time, heating,
sec kJ/My -
100 17,000
- 50 17,000
30 17, 000
o 42 - 6,940
.60 4,200
+ 100 7,000
42 6, 940
22 ' T 7,020
12.5 7,120
9.5 7.120
7 7,140
4 6,920
- -ht..-.x.J

The materials were evaluated by inserting the
test samples into the centerline of the high-en- |
ergy supersonic flow and exposing them for the ;
times shown in Table I. The backface tempera-:
ture was continuously recorded during and after
exposure to determine the maximum tempera-

ture rise. The temperature of the ablating sur-
face was measured, in some tests, with a mon-
ochromatic pyrometer giving an optical or ‘
"brightness'' temperature at 0. 653, wavelength.
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3. FOAM MATERIAL COMPOSITICN
3.1 51ana 51A FOAM COMPOSITES

The potyurethane binder systen. used in the
forinulatior was derived from the reaction of
alpha methylglucosidepropyleneoxide polyol and
a polymeric isocyanate., To this resin system
an inorganic salt (potassium fluotorate) and an
alkyl halide polymer were added. For the 5I
material, the alkyl halide polymer was poly-
vinyl chloride-acetate copolymer (VMCH). A
second polyurethane material (51A), using the
alkyl halide polymer polyvinylidene chloride
(Saran A), was also investigated. The compo-
sitions are given in Table II.

ABLATION " BACKFACE SUPPORT
MATERIAL THERMOCOUPLE PINS

b) MODIFIED
FIGURE 1. SCHEMATIC DRAWING OF TEST SPECIMEN

26,7 percent. (1) The s1a system was also de-
veloped for fuel fire-protection systems as a
complement to the 51 system, Saran A was se-
lected for the alkyl halogenated polymer to pro-
vide more fuel fire suppression species in the
formulation. In the degradation of Saran A, 2
moles of hydrogen chloride are released per mer
unit. The char yield of Saran A at 873 K was
30 percent, which includes 5, 3-percent unre-
moved halogen from the polymer.

The thermogravimetric analysis of the 5IA sys-
tern is shown in Figure 2. For the 5IA system,
two pyrolysis reactions were observed. The
first started at 473° K and ended at 633° K, giv-
ing a char yield of 47.8 percent. The calculated

mmw
t TABLE IL ¢ FOAM COMPOSITION
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For! Weigh

Material - 51 K .percent . -

Methyl glucoside polyol 27. 40
Foaming agent (trichloro mono 15. 60 -

fluoronicthlane ~ Freoa 11)
Surfactant (D.C, 195 0.38

i
; Polymeric isocyanate 42,11
?

} Catalyst (triethylene diamine) 0.59
l

Potassium flunoborate T
Polyvinyl chloride-acetate 6.96
copolymer (VMCH) N
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The pyrolysis reaction sequence of 51 foam was
defined by thermogravimetric analysis. The de-
gradation procecds through four identifiable
steps, ygiving a final measured char yield of

o Polymenc inocyanate

Methy! glocoside polyol 727,40 1
- Féurung agent (trichloro mono - 15. 60 '
.. fluoremethlane - Freon ll) -
.~ Surfactant (D.C, 195), " rmenbl 0. s
-'Cata.lylt (triethylene dumine © 0,59
Potassium fluoborate 6.96

i Polyvinyhdene chlorxde (Slrm A) © 6.96

Matenal - SIA

: \' o IS ;..

42,11

char yield for the first process was 47, 67 per-
cent, when 1 mole of HCL from the Saran A, 6
moles of Hy0, 4 moles of CO3, and all polyol
fragments from the urethane polymer system are



eliminated.  The sccond process started at 633°
K and cnded at 8739 K, giving a char yield of
26.9 percent, accounting for initial loss of freon
1l. The calculated char yield at 873° |© was
25.4 percent, which included the 5, 3-percent
HCL re¢maining from the Saran A, As in the

51 systemy, it was assumed that the inorganic
salt and har from the Saran A werec retained
at 873" K,
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FIGURE 2.

3.2 FOAM MATERIAL MODIFICATIONS

The foam composites were modified with Astro-
quartz and carbon fibers. The percentage of
filler used ranged from 7.5 to 20 percent by
weight of the polyurethane foam.

Each material studied is designated in Table I
by the initial poiyurethane foam used (51 or 5IA),
followed by the percentage and designation of the
filler material.

The filler material showed no interaction with
the basic resin system to increase or decrease
the char yield. The variation from theoretical
to observed char yield (Table III) was attributed
to nonhomogenous distribution of the additives
throughout the composite.

The thermograms for the inorganic fiber-filled 51
and 5IA systems are shown in Figures 3 and 4.
The only difference observed was a slight shift
in the temperature of degradatxon, which was at-
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FIGURE 3.

Foam composites with impregnated fabric sur-
faces were fabricated. The unfilled 5] foam and
the carbon-fiber-filled 5IA-14CF foam compos-
ites were also placed in a high-temperature
phenolic-fiberglas honeycomb structure (Hexcel
HRP 3/8 GF-11 2.2). The measured pProperties

" of the foam composites are compared with the

properties of Avco 5026-39HCG and Martin
SLA-561 in Table IV,
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'_.‘TABLE I FOAM MODIFICATIONS : 1
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TGA char yield at :

) B . 873° K under ;

e Ng !

4 Foam type Compontlon Theoretical Measured !
i . . - ‘ !
[ 51 See Tabie 11 R 26.4 26.7
i 51A See Table II ' T 25.4 26.9 ’ .
: 5IA-20CF 51420 percent carbon ﬂbcr 41,4 41.9 <
. 51A-14CF 5IA+14 percent carbon fiber . 35.8 36.3. :
b 51-10AQ 51410 percent Astroquarts fiber . 34.1 34.0 f
b, SALSAR, | SIAYT:S percent Amrogurefiber | Lol LY o w0




The thermal conductivity of the 51 foam wa
measurced on a guarded hot plate and found to
he approxunately 1.4 to 3,3 W-cm/1n¢ %K for
temperatures between 298° and 398° I, The
thermal conductivity of SLA-56] is “.2 W.rm/
m2 oK) ng of 5026-39HCG is T1. 4 Weem/md
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4. MATERIAL EVALUATION

4.1 STATE-OF-THE-ART MATERIAL
EVALUATION

The properties of ablative materials which are
important for thermal protection and were con-
sidered during the investigation include: {1l) low
thermal conductivity to minimize heat transfer
to the vehicle substructure; (2) low density to
minimize the heat-shield weight; (3) a charred
surface to resist erosion in oxidizing environ-
ments and to radiate a large portion of the input
energy; and (4) production of gaseous species to
block convective heat transfer.

The 21 heat-shield materials initially evaluated
are listed in Table V, The materials were con-
sider to represent the state-of-the-art for low-
heat’ ‘ate environments. All materials were
eval ! with one initial thickness at conditions
1, 2, .»d 3 (Table I). In addition, six materials
were vvaluated with varying thicknesses. Avco
5026-39HCG and the Martin SLA-561 were evalu-
ated at conditions other than 1, 2, and 3.

A large quantity of data was obtained during this
evaluation. Therefore, a correlation of the data
where the performance of the materials can be
compared and evaluated would demonstrate which
materials were superior and how material prop-
erties could be altered effectively to improve
material performance. Accordingly, the semi-
empirical correlating method of Mezines!(8) was
considered. Mezines' analysis used the follow-
ing assumptions:

(1) one-dimensional heat flow

(2) small geometric changes in the
material as a result of ablation

(3) constant thermal properties

(4) small effect of enthalpy and pres-
sure of material performance

- YT ————ge— W aaremanecs oy S
- TABLE IV. MATERIAL PROPERTIES SRR
T e
. IR IR T R
' e - Open cell = Compressive ' *Initiation temperature
Bulk density, porosity, ~ . astrength (a), ~ ‘of decompression,
;. Material kg/m3 percent . Newton X 10°4/m2 . L OK L A
L. Aveo 5026-39HCG .~ 512 54,6 - .11576.60 3
.. Martin SLA-561 - 225 o435 T T 4786
[ Ames 51 . 54 3.3 T 21,03
8 _ SIA 104 6.1 36,54
3 51A-20CF 102 12.6 o 25,60 o
- SIA-14CF 104 ) 5.90 . 33,09 473 \}
- 51-10AQ 100 14,7 T 19,06 498 1
' SIA-7, 5AQ 180 12, 498 3
B il Lt | e % AL B i i 2SRRI

(5) surface temperature - initial
temperature
{(6) constant heat input at the surface

The correlation thus obtained gave the initial
weight per unit area, 2 X, :» required to'limit te
backface temperature to a specified value for a
given material, heating rate, and total heat load.
The effectiveness of different materials was then
deter(mined experimentally using the correla-
tion.

However, the data of the present study were ob-
tained by testing models of different materials



and thicknisse: at specific heating rates and he
hcat loads. Tie maximum femperature rise was
observed. T[ors many of the tests, the transit
time of the heat pulse through the material was
nearly equal to or excecded the exposure time;
that is, the major portion of the temperature
increase at the Lhackface occurred after the heat

pulse.

). Avco 5026-39HCG*
¢ Avco 5026-99% -7 ¢
3. Avco 5026-39-P8
4. Aveo Mod 5%

5. Avco Mnd 7

6. Aveo Mod 20

o 7. Martin SLA-561% ) :
8. Low-density phenolic nylon

3
f 9. McDornell D-45-RF = - .
F’ 10.  McDonnell D-45-RHF
1. McDonnell BR-46 - .
! 12, McDonnell BR-47 .. 4@ 70
b 13. Lockheed quartz fiber -
} i4. General Electric 1004AP
15.  General Electric 1004AP%:,
16. Armstrong Cork 2755% -
Avco cork nhconq 893w23
S .; R‘&

The correlation was therefore modified by as-
suming that the maximum backface temperature
was proportional to some power of the temper-
ature increase at the termination of the heat
pulse. The following relationship results:

max"""c _qf—:r (1)

where ATma = maximum backface temperature
rise, o€ and ,é( are constants to -be determined
experimentally for each material, @ is the
heating duration, q is the heating rate, and
Xo' is the initial material thickness. Note
that equation (1) gives ATmax independent of
the material density Po The weight per unit
is given by

W/“\:fo)<c.w

and equation (1) can be wreiu.cn:
eql /4,2
T Po (0
max™| (WTRZ ™

The parameter (9q1/4 02) successfully corre-

lated the data for materials | through i¢, Fig-
ure 5, at conditions where the surfar. reces-

‘_1

{

t conditions 1‘2
22,3,4,6,7 3
22,3 1
2,3 ;
2,3 :
2,3 -
2,3 i
2,3,4.6,7,8 "3
2,3 oy
2,3 ‘;‘;
2,3 [
2,3 !
2,3 ;
2,3 '
2,3 P
,2,3 . :
12,3 -
2,3 o ]
2,3 Lo !
22,3 P :
i Mmu. s JJ

sion was less than 10 percent of Xo (see as-
sumption 2). Other data for Martin SLA-561(7
are also included in Figure 5. Thus, Figure 5
represents data for 13 materials, 3 test sample
designs, 3 gas mixtures, and a wide range in
Xo» @ and @ . This broad spectrum of data
was dorrelated with 130 percent by the relation-
ship:

1/4]0. 43

AT, .= 0.169]|689
Xo2

The data for the GE 1004 AP material was cor-
related by the relationship of equation (1), Al-
though large values of surface recession were
observed for materials 16 through 21, the data
fit the relationship of equation (1) except for the
Boeing Polyborazole. Values for ©¢ and in
equation (1) are summarized in Table VI for ma-
terials 1 through 20.
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4.2 FOAM MATERIAL EVALUATION
4.2.1 Experimental

All the foam materials were initially exposed
to condition 7 (170 kW/m?). The performance
of each was evaluated, and those materials
that performed satisfactorily at this condition
were then exposed to the next higher heating
rate. [Evaluation and elimination were re-
prated at each condition. In addition, some
materials were tested at conditions 4, 5, and
6. .

The performance of each material was evalua-
ted on the basis of (1) maximum backface
temperature; (2) surface recession; and (3)
visual appearance of char following exposure.
A summary of the performance of the mate-
rials follows: .

(a) Both 5I-10AQ and 51A-7.5AQ per-
formed very well at all heating

conditions, giving low backflucc teagnr
atures and also being highly resiniar.
to surface removal,

(b) Both 51-20CF and 5IA 14CFperforr..
satisfactorily at.170 kW/m¢#, but th-
surface removal increased rapidly
above 170 kW/m?2,

(c) The materials with impregnated fabric
surfaces did not perform satisfactorily,
The material underneath the fabric sur-
faces was consumed, causing delamina-
tion and elimination of the fabric from
the models. '

(d) The materials in honeycomb exhibited
rough surfaces, excessive surface re-
cession in each individual honeycomb
cell, and high backface temperatures.

The data for the 5I, 51-10AQ, SI-20CF, and
S5IA-7.5AQ materials, for conditions where sur-
face recession was small, were correlated

W

The results are shown in

using equation (1),
Figure 6. Foro< = 0.169 and = 0.43, the
data were correlated to within ¥ 30 percent,
thereby allowing a direct comparison between
the foam materials and materials 1-13. Aas pre-
viously discussed, heat-shield weight is directly
proportional to the density of the materials for
2 constant heating-rate environment and back-
face temperature. Hence, a substantial de -
crease in the required heat-shield weight can be
realized by using a modified polyurethane foam.
For the data presented, the weight of a SF10AQ
heat shield would be 85 percent less than for a
heat shield of Avco Mod 5, 81 percent less than
for Avco 5026-39HCG, and 54 percent less than
Martin SLA-561 as illustrated in Figures 5 and
6.

4.2.2 Theoretical

The correlation represented by equation (1; has
permitted a comparison of the performance of
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differvnt materials when exposed to a constant
Lieating rate. However, an analysis that pre-
dicts ablative performance of different mater-
ials when exposed to time-varying heating mates
»nuld be required for detailed design of a heat
shirld, The analysis should provide details
such as the time variation of temperature with
in the ablator. One such analysis is the CMA
computer program' that was used to pre-
dict the measured performance of the foam ma-
terials. The CMAprogram uses material prop-
erties and a numerical solution of the transient
one-dimensional thermal response equations for
an ablative material to obtain temperature and
material consumption histories. If the analyti-
cal model satisfactorily predicts the measured
performance, the model should also be valid
for time-varying conditions having similar heat-
ing rates, total heat loads, and surface pres-

sures,

.0 /8//
- 0 SI-10AQ 7
d ©S5I-75AQ
4 381-20CF
10 1 | L A i )|
10 ax 0% 10 axi0*
(aq"‘%&f). (aq 7] ol Aw,”z). sec/kwV 372
FIGURE 6. DATA CORRELATION FOR

FOAM MATERIALS.

The following thermophysical and thermochemi-
cal properties of the virgin material and char
are required: density, pyrolysis gas enthalpy,
pyrolysis gas composition, heat of pyrolysis,
heats of formation of the components, pyroly-
sis kinetic parameters, specific heat, thermal
conductivity, char emittance, and surface ero-
sion kinetics,

The virgin material density and char yield of
the foam composites are given in Tables LI
and 1V,

The thermochemical terms (gas enthalpy, heat
of pyrolysis, and heats of formation) are only
significant in that they must be reasonable
approximations (25 percent to the true values
and must be consistent with the boundary-layer

chemistry. As a first approximation, the heat
of pyrolysis for phenolic nylon and the corres-
ponding gas enthalpies and heats of formation
were used,

A simple one-step rate equation determined
from the TGA data was used for the pyrolysi
kinetics, ’

$Peciflic heat of polyurethane and silica were
used for the virgin material. The proper
weighted sum of carbon and silica specific
heats was used for the char. :

The surface emittance of ablating 5I-10AQ spec-
imens was measured at a temperature of about
2200° K using the equipment and method dis-
cussed in reference (11) and was found to be
approximately 0.5, This value was used in the
calculations.

Thermal conductivity of the foam is the most
significant thermophysical property in a mild
heating environment. Initially, the thermal con-
ductivity of the virgin material as measured
with a guarded hot plate was used in the calcu-
lations. Char conductivity was assumed to in-
crease as the cube of the temperature. The
internal temperature response of a l-inch-thick
51 foam sample exposed to a fuel fire was pre-
dicted with the charring material ablation pro-
gram using the above properties. Using con-
ductivities obtained by the guarded hot plate
technique, extremely low internal temperatures
were predicted. Conductivity was then varied
until good agreement was obtained between the
measured and calculated temperatures. The
derived virgin conductivity was approximately
10 W-cm/m?2 ©K; char conductivi]éy at 1600° K
was approximately 37.4 W-cm/m“ °K  The ap-
parent disparity between measured conductivity
and estimated conductivity was that the effec-
tive conductivity used in the ablation model in-
cludes the effect of radiant heat transfer within
the material, In a low-density, low-conductiv-
ity material, ‘a significant fraction of the heat
transfer may occur by radiation because con-
duction through the solid is small and the mate-
rial is often transparent to infrared radiation.
Calculations showed that the conductivity chosen
could be used for all the foams tested. This
resulted from radiation being the predominant
means of heat transfer in the foams. If solid
conduction predominated, doubling the density
should double the conductivity. This did not
occur.,

The surface recession of the foam composites
was computed. For those foams not reinforced
with silica, reasonable estimates of the erosion




could be computed for most test data. The
computations were made assuming thit surface
recession occurred by diffusion contralied oxj-
dation and that the conditions werc qiasisteady
-tat_e.“z) Results for the availahle data are
presented in Table VII. Correlatiu), Letween
data and theory was reasonable. Th- nonunal
properties used in the analysis are given in
Table VIII. For internal temperature responsc
between materials,

F-N.;c—-,v-nn TIT T A ey, Y aemei, ¥
e ' . .

: ' o Heat
. Heating flux

- Material condition kKW /m?
, 51 7 170
t' 51A 7 170

51-20CF 8 320

S51A-14CF 7 170
3 8 320
3 9 570
&
b -
2
e Property
\ Thermal condﬁcﬁvity, W-cm/m2 °K
P .- Specific heat, J/kg °K
- Density, kg/m3

51-10AQ
o 51-7.5AQ
r S51A-14CF
Heat of pyrolysis, MJ/kg
Heat of formation, MJ/kg

> Emittance
[ *At 1660° K
h‘w-s-\...‘......-.,:.....' N R L I CARs e L .l

Typical measured and predicted backface temp-
erature histories for 51-10AQ models are

shown in Figures 7 and 8 for test conditions 7
and 8 for test conditions 7 and 9, respectively,

The temperature variation is adequately pre-
dicted to within 120 percent.

Figure 9 shows the predicted and measurecd
variation of maximum backface temperature
with applied heating rate. The data are for a
total heat load of approximately 7000 kJ/m?
(conditions 7-12) and for values of Fo )(o of 1
and 2kg/m2. The calculations and experimen-
tal data for Fo Xo = 2 kg/m2 agreed well over
the entire heat-flux range. At low heat fluxes,

TABLE VII. S'RFACE RECESSONSOF FOAMS ot

therc is sonmic divergence between the calcula-
tions and the duta for Poxo = 1 kg/m2, This
discrepancy is not presently accounted for in
that the calculations give a higher temperature
than the measured values.

Fhe variation uf surface temperature with ap-
plied heating rate 1s shown in Figure 10. Two
curves are compared with the data. First, the
solid line represents the energy radiated from

- T e e e g v -

Surface recession, cm . !

Calculated

Measured
1.8-1.9 1.52
.75 .76
.38 .36
. 20 .63
.20 .42

.33 .23

TABLE VII. NOMINAL THERMOPHYSICAI. PROPERTIES OF FOAM MA'I’EBIALS

Virgin material Char

10.0 37.4*

1425 1630%
100 34
180 60
104 37
. 116 ——e

-2.56 0.116
——— .5

P I IR TN e M e N L, 4

the surface when the char is assumed to be a
graybody radiation with € = 0.5 (Table VIII).
The dashed curve is the temperature calculated
from the CMA computer analysis. The agrece-
ment between the measurements and calculations
was excellent,

The preceding indicates that the analytical meth-
od can be used to adequately predict the re-
sponse of the foam materials when surface re-

cession is small. However. until similar com-
parisons are performed ai higher heating rates
and total heat loads, the analysis cannot be con-
sidered valid for more scvcre cunditions,
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4.3 DISCUSSION OF FOAM COMPOSITES

The Astroquartz fibers, when placed in the poly- ‘
urethane foam, provided high-temperature sur- '
faces that resisted removal during the ablation
process in oxidizing environments, This resis-
tance was far superior to that exhibited by the
other modified polyurethane foam composites.
Qualitatively, the chars of 51-20CF were rigid at
low temperature and became weak at the higher
temperatures (1700°-1900° K). In contrast, the
51-10AQ char was initially rigid, became weak at
a temperature of about 1500° K, but again became
rigid at temperatures above 1700°K, Similarly,
the 5IA-7.5AQ char became weak at a tempera-
ture of about 17000 K, but again became rigid at
temperatures above 1950° K.




Cher e aduced 1o 51-10A0Q at different tempera-
“ewe lerel.oare shown in Figure 11, At 1170°
~« -t sarface appears to be a mixture of the
havyed T material and Astroquartz fiber. At
4 1, the surface is comcposed mainly of
Astroquaitz fibers, At 2000 K, the Astro-
quarty fivers have apparently interacted with
‘he charved rnaterial, forming a rigid surface.
Tt char of 51-11AQ was always stronger and
vaore honicgenous than the char of 51A-7.5AQ.
Tlie Astroguartz began to melt at approximat-
cly 22007 K. The erosion resistance could
pessibly result from a reaction at high temp-
crarure of the Mtroquartz with boron from the
sotizsiuny fluoborate and carbon residue from
l.e polymer to form a pseudo borosilicon car-

mde struciare,

17D N
40

Ty = 1540%K
X=.07cm

Ty = 2000 %K
X= 03cm

VIGURE 11, POSTRUN PHOTOGRAPH OF

51-10AQ SPECIMENS,

Support for the interaction of the boren and the
other ingredients in the char is demonstrated
in Figure 12. This figure shows the quantit-
ative analysis percentage of boron, fluorine,
silicon, and carbon remaining in the char af-
ter exposure to the selected thermal environ-
ments. As indicated, the boron is introduced
into the composites as potassium fluoborate.
The data show that the percentage of boron in
the char layer remains relatively constant over
the selected thermal environments. The maxi-
mum theoretical percent of boron that could
remain in the char of 5I-10AQ is 2.1 percent
if a char yield of 30 percent is assumed. Ths
shows that little boron was volatized from the
composite.

The percentage of fluorine does not remain
over the thermal environment investigated, but
actually decreases., The decrease in the per-~
centage of fluorine in the char indicates that
the boron fluoride was cracked to give free
fluorine and boron.
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FIGURE 12, ELEMENTAL COMPOSITION OF

51-10AQ SPECIMENS.

As can be seen from Figure 12, the percentage
of carbon remains relatively constant over the
range investigated. For silicon, the percent-
age increased as the heat flux increased. The
amount of silicon at the higher heat-flux condi-
tions indicates that most of the silicon remained
in the char. The theoretical maximum percent-
age of silicon in char was calculated to be 16.5
Percent if a char yield of 30 percent is as-
sumed. The increase in the amount of silicon
with heat flux and the fact that most of the
boron remained in the char indicate a possible
interaction between the boron and silicon.

5. CONCLUSIONS

The weight of a heat shield for a low-heating-
rate environment can be significantly reduced
by using low-density materials. For the mate-
rials investigated, the reduction in weight is
approximately proportional to the reduction in
material density. The weight of a heat shield
could be reduced by at least 50 Percent in the
described environments if a modified polyure-
thane foam composite (5I-10AQ) were used
rather than the state-of-the-art materials dis-
cussed.

Surface erosion of the polyurethane composites
can be minimized by the addition of inorganic
Astroquartz fibers to the foam. This addition
does not increase the material density of the

composite excessively. Thus, it appears that
the polyurethane foams with Astroquartz fibers
are potential heat-shield materials for heating
rates to approximately 1700 kW/m? and total

heat loads of 7000 kJ/mZ2, [
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MANUFACTURE AND PROPERTIES OF SMALL

DIAMETER TUNGSTEN ALLOY TUBING

A. Milner and D. W. Voegeli

3 M Company

Abstract

Recent advances in Aerospace and Nuclear Technulogy have created a demand

i for precision tungsten tubing for ultra-high temperature service. Three pro-
cesses by which tungsten tubing can be fabricated are outlined and the product
property characteristics of each method reviewed. Particular attention is given
to a newly developed technique for the direct conversion of metal powder to fin-
ished tubing which exhibits unusual high temperature structural stability.




