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ABSTRACT

Five slip-cast fused silica radomes wars fabricated and evaluated in &
Mach 2.2, 4000* 7, 140 psia Typhon ramjet exhaust at General Dynamics/Pomona
Ordnance Aerophysics laboratory July 6-18, 19€6. Test data are to be pre-
sented in a separate report prepared and published by the Jshns Hopkina
University, Applied Physics Laboratory, Silver Spring, Maryland. Preliminary
observations are presented herein and it is estimated that 65 to TO per cent
of the test cbjectives wers realized. Materials development and character-
ization studies of slipe-cast alumina-fused silica composites and fused silica
grinding for strength improverent are presentsd. Studies for applying metal
films on slip-cast fused silica substrates for antenns applications were
completed. TFabrication of felts from refractory fibers of fused silica,
boron nitride, zirconia, magnesis, end gilicon carbide coated graphite fibers

and impregnation of a phenolic embedded ablator in these fe.ts and comparison.

of thermal eveluation results of these embedded felts with standard ablators
under a heat flux of 450 and 1500 BTU/ft2-sec are described.
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" I. PURFOSE
The purpose of Contract No. NOw-63-Olh3;d was to perform a researah and
development program directed toward development of techniques to exploit the
full potential of readily available ceramic aystems for use as structural

compenents in hypersonic missile applications.




II. INTRODUCTION
The objective of this program is the development of high temperature
structural components for use in hypersonic missile applications. The work
of the three phases or parts presented in this report is consistent with the

Navy's material neseds and requirements for Naval Missiles and Rockets.

A._ S1ip-Cast Fused Silica (SCFS) Radome Structures for Thermal Evaluation at

eneral D ics/Porona Ordnance Aercphysics Laborator

. This work was continued from the past year's work. The thermomechanical
test program of this effort was coordinated between Georgia Tech, Johne
Hopkins Uhivgrsity} and denoral Dynamics/Pomona. Each of these organizations
have made significant contridbutions to the prosrﬁm such as rabrication.and
inntrumontation of the test radomes, dlt; reduction, and correlation with
theoretical analysis. 7 7

It is anticipated that this program will not only provide valuable case

histories on the thermal performance of SCFS radome ntructuréa, but also on
the-flbricttion of and attachment systems for SCFS radomes. The program is
directed towards the evaluation of the epoxy bond to the attachmeht‘ring and
complete characterization of the material for the radome structure and the
pr§o£ testing of the composite radome ntructué- prior to instrumentation and

subsequent evaluation at OAL.

B. Materials Development and Characterigation 7
" This effort was divided into four areas of study. These are slip-cast

fused silica-alumine composites, fused silice grinding, metal films, and
felted ceramics. The felted ceramic studies sre in part a continuation of
the felted ceramic work of the past contract year, and the major effort of




this phase was devoted to the development of slip-cast fused silica~alumins
compogites and thick metal films for integrated radcme thermosensors and

ahtennas.

C. Composite Thermml Protection Systers

: Tﬁe purpose of this vwork vas to assess the state-of-the-art of heat
shields and to eia.mine promising thermal ;::tection' concepts in & complermen-
tary experimental program. Interest was fccused on materials selectlon,
processing techniques, attachment methods, Zesign guidés, testing methods, and

refurbishmgnt for the types of systems suitable for the thermal protection of

_ leading edges and other hot spbf geometries vhere the special arrangement of

highly refractory materials is required. The design philosophy included the

1env1ronmental parameters of moderate to high heit flux and relntivély short-

time exposure with the following design crieria: moderéte temperature rise
at the back surface, mechanical stablility although penetrated by foreign
objects, retention of aerodynamic cbntour, and minimal vake contamination

through the loss of heat shield materiel during hypersonic flight.




I1I. EXPERIMENTAL WORK

A. 8l1p-Cast Fused Silica (SCPS) Radome Structures Thermal Evaluation at

General gxgamicsZPomona Ordnance Aerophysics Laboratory

1. Test Program

The thermal testing of slip-cast fused silica radome structures in
the exhaust streem of the Tyrhon Combustor at General Dynamics/PCmona Ordnance
Aerophyaics-leoratory, Lone Star, Texas was continued during this contract
year. The previoul.tonts 1/ were conducted in the exhaust stream of the
Tvphog Combustor ﬁhich had_i straight nozzle approximately 10 inchees in
dinmetﬁr. The stream Mach nuhber at the model tip was estimated to bve
from 1.6 $o 1.8 in these tests. For the tests during this contract year the
Typhon Combnitor was modified to use a water cooled supersodic'oxit nozzle to
give an exit flow of about Mach 2.2. The stream stagnation tomperature -ith
this nozzle was éomputod to be 3800° to LOOO® F with a total pressure
of 1kO psia.

Fabrication and instrumentation of the test radomes, and analysis of the
test ditn, has been & coordinated effort between the Georgia Institute of h
Technology, Engineering Experiment Station, Atlunti{ Ceorgia, Johns Hopkins
University, Applied Fhysics Laberatory, Silver Spring, Maryland, and General
Dvnnmica/Pomon:,rPomonn, California. The contributions of each organization
are presented in Table I.

A meeting vas held 2 February 1966 at General Dynamics/Pomona, Ordnance
Aerophysics lLaboratory, Lone Star, Texas for the purpose of discussing the
test program. Representatives of the Georgia Institute cf Technology,
Engineering Expsriment Station, Atlanta, Qecrgia, and the Johns Hopkins







~

University, Appiied Pnysics Laboratory, Silver Spring, Maryland met with
representatives of the Ordnance Agrophysicn ILaboratory. The discussions vere
primarily oriented towards delineating the facility resquirements for the tests.
The test program schedule was considered as was the instrumentation to obtain
the thermo-mechanical material recponse to the supersonic hot gas stream fronm
the 'I‘yphan combustor for correlation to the analyticelly predicted sehavior.
Preliminary data shown in Table II and in Figures 1 and 2 were generated by

Suess 2/ to provide the basis for instrumentation selection.

TABLE II

PREDICTED TEMPERATURES AND THERMAL STRESSES IN SCFS RADOMES
. DURING 1966 OAL TESTS 2/

. Maximum Outer " Maximum Inner Maximum

Radome Surface T!ggcraturol SBurface Temperaturs Tensile Stressl
(*p) | (°F) (pst)

X-Bana® 3090 - 1550 " 1950

c-Bana3 3090 220 2200

Yoemputations made at L-inch sxial distance from tip.

2pctual vall thickness considered vas C.s00-inch.

SActual vall thickness considered vas 0.T4b=1inch.

Thernal. testing of the five SCFS radcmes was saccomplished during the
period 6 July through 18 July 1966. Representatives from The Jéhno Hopkins
University, Applied Physics laboratory, and Georgia Institute of Technology, '
Engineering Experiment Station w‘rc present for the tegting of four of the
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radomes, and the fifth radome was tested after the representatives had returned
to their laborastories.

The SCFS radomes were tested in the exhaust streem of the Typhon combustor.
The planned stream conditions were: total temperature = LQ00® F, velocity =
Mach 2.2 and total pressure =.lh0 psl. The test conditicns varied slightly
from the plannea values forr each test due to the inherent fluctuations
associated with the cperatizn of th2 Tython combustor. The descriptions =7

the radomes are p‘resénted in Table III.

TABLE III
OAL TEST NUMBER AlD ORDER OF TESTING Of THE SCFS RADCMES

e " - _ ]
QAL Test Radome
Nuriber Number Radome Description
5167 1 Drain casting, s x-bard thickness
6168} - Drain casting, s x-band thickness, with Cr,C,
6169 modified forward rsgion surface s
6170 ' 3 Precision’ casting, x-band thickness
6171 L Drain cesting, s c-band thickness, =ith Creo3
modified forward region surface
6172 5 Drain casting, s c-band thickness
E A

The reduction of the exrserimental data for correlation vith the theoreti-

cal predictions of temperature and stress profiles has been undertaken Ly

perascnnel of the Applied Physics Laboratory. This was not completed at the

time of publishing this report. A prelirinary report bty APL 18 presented as
Appendix III to this report. No attempt vas made to incorporate any of the

experimental results into this report for two reasons: (1) the ra-

10




experimental data will be compiled in a report covering the tests which -+ill
be prepared and released in the near future by the Ordnance Aerophysics
Laboratory, and (é) & report will be prepared and released in early 1967 by
the Applied Physics Laboratory covering the data reduction and correletion
with the theoreticel enalyses. The tests were not as successful as originally
planned, but it is estimated that 65 to 70 per cent <f the oblectives vere

realized. A synopsis of each test is presented in Aprendix IV.

2. OAL Test Radome Fabrication

Radomeg were fabricated and sintered to determine the processing

" requiraments of the test radomes which were supplied by Georgia Tech for the

QAL thermal evaluaticn., The objectives of this study vere to minimize the out-
of-roundness of the radcme structure and hold the raximum cristobalite content
to 8 per cunt. 'Previous studies ;/ showved that the out-o{-roundnesa of slip-
cast fused silica radcmes occurs during the high temperé%ure sintering cycle
and not during the casting-drying cycle: These studies alsc showed the
out-of-roundness of e 1/2-inch wall thickness, 2 feet :ase diarcter 3y 4 feet
tall radome was decreased during sintering by using an unsintered annuler ring
of slip-cast fused silica as a setter plate. The finsl stages of the vork ty
General Dynamics/Pormona ﬂ/ with slip-cast fused silicea radome structures -as

conducted using a presintered annular ring of slip=-cast fused silica in

 conjunction with & matter of refractory fiber wocl.

As an extension of the above works, the effect of annular ring setter

Plates of resin bonded fused silica grain for reducing or eliminating the out-

Of-roundness in slip-cast fused silica radome structures was investigated. The

composition of these rings 1s as follovs:

e

P OV
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Th.40 w/o = 100 + 200 mesh fused silica grain
25.15 v/o - polyester resin

0.45 w/o - resin activator

The resin and activator ere mixed t:gether and then slovly vlended with the
grain. The mixture is ta::zed {nto a plywocd ring mold and cured at 120° F for
16 hours and at 250° F for T hours.

A Von Karman configuration alip-éhst fused slllca radome 13.5 inches basge
di&mete: by 28.3 inches long wasifabricated‘ﬁy pressuré casting at 20 psig
for 65 minutes; Resed on preQicus experience a radcme wall thicknegs of
svproximately 0.36 inches can te obtalned with thls pressure and time., Prior
to reﬁoval from thg mold, the gast radome was thoroughly dried tip-dowm inrthe
meld. A layer of refractsry fiber ool was then placed over the open mold and
oase of the included dry casting: The feein bonded fused silicae annular ring
wag8 then placed with its center in approximate coincid?nce with the radome
exis on the fiber wool. This éas folloved by three layars of fiber roél and a
presintered foam fused sillice support pedestal vhich vas volted subgeguently to
the mold frame. The qqtire assembly -'as then rotated 180° to a tip-up position.
The fused silica foem pedestal was unbolted from the mold frame and the plaste-
mold was then lifted away. A roundness profile'g/ wag then obtained at
stationn-l-inch above the radore base and at 13 inches avove the radome bése.
No out-of-roundness was rregent at either position. The slip-cast fused silica
redome (VK-5T) was then hested in e fotatins,bed.electric furnace 3/ folioving

the schedule presented in Table IV. Roundness profiies vere again obtained at

stations l-inch and 13 inches above the radome base. The maximum obsgerved
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TABLE IV

TIME‘TEM?’RATURE SCHEDULE USED TO SINTER SLIP-CAST
FUSED SILICA RADCE STRUCTURES

Room Temperature to 18CC° F _ 15 ours
'1800° to 190C° F 1/4 hour
Soak at 1900° T L hours
‘ L 1900° to 220C° F 1-1/4 hours |
Socak at 2200° * ‘ 1-1/4 hours %
2200° to 500° 7 (furnace pover off 16-18 hours
J , %00° F to Rocz Temperature (open furnace) ---
' 5 S - —— -
-!] ) out-of-roundness was L4t mila'and occurred at the leinch statlon. Wo out-of-
v roundness was apparent at the 13-inch station. However, the radome axis did

‘shift through an angle <2 7° during sintering

The wall thickness of the sintered radcme was measured by selectively

breaking the ridome and measuring the wail :5ickﬂess. Theae meaburements are
presented in Figur§ 3. The siight increase in wall thickness at.the approxi-
mate 22-inch station is characteristic of twe stage casting which is uced to
fabricate the Crao3 rmedified surface (ccrpare with Figure 4). Cristobalite
goncentrations at selec:ed staticns on the radome are presented in Table V
with modulus of rupture strength data in Tedle VI. .

A locdnd radome C?K-GT)'Qal pressure cast for %9 minutes at 20 psig. The
cast time was decressed tc decrease wall thickness since the wall thickneas of
the VK-5T r@domn was grester than fhe desired 0.36 inches, However,rns shown
in Figure 4, this decrease was not obtained. The radcme was cast following

the same procedures as dsfore and sintered in the same manner (Table TV) with

the exceptions that this radome was supported on three layers of refractory




*(25-)A) Bisd 02 918 SIINUIN §9 JOJ 1SB) SMOpeEY BWIITIS pasng 3sed-dIrs

| UOTBaY 98JINg PIBAIOL PATITPOW T004D JO SSAUNOTWL TIUM PoInEwIN -

(SIHONI) 35Y8 WOH4 IONVISIO TIXV

o€ 52 02 Sl ot S

| k] 1

o *sjeAsu]
..8_:3..22..3«:~t~9§f3&853"ws._.

1o

0

€0

$°0

(S3HONI) SSINNIIHL T1wM

1




e, e ———

. *(39-3A) B1sd g2 @ sauUIN 65
.nomumcogmcunﬁm @mmﬁm uwuvlmnamuo.mmmﬁ_ouﬁigﬂﬂul.ag

{S3HONI) 3SVE WS IINVISIC WIXV
ot c2 0z St ] - § 0

_ - _ 1 T T 0
" S{eaddu]
oUBL 3¢ sjudwsunseay g 4o abeiaay S§ JUL0d WO€I :3i0N 10
—32°0
—€°0

(SIHONI) SSINMIIHL 1TWM

15




TABLE V

MEASURED CRISTOBALITE CONTENT OF SELECTED SEGMENTS
CUT FROM VK-5T AND VK-6T RADOMES

Cristobalite Content at Position

Radome Bulk® Tip Outer Tip Bulk Base Quter Base
VK-5T ' 9.5 8.9 6.6 7.6
VK-6T 10.1 10.5 7.8 7.5

*

Note: "Bul:" refers to specimen cut through the radome wall and with a
thickness equal to the radome wall thicknees. "Outer" refers to specimen cut
with a thickness equal to one-half the radome wall thickness.

R A

TABLE VI
MODULUS OF RUPTURE DATA ON SPECIMENS CUT FROM
VK=5T AND VK-6T RADOMES
w

Modulus of Rupture at Position

Radcme | " - 1
AR — *

(1v/10°) (1b/40°)
V=57 ‘ 3060 + 209" | 3609 + 6w
VK-67 | 3329 + 181 3012 * 433

*Bpocimens cut from segment consisting of first 6 inches of radome as
measured from base of radome.

-
Specimens cut from segment consisting of second 6 inches of radome as
measured from base of radome.

***ésﬁ Confidence Interval.
— -~ - - . 1
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felt and was aocaked at 2200° F for 70 minutes instead ctf (> minutes. Roundness
profiles before and after sintering showed ﬁo cut-of-roundness bvefore sintering
and a maximum out-of-roungnesa of 35 mils after sintering. As before this
out-of-roundness occurred at the i-inch station. The radome axis shifted 5.5°
during sintering. Cristobalite ccncentrations are presented in Table V, and
modulus of rupture data in Table VI,

The out-of-roundnees of the sintered 3CFS deOmes using & resin bonded
fused silica grain ring as a sstter plate did not differ significantly from
radomes sintered using thfeg layers of refractory felt between the radome and
furnace podental,_i.o. the rldome-té-radome out-of -roundness was found to vary
between 15 and 50 mils. Therefore, in the absence of a better solution to the
problem of dlimiﬁnting thi'out-ot-roundneaa, subsequent test radomes were
sintered using three layorp of refractory felt bestween the radome and furn;ce
pedestal. '

As shown previously, the cristobalite content of thq sintered SCFS radome

shapes varied from s 7-1/2 per cent at the btase to m 10 per cent at the tip.

This spreasd vas reduced dy raising the radomes into the upper two-thirds of

the furnace cavity during the sintering operation (this was an cbviocus approach
since the furnace vas ;hown 10 have a noarly uniform temperature in this
region).

The fabrication studies offered a means of determininglbhe uuefuinasn of
sintering SCPS test bars, 3/b-inch diameter by 6 inches long, along with the
radome shapes for characterization of the properties of the sintered radomes.
It vas found, as 1liu|trtfod in Teble VII, that the properties of the SCFS
control bars bore some relaticnship in some cases to the properties of

specimens cut from the individual test radomes. However, it was concluded

17
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TABLE VII

MODULUS OF RUPTURE AND CRISTOBALITE CONTFNT OF SPECINENGS FROH

5CFs HADOMES AND 3/4-INCH DIAMETER SCFS BARS

Radome Specimens

e

3/h-Inch Test Bars

Modulus of Cristobalite Madulus of Cristobalite
Radome Rupture Content ~_Rupture Content
(1b/1n°) (v/o) (2b/1n2) (v/o)
HT-18 © 3078 + 143" 7.6 + 0.8 2857 + 598" 6.3 + 0.1
HT-20 3705 + 143 8.9 + 1.1 2b23 + 354 10,0 + 1.6
HT-21 3375 + 145 7.5 # 1.3 13326 + 280 7.7 + 1.5
BT-22 3132 + 163 | 6.7 + 1.1 3070 + 493 6.5 + 0.9
HT-28 3400 +200 6.5 *0.8 1979 + 205 | 5.8 # 1.0
HT-31 3905 # 125 N -R o.s: 2306 * 316

T.7T 205

f95%f00nf1dencé Interval.

A

that observations rade on test bars sintered with SCFS radome ahapes does not
provide a qonaistenfly meaningful piéture of the properties of the radome
shapes &nd, thus, should not ﬁe adopted as h.praduction measpre.‘ It a8 then
decided thai 8 section of the radome would have tc be used for the determin-
ation of the strength and cristobalite content of the indi-idual radore,
Therefore, a 3.3-inch nk;rt'was cut from the base of cich radome and vas used
as a ohnx?cterizution namﬁle. It was thought to be worthwhile to evaluate the
uniformity of the egtire radome with the idea of generating tvo numbers vhich
should characterize each radome. This was done using the strength-cristobalite

parameters which were sssessed uging conventional statistical methods (as

opposed to Weibull gtatistics). The results are listed in Table VIII along

k)
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TABLE VIII
COMPARISON OF MODULUS OF RUPTURE AND CRISTCBALITE CONTENT

OF ENTIRE RADOMES VERSUS 3.3-INCH SECTION

Entire Radome

3.3-Inch Section

Modulus of Cristctalite Modulus of Cristobalite
Radome Rupture cntent Rupture Content
(16/4n2) (+/0) (1b/1n?) (v/o)
ET-21 2876 + 145" 7.5 + 1.3" 2826 + 131" 8.0 + 0.8"
ET-22 3132 + 163 6.7 + 1.1 2978 + 302 8.6 +0.3
HT-28 3400 # 200 6.5 + 0.8 3266 + 2R 6.6 + 0.4
ET-31 3905 # 125 L.6 +0.5 3612 +156 L.7 + 0.3

*955 ‘Confidence Interval.

with the data measured from the -pncim;nn taken from the 3,3-inch skirt cut
from the bass of the radome. These Zate clearly ahow,th; 3.3-inc¢h length of
the radome is lurticgcnt to evaluate the-propertios of the total radoms. ‘
Test radome shapes were fitted’ with vater cooled Invar nttpchmont rings.
A Araving of the test radcme-attach=ent system assembly is lhownlin Figure 5.
The riag is attached to the 8CFS raicze with Shell 9CL/B-1 adhesive systenm.
This is a room temperaturs cure systiem reported to have a tensile shear |
strength of 2000 pai after 2L hours et 75° F. Two cylinders, 6.7-inch 0.D,
with & wvall thickness of s~ O.5-inch, were fabricated and fitted vith simulated
attachment rings made of aluminum, and the shear strength vas measured oy
failing the gystem under a#ial loading as shown in Figure 6. The average shear

The machining of the SCFS in the attachment region vas accomplished wish
diamond tooling and is described irn Appendix I.

19
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strength wag 1794 psi. Two cylinders of SCFS were then fabricated, fitted
with similated aluminum attachment rings end failed under cantilever loading
as shown in Figure 7. The failure loads, computed SCFS tensile stress failure
levels, and SCFS compression stress levels at the Instant of failure are

presented in Table IX.

TABLE IX

FAILURE LOAD, SCFS TENSILE STRESS, AND SCFS COMPRESSIVE STRESS
FOR CANTILEVER-TESTED CYLINDERS

S =

Cylinder No. " Failure Load” Tensile Streas Compressive Stress
(1v) (1b/1n2) (1b/1n?)
3 3740 T 3320
b o W60 . 1550 2860
1

Load applied 7 inches from attachment.

Note: The mechanism of failure on these specimens was not distinguishable,
i.e. the origin of the failure could not bve determined. It is thought that
the tensile stress values are not indicative of the true strength of the
material. '

"In an aftort to assess the tast environment temperature effects on the
epoxy bond a simple steady state heat conduction analysis was made on the
sttachment system, assuming the uu&face was operating at 3000° F. The results
indicated the epoxy would not reach a critical temperature during the QAL
tests. A laboratory test was conducted with & SCFS cylinder fitted vith a
water cooled simulated attachment ring (Figure 8), It was planned to obtain &
steady state condition in a furnace at ~700° r with the simulated water-cooled
attachment uystgm. However, the rate at which the water cooled ring removed

heat by conduction through the silica and epoxy vas such that the furnare could

2
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not recovesr Lo 2700° F. Thae mavimim vecovery temperature obtained after 1.1/2
hours was 2330° F. The shear strength of the 901/B-l adhesive after testing

i
vas 560 psi. *g
{

On the basis of the previous cbservations and the attachment system
analysis in Appendix II it appeared the attachment system using the water-
cooled Invar ring bonded to the SCFS radome with Shell 901/B-1 system “ould be g
satisfactory. . :

Initiel consideration of internal pressurization as a proof test method
suggested that it would suffice for the QAL feet radomes, A schematic of the

hydrostatic tast system used for this purpose is shown in Figure 9. ]

N

An x-band test radome was fitted with an Invar ring and set up for
* hydrostatic testing. Computations were mads to detarmine the required preasure
level which wduld 1mplrt.s£rosael predicted from the analysis of mechanical

loads that the radcme would experience going into the hot gas strear of the

7 QAL Typhen gombuntor. The pressure level vas comjutcd to Ve 50 psig. The

agsanbly vas filled wvith vater and pressurized. Catastrophic failure of the

’ redome eccurfod at 35 paig. The reason for the fnilufc at thias pressure and

t stress level (hoop stress = 808 pal, meridicnal stress = 395 psi) was not

’ obvious. EHawever, personnel at the Applied Fhysics laboratory pointed out a
proﬁ;blo reason: a rtaultlnt'bendiné noment at the juncticn of the radome and

forwvard surface of the attachment ring 5/. It vas determined that the stress

(d4scontinuity stress) caused by this bending moment was 1534 psi, +hich, vhen
superposed with the meridional stress of 395 psi gave a total stress of 1929
psi. It was still qniltionlblo that the radome would fail at this stress

since the messured modulus of rupture for specimens from the 3.3-inch section

vas 3030 + 170 psi. Even though the modulus of rupture determination is not
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!. cousldered s true representation of the tensile strength of a ceramic it was
thought to be applicable to this case since the major stress developed
(diloonxinuity stress) was a bending stress. Therefore, the effects 6r vater
saturation and notching* vere detérmined. The observed datu are presented in
Table X. The effect of the 901/B-1 resin on dry specimens with and without
notching was also determined. These data are alsgo presented in Table X. It
is apparent fronm these data, that with water saturation, coupled with the
presence of a notch, failure could occur at the 1529 psi stress level. With
these observations it waﬁ decided, therefore, that a cantilever proof test

would be more applicable due to the significant magnitude of the discontinuity

d n

stress over the meridional stress.
TABLE X

_ MODULUS OF RUPTURE FOR UNNOTCHED AND NOTCHED, WATER SATURATED,.
' - DRY, AND RESIN COATED SCFS TEST SPECIMENS

L R

Specimen Code Modulua of Rupture

' o (1o/in”) |

oy . 282 # 36"

Dry - Notched 22Tl * 225
Wet 2461 # k19

Web - Notched ' 2063 *+ 103

Resin ' 2827 * 205

Resin - Notched 2lgh + 176

»
95% Confidence Interval.

L PR

Note: The notches were cut in the tensile surfaces of the MR specimens
with a diamond saw, & 25 mils deep by 80 mils wide.

27

o

e s i B




o i

an

The fiva tect radomac fahrisated for the cecheduled NAT tests ware fitted
with water cooled Invar rings. With the exception of Radome No. 4 (c-band
thickness, with Cr203 modified surface of forward region), each of these
radomes were proof tested by loading tc a berding moment of 21,100 inch-pounds.
QAL test time scheduling did not permit the proof testing ¢f Radome No. &, and
since the other .four radcmes survived the proof test, it was reascned that it
too would have survived. The test asserbly is shown in Figure 10. These five
test radomes were submitted to the Applied Fhysics Laboratory for installation
of strain gages and therrocouples. This instrumentation is described in
Appendix V. '

Of major interest is the effort that vas made to measure adequately the
outer surface temperatures during the tests. To this end, special water . -
cooled brightness pyrometers were fabricated at the Applied Physlcs Laboratory 7
and used duiing the tests. These inatruments operate aé a avelength of

3000 R. Also, thermocouples vere cast directl& into the alls of two radones

(QAL Test numbers 6171 and 6172, Table III) :'ith the ‘unctions located on the

outer surface. The'thefmocouple leads ere extended clrcumferentially along
the surface for at leamst l/h-ih&h vefore passing thfoush the radcme 'rall to
minimize conduction errors. It was hoped that these thermocouples could ve
used to accurate.y relate the true surface temperature tc the apparent
temperatures measured uging the 5000 R vavelength pyrometers.

The test radcmes vere characterized by obtaining the modulus of rupture3

dynamic elastic modulug, criticel strain, and cristobalite content of the

. exXcess skirt section. - The neoasured values for these detearminations are

presented in Table XI. The dynamic elagtic modulus values are to ve used in

28
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Figure 10. Draving Illustrating Bending Test of SCFS OAL Test Radomes.
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[ 3
( TABLE XI -
MCODULUS OF RUPIURE, ELASTIC MODULUS, CRITICAL STRAIN AND
y CRISTCRALITE CONTENT OF SEECIMENS .
FROM THE EXCESS SKIRT SECTIONS
OF THE OAL TEST RADOMES
- —
Radome Modulus of Elastic Critical Cristotalite
No. Rupture Hadulus Strain Conternt
(1:/in2) (1S° 1y/in?) (103 ir/in) (v/o)
* * . *
1 2877 + 169 3.9 + 0.2 0. Th b5 +0.5
‘ 2 2896 + 350 3.8 + 01 0.76 L.3 +0.6
3 3 3133 + 201 3.6 + 0.1 0.87 4,1 * 0.5
| o= - - r
b 3676 + 349 -—-- o= 5.6 # 0.6
5 2623 + 190 L.0 + 0.1 0.66 3.5 # 0.0 y
7*95% Confidence Interval. U
1
the APL analytical program to predict the thermal stresses that each radome ‘
' !
experienced during testing for comparisgon :-ith the measured stresses. g
| The particle size distributions of the three vatches of fused silica slip I
. |
designated OAL-l, =2, and -3 and used to fabricate OAL teat radomes ere ‘,—""""L"‘
measured using a Coulter Cc:unterg. The regults are preseanted in Figures 11,
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B. Matariale Davelo-mant and Chars

1. Slip-Cast Alumina-Fused Silica Composites

That alumina can be slip-cast, has been recognized for some time £,7/.
An examination of tne cocnditions necessary for slip-castins alumina has shewm
that these are quite similar tc those for slip-casting fused silicea. That Iz,

the rarticle size dis-riluticns are guite similar and “he 2lu~in2 31lip zan te

)

deflocculated under acidic conditicns. Also, previcus work cn the firing ef
slip-cust alumina bodies, performed at Georgla Tech §/, indicated “hat
s'ntering can be obtained at similar temperatures, and that the volumetric
shrinkage obtained for the alumina bodies is quit; close to that cbtained wish
slip-cast fﬁaed silica. However; the modulus of rupture of sintered alunmina
bodies waé substantially highér than slip-cast fused silica: the crder cf
15,000 psi, Therofore, consideration was given to the rossibility of slip-
custing composites structures ccnsisting of discrete particles =<7 alumina ani
discrate partfcles of fused silica. The potentiﬁl of such cemnesites 13 very
attractive, i.e. such composites shculd have thermal shock resistance similer
to, and strengths substantially superior to, that of slip-cast fused sillea.
Compnsite structures tailored with certailn desired physical properties (e.é.
dielectric constant) could be posaibly obtained by grading the relative
concentrations of alumina and fused silica either axielly or radially threush
a structure. This zradation could be accomplished by progressive renlacement
of the slips during casting.

Because of the apparent feasibility and attractive pntential of slip-
cast fused silica-alumina composites, an investigation was begun to develop

and exanine such composites. The initial phase of this investigation has been

.‘-31‘_
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concerned with the developrent and complete characterization of a suitable
alumira slip. Previocus investigators preparesd slips using commercial elumina
which contained from 0.3 'to 0.4 weight per gent of Naeo. Their in'estigatlions
indicated that the presence of the sodium is principally responsidle fcr the
deterioration of alumina slips on aging 9/. That is, the pH cf the siip
changes drastically with time and with this change the syster usuzlly teccmes
flocculated. Also, from the standpoint of ultimetely mixing the alu=irz slip
Qith a slip of fused silice, it is desirable to hold fhe sodium level as low
as polsible. Sodium has a drastic effect on the devitrification rate of fused
silica and can seriocusly degiada the properties of sintered fused silliecz through
the develcpment of excessive amcuntﬁ of cristobalite. ,For the above reascns
a highepurity, commercial alumina. containing less than O§O3 weaight per cent
NhQO, was selected for this investigation. This high-ﬁurity, tabular alumine
was cbtained as a sized fraction passing a 32%-mesh screen. The particle siie
distribution of the matorial was subsequently determined using a Coulter
UQunteﬂm-rThe distribvution is éresented in Pigure L. |

Tue effect of sollds concentration on the rheclogical properties et
alumina slips was examined initially, by.praparing slips with alumina ecrcen-
trations of 70, 75, 80, 82, and 85 weight per cent (w/o). These slips were
prepared by grinding 2000 grams of the alumina with HCl and the required
amount of water. Thesé_llipl were milled for 17 hours in 1 gallon jar mills
containing 3750 graﬁa of 3/beinch diamstér grinding cylinders, The flow
properties of these slips were determined. The data are contained'in Table XII.
Particle size determinations were made for the 70 w/c and 82 w/o slips. These

analyses wers uade using & Coulter Counter™ and the data are presented in

Figure 1%.

35

L.




e

100

90—

nr

60 f=

2l b

50 |-

ol

WEIGHT PERCENT LESS THAN STATED SIZE

| | L ] ]
1 2 5 10 20 50 100 .200

DIAMETER (MICRONS)

Figure 14. Distribution of Particle Sizes for =325 Mesh High~Purity,
Tabular Alumina.
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TABLE XII
APPARENT VISCOSITIES OF ALUMINA SLIPS WITH VARIOUS SOLIDS CONCENTRATIONS

T T et S——T =
Alumina Content . ) Apparent Viscosityl
(w/o) ' {centipoise)

70 L.60 ' 20
75 . L.60 30
80 . L.70 _ 156
82 3.90 260
8% L.10 - ' -~ 2000

lDetermined with a Brockfield Viacoaimeter, Model LVF using a number 3
lpindll at 30 rpm.

—— ——

The effect of grinding time on the properties of an alumina slip were
inveatigated by proparing four different slips, all at concentrations cf 82
w/o alumina. These slips were prepnred from 2000 grams of alumina, 428 ml cf
water and 1l ml of 3.0N HCl. These llips.were milled in 1 gallen lar mills
with 3790 gm of 3/a-ineh dinmeter grinding cylinders for 24, L8, 72, and
hours reapectively. The slips wereiadjustedrto & pH of 4.0 and examined fcr
apparent viscosity and settling beﬁlvior. The viscosity data are presented in
Table XIII. The settling behavior of the slips was examined by filling a 2.5-
cm I.D. glasa tube, that was closed at one end, to a depth of %0 cm with slip
and maasﬁring the sediment height, and depth of clear liquid at the top of the
column, ax & function of time. Similer measurements weres made with a slip of
fused silics that exhibited satisfactory caating behavicr. The alumina slip

that had been milled for only 2L hours hud a settling rate greater than the

o —
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TARTR XTTT

APPARENT VISCOSITIES OF ALUMINA SLIPS SUBJECTED TO VARIOUS GRINDING TIVES

Alumina Content Grindirz Time pH_ Apparent Viscosityl
(w/o) (kr) ~ (centipoise)
82 2L L.o 340
82 L8 L.o sko
82 TR k.o 1000
82 % 4.0 580

lDetermined with a Brookfield Viscoaimeter, Model LVF using a number 3
spindle at 30 rpom.

silica slip. The alumina sliz that had been milled for LB hours had a settlinz
rate that was approximately L7e same as the silica slip. The settling rates

for the alumina slips that hai been milled for 72 and % hcurs and settling

rates approximately one-half and one-third that of the silica slip, respectively.

In the courase of the imrestigations on alumina slips it was noted that the
PH of the s}ips d4id not change very significantly with a rather large change in
the amount of acid added, whexn the pH was in the neighborhoéd of 4, Therefore,
tho_rolltionlhip between the acid concentration and the pH of alumina alips was
examined. Progressive amounts of HCl were added to alumina slips containing &
known amount of alumina and havirg a sclids concentration of 82 w/o. The slips
were allowed to equilibrate after each addition of acid, by rolling for 2L
hours in suitable containers and without grinding media. After equilibration

the pH was determined with a pH meter. These data are presented in Figure 16.

39
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8inze the pH

of the alumina slips was found to be rather insensitive to
the amount of acid addition in the range of a pH of 4 to a pH of 3 (Figure 16),
the apparent viscosity as & function of the amount of acid addition was deter-

mined for & number of alumina slips. The same slips used in the determinaticn

of pH as & functicn of acid addition were used in these studlies, and again the
viscosity determinations were made onl; after a 2L hour eguilitrasicn pericd

following the acid additions., The apparent viscosities were deternined usin-

& Brookfield Model LVF viscosimeter. The data cbtaineﬁ with & number 3 spindle
are pfasentod in Figure 17.

On the basis of the proceding dats, the pioperties »f an alumina slip
containing about 82 w/o solids, prepared by milling for L& kcurs and havinz an
acid concentration of about 0.0%5 milliequivalents per grar cf alumina, appeare4
to bu satisfactory for slip-casting. <Therefcre, approxirately L zallens of
such 4 slip were praparsed. This slip ‘was prepared in ba:ches by milling 20Q0
gm of alumina with 419 ml of H20 and 10 ml of %.0 ¥ HCL in % gallon ‘ar mills
with 3750 gm of 3/h-inch diameter griniing media. After milling an additiocnal
10 ml of 5.0 N HCl was added to brina che acid concéntraticn to tre desired

level of 0.0% wmilliequivalents per gra= cf alumina. Apprcximately 16 suchk

“batches were prepared and bvlended to peoduce the desired - zallons of slip. A

sample of the blended slips was taken Zor particle size analysis. The distri-
bution of particle sizes is presented in Flgure 18,

Qther investigators 2,10/ have reported significant changes in the

properties of alumina slips on aging. Therefcre, a sample of the slip prepared

here was examined for changas in pH and apparent viscosity with time. It was
found that these properties changed siznificantly with time during the first 2k
hours following any addition of acid to a slip. However, after this initial

b1
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Figure 17. Apparent Viscosity as a Function of Acid Content for a Slip
Containing 82 w/o Alumina.
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N

period these properties did not change significantly with time. The slip
st1ll retained satisfactory fiow properties after an aging “ime cf at least

3 weeks. Thess data are presented in Figure 19,
" Samples of the 82 w/o alumina slip were mixed with fused silica slips in
ratios of 1:3, l:1, and 3:1. The slips mixed satisfacteril:; with nc visual

evidence of flocculaticn. Data on the pH and apparent visscsities of “he

LRI, P

mixed siips, along with similar daza fer the fused silica arni aluwina siips,

are presented in Table XIV. Sample bars cast from the mixei slips indicated

satisfactory casting behavior for these slips.

TABLE XIV 4
PROPERTIES OF ALUMINA-FUSED SILICA SLIPS

I S

Weight Ratio of Alumina Solids Content 1
to Fused Silica of S1ip <) Aczparent Viseosity
(vw/o) (centipoise)
1:0 82 4.3 830
3:l 82 4.3 L0
1:1 - 82 L.l 290
1:3 82 3.9 200
o:l ' 82 5.0 110

lDetermineq with a Brookfield Viscnsimeter, Mcdel LVP usinz a number 3
apindle at 30 rpm. :

LR

Cylindrical specimens, 3/b~inch in diameter and 5 inctes in length, were
slip-cast with slipa contalning alumina to fused silica weizni ratios of 1:3,

1tl, and 3tl. Btudies were then conducted to determine the «<ptinum sintering
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conditions Ior tnese compcsltes. LU NAs been previousiy deterwined L1/ thar
during the sintering of slip-cast fused silica & point is reached where the
deleterious effect of micrecracking due tc devitrification cvercomes the effect
of increased densification. When this peint is reached the z2-rength and
elastic modulus decrease with increased sintering time. Rec-mmizing tha“ sunh
an effect may also be frurl ir =he ccmpesizes containing fusal siziza, souiien
of the rate of fused silica devitrificaticn and the effect ¢ <iis devitrir.-
cation on the elastic modulus were conducted.

identical sats of composite bars, corrcsed of alumina %= fused siliea
ratios of 3:1, 1l:1, 1:3, and 0:1, were sintered progressivel; at 2200° F in
an electric kiln. The bars were sintered fcr a specific “ire Interval, remcved
from the fu;nace hot, and allowed to air cool. A rorticn of s=ach bar Irar cne
set was taken for cristsbalite determinaticns, and measureme~c: c? poresity
and dynamic elastic modulus were made cn %r-e cther set, All <he bars were
then replaced in the kiln, sintered further for a spécific tl-e interval,
remcved and air ccoled, and additicnal measurements made ¢ 2ristoballte
content, elastic modulus and coresity. This procedure was rereated untll a2
total sintering time cf 41C minu-es had teen reuched. The razults «f <he
total amount of devitrificaticon as a functicn nof time are praczented in
Figure 20 and the variaticn in elastic modulus with porosity «nd amount of
devitrification are presented in Figures 21 through 2k,

Approximately 2% specimens, 3/L-inch diameter, 5 inche:s lcng, of each of
the three alumina-fused silica combinaticns, the 100 per cer- alumina, and thre
100 per cent fused silica were slip-cast. These specimens were all sintered

simultaneously at 2200° F for a time sufficient to develop “=2 maximum elastic

L6
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TOTAL SINTERING TIME (MINUTES)

Figure 20. PFer Cent of Total Fused Silica Devitrified as a Function of
Total Time at 2200° F,
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L]
: modulus in the 100 per cent fused silica specimens (:see Fisures 20 and 21). :
f The specimens were slow-cooled in the furnace to prevent tner-al chock of the 4
N B
!
) ’ i0C per cent alumina. Determinations of tne cristotalite centent, porosiiy, :
, !
| dynamic elastic mcdulus by sonic resonance ;g/, and moduius c¢f rupture in §
quarter point loading were made on each set of speci—ens. These data are ?
L presented in Table XV and Fisures 25 and 26, i
! TABLE XV
PROPERTIES OF SLIP-CAST ALUMII'A-FUSED SILICA COMPS3TIES
, ]
] p - T = — =28 &
]
Weight Ratilo : Per Cent of
of Alumina to Modulus Fused Silica .
. Fugsed Silica of Rupture Elagtic lMsdulus Pirosity Devitrified
(1b/4n?) (160 1b/in2) (v/o) (v/o)
4
0:1 Los6 + L1k 4.58 + 0.05 12.L4 + 047 8.4 +0.8
1:3 1385 + 319 2.36 + 0.18 T2kl +0.38 Lo.5 + 1.1
; 1:1 3076 + 108 3.69 + 0.05 2b.Lo + 0.5C - k2.1 + 1.0
| 3:1 7311 + 701 8.94 + 0.11 27.Ch + C.L3 36.8 + 1.4
I _
1:0 : 8122 + 413 10.6 + 0.06 31.31 + 0.17 .--

Confidence intervals are at 95 per cent level,

2. PFused Silica Grinding

Indications from present experimental work at Georgia Tech are that

*
the full strength potential of slip-cast fused silica is not being realized .

Comparison of strength measurements and particle distributions from con-
ourrent research programs at the Engineering Experiment Station of the Ceorgila
Institute of Technclogy under Contracts DA-01-021-AlMC-14L6L(Z) and AF 33(615)-
3445 with results under this program.
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ELASTIC MODULUS (PSI X 1079)

MODULUS OF RUPTURE (PSI X 10-3)
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Figure 25. Variation of Modulus of Rupture and Dynamic Elastic Modulus with
Alumina Content for Slip-Cast Alumina~Fused Silica Composites,
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Figure 26. Varistion of Porosity with Alumina Content for S1ip-Cast Alumina~Fused
8ilica Composites.
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This is thought to be due, in part, %c the fact “hat the cpiirmum or li=icin:
particle sige distribution nf the Aie=d =43!a2 51I5 las uever ceen quanti-

tatively established.

A program was initiated in an attempt to relate, quantitatively, “he sirern::

o oeid

(specifically modulus of rupture) te particle size distribusicn with censant
eristobalite content. The initial work was res:ricted tc the grind
"25 received" fused silica slip in alumina %all mills with alumina 2

Nc atterpt was made in the investigations to influence the rreclczy cf the

acceptance” was "castability."

It was first necessary +* -m¥ 2 the grinding time limit for 4he

. particular batch of "as received” fused silica slip used in these investiza-

v omds

tions. Therefore, batches of slip were ground in 1 gallon grinding mills for

varicus times., After each grinding pericd the viscosity ani weight per cent

 80lids wers measured. The particle size distributions cf these "rrinds" were

determined on & mass and count basis and are shown in Figures 27 and 25,
respectively. The grinding was acccmplished with strict conirel of grindirg
media weight, slip weight, and mill speed. The results of viscesity determina-
tiona on the "grinds" are presented in Figure 23. The weight per cent sollds
was found to remain constant within experimental measurement error.

To dotcimina slip "castability," bars 3/4-inch diamster by 6 inches long
were slip-cast from each grind a=d dried under the sams conditions. The test
bars from the 120 hour and lil hour "grinds" cracked with drying. Thus, from
this standpoint, these 'grinds" were not acceptable. The fact that the test

bars from the 120 and 1kb hour "grinds" cracked on drying was not surprising
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Figure 29. Fused Silica Slip Viscosity as a Function of Grinding Time.
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since these 'grinds" tended towards gellation as shown by the spread in the
virnnaity dats presentea in Figure 29.

8ince the criterion of testing with constant cristobalite content was
established, a specimen from each batch waa sintered (in a well characterized
furnace for a predetermindd time-at-temperature which gives the maximum value
of the dynamic elastic modulus for "as received" slip-cast fused silica) tc
ascertain the influence of grinding on cristctalize greowsth during sinterin-.

The results of this experiment are presented in Table XVI. It is apparex*

from these data that the grinding does not affect <he cristobalite growin

significantly. Therefare, all test gpacimens of subsequent experimental
specimans were sintered simultaneously.

Ten test bars (3/L-inch diameter by 6-inch long) from each grind were cast
in new plaster molds. All molds had been fabricated frcm the same batch of
plaater{ dried to constant weight in a l;O' F dryer and sealed in polyethylere
bags until used to provide a uniform casting surface for the various 'grinds.“-
The bars were dried at 110° F and 3%0° F and measurements of dried porosity,
bulk density, and theoretiéal density were made, These data are presented in
Table XVII. The test bars were sintered following the extended time-terpera-
ture schedule established for the slip-cast fused silica radotes evaluated at
the Ordnance Asrophysics Laboratory. After sintering, measurements of porosi:y,
bulk density, theoretical density, elastic modulus (sonic method ;g/) and
modulus of ‘rupture were made. These data ars presented in Tables XVIII and
XIX. ‘ '

It was apparent from the particle size distributions in Figures 27 and 28
that a uniform time-particle size reduction relationship was not established

using individual 1 gallon grinding mills. Alsc, an adequate quantity of slip
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oharge. The "as received" slip was ground for 83 hours; specimens were

TABLE XVI «

CRISTOBALITE COMTENT, DYIANIC CLASTIC MODULUS, FOROSITY, AND MUULUS OF RUPTURE

OF SPECIMENS FREPARED I2CM GROUND "AS RECEIVED" FUSED SILICA SLIP.

Grinding .. Cristobalite Dynamic Modulus of
Time Content Elastic Mcdulus Poresity _Runture
(hr) c ) (1b/1n°) (v/<) (1/in%)

"As received" 2.2 + C.;a L,57 x 106 2.8 2,63qb
2k . 8.5 + 0.3 5.22 x 100 12.48 1,239°
. 2,451
| - s B . -eb
48 94 + 0.7 6.66 x 10 10.15 2,215,
' . : ) 3:655
72 5.0+ 0.6 - 6.62 x.10° 10.Lk4 4,158°
- ‘\c
. E ) 5)297’
% . 8.0+0.5 6.76 x 10° 10.12 1,848°
. , ' L, 362

8554 Confidence Interval.
bFour point loading, Leir2h lower span, 2-inci: upper span.

®Four point loading, 2-inzh lower span, l-inch ucper span.

RE— S S

to fabricate a small radome shape for evaluation cf casting characteristics
gan not be obtained with a 1 galloan mill. Therefore, a grinding study was
conducted to obtain (1) a uriform picture of the tarticle size reduction as

a function of time, end (2) a quantity of éround material sufficient to
fabricate a small ocgival radsme shape; approximately 5-1/2-inch base diameter
by 16-inch long with a wall thickness of about 0.3-inch. This was accomplished

in a larger grinding mill which would provide sbou: 3 gallons of slip with cne




T .,

TABLE XVII

POROSITY AND THEORETICAL DENSITY OF DRIED TEST BARS FABRICATED
FROM GROUND "AS RECEIVED" FUSED SILICA SLIP

e ——————————— — R —— —
L Grinding Time  _Porosity Theoretical Density
(br) (v/o) (gn/cm3)
"As Received" 17.64 + 0.15" 2.25 + 0.c12"
2L 19.80 + 0.06 2.275 + 0.032
L8 - 20.62 + 1.67 2.318 + 0.€07
i 72 20.81 + 0.43 2.306 + 0.020
~ % 20.96 + 0.52 2.313 .+ 0.013
r . 9% Confidence Interval.
e ——————————————
4 TABLE XVIII
POROSITY, THEORETICAL DENSITY, AND CRISTOBALITE CONTENT
OF SINTERED TEST BARS FABRICATED FROM GROUND
"A8 RECEIVED" FUSED SILICA SLIP
Grinding Tims Porosity Thecoretical Density Cristobalite Co.ntent
(br) (v/o) (en/cud) (v/e)
"As Received”  12.31 + 0.17" 2.22 + 0.01" 6.7+ 0.5"
Ll 12.10 + 0.31 2.23 + 0.01 6.3+ 0.7
48 9.69 + 0.25 2.22 +0.00 5.5 £ 0.
TR 9.93 £ 0.18 2.22 ¢ 0.01 6.8 +0.9
96 9.69 + 0.24 2.22 + 0.01 5.6 + 0.3

“95‘ Confidence Interval.




TABLE XIX

ELASTIC MODULUS, !ODULUS OF RUPTURE, AND COMPUTED CRITICAL STRAIN
FOR SINTERED TEST RARS FABRICATED FROM CROUND
"AS RECEIVED" FUSED SILICA SLIP

S — s 2 —
Grinding Time Modulus of Runtureb Elastic Modulusa Critical S:ainc
(hr) . (/) (10 /1) (163 in/in)
"As Received" 26L7 + 388" 5.12 + 0.17" 0.5 + c.08"
2k 2029 + k12 5.24 + 0.84 0.36 + 0.22
L8 , kL3 + 679 : 7.00 + 0,07 0.61 + 0.13
T2 4355 + 549 6.89 + 0.06 - : 0.63 # 0.13
% 4216 + 1072 7.03 + 0.09 0.61 + 0.16

83onic method.
bFour point load, U-inch lower span, 2-inch upper span.

cComputed from ¢ =2 ¢, where ¢ = Modulus of Rupture, E = Elastic
Modulus, and ¢ = Zritical Strain.

»
93% Confidence Inter~val.

U

extracted for particle size analysis at 24 hour intervals. The measured
particle distributions for this grind are presented in Pigures 30 and 3l.
Attempts to fabricate the swall radome bhape using slip ground for 48 and 83
hours have been unsuccessful dus to cracking and breaking up of the castings
during drying. This app?ars to bo_the result of the presence of a thicker
immobile wataer layer sevarating the finer particles which caused greater
differential dryings:rain (due to water concentration gradients) and failure

during drying. No effort was made to modify the drying procedurs to minimize
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the drying ltrains and eliminate the drying failures. This was not considered

..... S the criiical failure
strain of sintered slip-cast fused silica haad shoﬁn & wide variation and
appears to r?quire extended effort to evaluate the causes. The impcrtance cf
careful assessment of the influence of the fused silica slip particle distri-
bution was demonstrated in the attempts to slip-cast the small radome shapes
with the "ground" fused silica slip. 1In each case the wall thickness of :he
cast rademe was virtually constant f;cm base-to-tip (less than 5 mils diffefence)
as oéposed to a variation of mcr; than 20 wils using a nominal "as received"
fused silica slip. Further; the internal tip region was sharp and well
Qefined and no evidence of settling was present.

_ The data in Table XIX was of particular interest because the unifermity of
the computed critical strain values (except for the 24 hour grind) suggested
the origin of failufe was viréually identical in éach‘caseg that 1is, each gr-ur
of specimens had the same critical failure strain and p.cbably very similar
£law size and distribution characteristiés. Data that was.obcained cn other
experimental programs with slip-cast fused silica gave computed critical siraln
values of very near 1 x 10%3 in/in. ' The anomaly in behavicr (0.%6 x 1673 in/in
eritical strain vs 1 x 10'3 in/in critical struin) was thought to be the result
of surface degradation caussd dy iﬁtoraction with the plaster mold surface
during the slip-casting (residual sontamination promoting local criitobalite
formation during sinter;ng) and consequently, surface flaws which caused
failure gt a lower stress level. A brief experime&t wag cenducted to provide
some estimate of the effect on subsequent castings made in a particular mold,

and the effect when graphite 1s used as a parting film. Thc molds that were
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used to fabricate the "as received"” bars of Table XIX were used to fabricate
tw: grouns of test bars from the same fused siliece slip; one group cast
directly in the molds and one group cast using a graphite parting film*. The
bars were dried and sintered following the same prccedures used “o process the
tes: bars cf Table XVII. The modulus of rupture and apparent faillure strain
for these test specimens ~re ccmpared with the data frem-the "as received"

bars (Table XIX) in Table XX.

TABLE XX
CO!PARISON OF MODULUS OF RUPTURE AID CRITICAL STRAIIV DATA OO

SLIP-CAST FUSED SILICA SPECT.ENS FRO!: 1EW, USED
(ONE TDME) AND GRAPHITED PLASTER lMDLDS

=

lold Condition 1R E ¢ Cristcbalite
(1p/1n2) (16 1o/in®)  (20°3 in/in) (v/c)
liew 2847 # 388" 5.2 :0a7" 06 :0.08"  6.0x0s5
Used " 3735 £625  5.0L % 0.,07 0.75 + 0.1k sl r ol
Graphited - | 'h33h + L33 L7 £ 0.4 C.92 # 0,13 5L+ 0.5

®hese molds were ones used to fabricate the specimens under "new' mold
conditions.

'“'95‘g Confidsnce Interval,

The results of this brief ~inveatiaation appear to be extremely revealins.
That is, the apparent failure strain cf the test bars sugzests that the second
castings frem plaster molds will be stronger than the firat castings and that
using a graphlte parting film will improve the material strength to a great

axtent over that cbteined in new plaster molds with no graphite parting {ilm.

*Graphit;e film daposited from a 0,01 w/o diapersion of milled Dixon's !liero

Fyne Craphite.




The inflnance nf tha plaster mold on the strength of subsequent fused silica
castings and the effect of using graphite parting films will be examined

thoroughly in the program to be continued next year.

3. Metal Films

An investigation was conducted with the objective of developing
techniques” for depositing stable, metal films on slip-cast fused silica
substrates. There are a number of applications for such films on slip-cast
fused silica. Among them are thermal sensors and antennas that are integral
with a radome.

Thers are a nnmber'of potential techniqueas for dépositing metal films on
ceramic substrates; (1) evaporation or sputtering, (2) electrostatic cr
electrophoretic depouiti&n, (3) painting or screen printing, (4) chemical
vapor deposition., Of these techniques, painting or ailk'screen printing is
the simblelt and montAadlptable. Chemical vapor deposition appears to be a
promising technique, but it is a rei;tively complex process. Evaporation and
sputtering provide "lino-of-light".deponition, an&, therefors, are not well
suited to coating rough, porous asurfaces. Also, evaporation and sputtering
are not easily adapted to large lpeéimanu. Electrostatic and electrophoretic
processaes are covplex and poorly characterized and usually produce films with
relatively poor mochnntcnl adherence.

Thick metal films* can be deposited on ceramic substrates, by painting

or screen printing, through the use of organomstallic compounds. Continucus,

’In the previcus descriptions of this research (Quarterly Progress Reports
FNo. 13, 14, and 15) the metal films produced by the screen printing process
were described as "thin." However, from the standpoint of electronics tech-
nology it is common practice to describe such films as "thick films," in order
to distinguish them from vapor deposited or sputtered films whoase thicknesses
ars an order of magnitude less than screen printed f£ilms.
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metal films of gold, platinum, silver, rhcdium, palladium, ruthenium, end

ium,
iridium can be optained from organowetallic compcunds. The crgancmetallie,
after depcsition, is fired in an coxidiziy 'spuere te remcve Lhe crganic
matter and form the metal film, The painting cf these cermpcunds tc produce
dimensionally precise films has iwo drawbacks: () painting usually dces nch
troduce a sufficlently unifcrm £ilm thickness, and (2) with nerous, or very

rcugh, surfaces & dimensicnally crecis

(1

£ilm usy2ily 2an n2t e shralined Yo
tc caplillary action and -he relative fluidity ~f the rainting compcund. This
was found to berthe case with slip-cast fused silica in preli~inary exveri-
mentaﬁicn. Screen printing, of course, has the advantage <f providing 2n
accurate pattern to begin with, and the squeegee technique used in screen
printing can produce film thicknesses that are uniform te within + 1C per cent.
Also, the much greater viscosity of the pastes used in screen ﬁrinting can
~itigate the spreading of the film by the carillary action cf a rcugh surface.

Screen printing was selected as the depositicn technique o te examined.

Platinum wag the metal studied in this investigation. Several different

 squeegee pastes of platinum-organics are avallable, and the melting peint of

platinum is sufficlently high that i< could be used in practical applications

of thick metal f£ilms on slip-cast fused silica. Also, the temperature 2cefficient

of resistance of platinum is very attractive for thermal senscr applications.
Nylon screens with a mesh size of 283 were used in alllthe work reported

here. The screen pattern selected initially is shown in Figure 32. This

pattern provided a good test for definition, size limitations, etc. Thre

screens ware mounted on frameworks designed to provide reproducible substrate

location and substrate-to-screen clearances.




i

Figure 32. Pattern for Definition Test in Screen Printing.
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The substrates used in the initial evaluation of the screen printing
technique were slip-cast fused silica disks 3 inches in diameter and L/u-incn
thick. The disks after casting were sliced along a cherd 1/L-inch from the
¢ircumference. The resulting flat edge was an aid in locating the substrate
with respeét tc the pattern on the screens. The glazed subscrates used in
this study were cpated with a spodumene glaze tha:t nad been previousiy
develcped specifically for use cn fused silica _3/

Four platinum screening pastes obtained from Englehard Industries, Newark,
llew Jersey were examined. The compositions of these four pastes are listed in
Table XXI. The 1is€ing in Table XXI is'{n the order of decreasing apparent

viscosity of the pastes,

TABLE XXI
COMPOSITION OF PLATINUM SCREENING PASTES

Ny A e

Paste Identif&cation ‘Contains Ceramic

Number : Platinum Content . Flux
(w/e)

1724 ' 35.0 no

Thk9 T 69.9 - yes

8017 50,0 ' yes

ThS0 . ' . 3.0 ' yes

*Listod in decreasing apparent viacosity.

SRR R

Bach of the above pastes were screened ontc slip-cast fused silica
gubstrates, both glazed and unglazed, using the screen pattern shown in
Figure 32. The nature of the platinum films deposited were evaluated in

terms of the following variablea:

T0

g




(1) nature of the screening paste
(2) dis“ance between screen and substrate during screening

(3) condition of the slip-cast fused silica substrate
(1.e. glazed unglazed)
Screen printinés were made onto both glazed and unglazed siip-cast fused
silica substrazss, using screen-to-substrate distances cf zerc and 0,02C-inch.
The screened ratterns were exemined visually, and micrographs prepared, Lefcre
Aand after firing. The screened specimens were fired according tc the folleowing
procedure. |

PROCEDURE FOR FIRTNG
PLATINUM PASTE SCREEN PRINTINGS

2 ———— S ——————ev————

1. Dry for 20 hours at 115° C.

2. Fired from 260° ¢ to 540° ¢ with.éhe kiln door
half open to asasurs an adequate oxygen supply
(approximate time 3.hours).

3. Fire from 540° C to 815° C with the kiln docr
closed (approximate time 2-1/2 hours).

4. Hold at 81%° C for 20 minutes.

S. Cool in the Kiln to 260° C and then quench

at room temperature.

O S S SR S

The resul:s of this study are contained in the micrographs presented in
Figures 33 to ~C. These micrographs were made at an arbitrary lozation on a

line of the screened pattern. The micrographs were made in a manner such that

Tl




..

' - -
s
‘> ’\
4
- AR S b :
’ 1 ; ““ P- T" E
] ' 3 , :\ 3 4
4 ~ ?
‘ : i
L - | }
t i |
. | ;
b 1 b
).
i | -
8077 ' : 7724 .

ey

7449 : 7450

Figure 33, Micrographs of Platinum Pastes Screened Onto Unglazed Substrates
: with No Screer-To-Substrate Clearance (Before Firing).
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Figure 3i. Micrographs of Platinum Pastes Screened Onto Unglazed Substrates
vith No Screen-To-Substrate Clearance (After Firing).
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Figure 35. Micrographs of Platinum Pastes Screened Onto Unglazed Substrates
with 0,020-Inch Screen~To-S.bstrate Clearance (Before Firing).
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Figure 36. mdrosuphl of Platinum Pastes Screened Onto Unglazed Substrates
with 0.020—Inch-Bcrun-'ro_-Subltnte learance (After Firing).
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Figuwe 37. Micrographe of Platinum Pastes Screened Onto Glazed Substrates
vith No Sereen-To-Subatrate Clearance (Before Firing).
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Micrographs

Figure 38.
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Figure 39. Micrographe of Plstinum Pastes Screened Onto Glazed Substrates
with 0.020-Inch Screen-To-Substrate Clearance (Before Firing).
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Figure L0,

Micrographs of Platinum Pastes Screened Onto Qlazed Substrates
vith 0.020~Inch Screen-To-S8ubstrate Clearance (After Firing).
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& portion of the screened line, the edge of the line and a pecrtion c¢f the
substrate are shown.

The electrical characteristics of the scresn-printed £ilms were tnen
examined. A set of parallel elements, or lines, of the scre:n-printed pat-ern
(see Pigure 32) were isolated sleazrically by remcving the perpendlcular
elements. These connectinz elements were reroved by mechanical abrasicn. &
set of parallel elerenis wus isclsted electrically for 3scecimens prepared wish
aach of the four pastes on both zlazed and unglazed substrates. The elecirical
resistance of the isolated elemerts, 1/L, 1/16, 1/32, and 1/€h-inek in wigs:
were then determined wifh a Wheatstcne bridge. Electrical contact was made
with probes présed against the fllms., The resistance measured was correctei
for cuntact resistance and the resistance of the wires connecting the prstes
to the Wheatstone hridge. o

Resistance measurerents were rade along the length of each element, using
probe spacings of 0,20, 0.35, C.50, 1.0, and 2.0 inches. The latter spacing
gave a measure of the resistance cf an entire element, since each elenen:
was 2 inches long.

Film resistivities wers ccmputed from the measured resistances and tiue -

nominal values of width and length. That is,

film resistivity = %E
where R 18 the resistance of an element, or portion of an element, of wiis
W and length £{. The film resistivity is the resistance of unit length and
width of a film (L.¢. a unit square), and its value depends on the specific

resistivity of the platinum and the film thickness. The film resistivities

80
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can be used to cobtain an indicatiorn of element uniformity, both for a given

element and Irom eliement to element. This was accomplished in the follcwing

~manner. The five separate messurerents of film resistivity for a given

element were used to obtalil a mean value for the element and a confidence

interval at the 95 per cent level.

The confidence interval prevides en indica-

tion of element uniformity from element to element, prepared under a varticuler

set of conditions (i.e. paste, screen-tc-substrate clearance, and substrate

condition) can be cbtained, and the effect of element width can be determined.

" A summary of the resistivity

prepared by screaning single appli

unglazed aubstraﬁes, {s presented
resistances would be found for an
probe distancea, but not cver the

latter cases the resistances were

meagsurements for the thin plasinum films,
catioﬂs of each cf the pastes on glazed and
‘n Table XXII. In scme cases measvrable
element nver some of the smaller probe-to-
larger, cr largest, distances. In these

in excess of 137 ohms and this wes taken

as a clear indicaticn that the filr was not electricalliy continucus cver tie

entire gage length. Therefore, the film resistivity cver this length, cr

lengths, was takan as infinite (whizh for all practical purposes it was) and

this was included in the.computati

cn of the mean film resistivity of sn

olement.' This rasulted, cf course, in failure to obtain a finite value for

the average film resistivity and such a result is so indicated in Tedle XXT7I.

The apparatus for screen-printing the specimens waa'designed 8o that a

specimen could be removed from underneath the screen, and subsequently rein-

serted and relocated precissly. This feature was utilized in studying the

effect of multiple coatings on the uniformity of the screened films. Paate

\

‘number T4LLS was screened onto glazed and unglazed substrates with an initial

81
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i TABLE XXII
SUMMARY OF THE FRT.ROTRIYCAL. CHARPACTERICTICS OF GCREEDN-rrnINIZY,
; , PLATDWM FILMS ON SLIP-CAST FUSED SILICA
Platinunm Screen-To-- Elemant 1
Paste No. Substrate Clearance Width Film Resistivi-+
(in.) (in.) (ohms/square }
unglazed glazed
substrate suTItruie
8077 zero : 1/k ® 5.27 + 1.13
] 1/16 ® 5.47 + 0.68
3 . _ 1/32 ® 5.26 + 0.63
T4 zero - /4 ® 22,7 + 1.13
’ 1/16 ® ®
1/32 ® ™
1/64 - »
(%) zero 1/k 0.76 + 0.23  1.3% + 0.2%
1/16 0.7% ¥ 0,10 1.CE + ¢.22
1/32 0.73 £ 0.12 1.17 % C.22
) 1/6)4 @ »
™50 zero /4 ® 1.6+ + 0.50
: 1/16 ® 1.0% + 0,22
1/32 @ 1.42 0,23
1/6h ® 1.8% + 0.8L
8077 ' 0.020 - 1k - 3.01 + 1.23
1/16 » 5.3 * 2,96
1/32 ® L.31L + 2.48
1/8u ® s
7724 0.020 1/4 ® ®
1/16 © ®
1/32 ® »
1/B4 ® -

lElementa whose resistivities are indicated by the gymbol, =, had a total
element resistance in excess of 107 ohms, which was taken as evidence that the
elements were not electrically continuous over their entire lengths.

(Continued)
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TABLE XXII (Continued)

SUMMARY OF THE ELECTRICAL CHARACTERISTICS OF SCREEN-PRIITED,
PLATINUM FIIMS ON SLIP-CAST FUSED SILICA

.. ‘.’ ' - .. AR -
Platinum Screen-To -~ Element 1
Paste No. Substrate Clearance width Film Resistivity
(in.) (in.) (ohns/square)
unglazed glazed
gubstrate substraze
7449 ’ '0.020 : 1/& 3.63 +0.57 1.67 % 0.19
: 1/16 2.30 * 0.23 1.33 * 0.15
1/32 2.25 + 0.46 1.k2 + C.33
| 1/8u . s
7450 ' 0.020 Y/ ® 3.57 + 1.8
- 1/16 ® =
1/22 ® @
l/ L ® »

lBlemontl whose resis:ivities are ‘ndicated by the symbol, =, had a tctal
element vesistance in excess of 107 cnms, which was taken as evidence tha:t the
elaments were not elactrically continucus over their entire lengths.

soreen-to-subatrate clearsnce of 0.02%-inch. The specimens were fired in tre
ysual manner, aanocther :oiting screened onto the fired £1lm and this fresh
co'.ing fired, etc. The initial screen-to-substrate clearance was not cranged
during the multiple coating process. The film resistivity »f the elements was
determined for each spacirven as before. These results are presented in
Table XXIII. | o |

The electrical stability of the screen-printed platinum films in a thermal
environment was investigated. A single platinum element 1/32-inch wide and 5
1nehci long was screen-printed onta an unglazed substrate. Pasts number Thi =

was used and the film was produced frcm a single coating. Thie substrate had
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TARLE XXIIT

FUSED S8ILICA WITH PLATINUM PASTE #7Lb49

SUMMARY OF RESULTS OBTAINED BY MJLTIPLE COATING SLIP-CAST

SRS S
Number of .
Screened Coats Element Width _ Pilm Resistivity™
(in.) (ohms/square)
unglazed subatrate glazed subkstrate
one /L 3.63 + 0.57 1.67 + 0.19
1/16 2.30 + 0.23 1.33 * 0.19
1/32 2.25 + 0,46 1.2 * 0.39
1/64 a =
two 1/k 0.219 * 0.048 0,168 + 0,050
1/16 0.180 + 0.027 0.133 + 0.018
1/32 0.18L + 0,021 0.132 + 0.019
1/6éuL 0.167 + 0.023 0.171 * 0.042
three 1k 0.108 + 0.0LL 0.069 + 0.017
1/16 0.09k4 + 0.023 0.081 + 0.006
1/32 0.093 + 0.018 0.05C # 0.0k
1/64 0.111 + 0,018 0.081 + 0,033
lElements whose resistivities a$e indicated by the symbol, =, had a total
alement resistance in excess of 1C/ ohms, which was taken as evidence that the

elemants were not-.electrically continuous over their entire lengths.
-—-—_-—-——-———-—-n_—————-————

the ends of platinum lead wires irbedded in such a manner that approximately

1/4=inch of each wire was parallel to the surface and a portion of the dlameter

of the wire was above the level of the substrate surface.

These ends were

located so that one was at each terminus of the screen-printed platinum film,

The remainder uf each lead wire was brought through the substrate and exited

from the surfece opposite to that carrying the platinum film,

After firing of

the screen-printed film (according to the procedure presented earlier) the
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electrical contact between the ends of the leed wires and the film was checked
and found to ha satief ; viie fllu was measured, at
.room tcmparatu&c, using & Wheatstone bridge and the specimen was placed in an
~ electric furnace. A Pt;PtBTRhl3 thermocoupie vwas placed in conta;t with the
spacimen and the entire asserbly was shieldel from any direct radiation from
the furnace heating elements. The temperature of the furnace was railsed
incrementally and.,the terperature measured ith the thermccouple, After
thermal equilibration at qach ievel the resistance of the platinum film was
determined with a Wheatstone bridge. At a tewperature of approximately 9CC° c
ﬁherg was evidence of a change in ;he film's characteristics; tﬁe film's
resistance began to decrease with increasing semperature. The fﬁrnuce temperﬁ-
ture was then reduced in several steps, wit: measurement of the film's
ronintsnoc,.to confirm that the film had inised changed its characteristics.
These data arse ppdeonted in Figure hl; |

Since there was evidencs that the plﬁtinum film had vegun to sinter at
about 900° ¢, the film w;s breought to 1200°  and maintained et this tempera-
ture for approximntily-le heurs. The resis:ance of the film as.a function of
temperature Qtl deterﬁiﬁad'cnce more. Thesé dnéa are presented in Figure L2,
A comparison of these data with the data of Tigure Ll 1n§ict€cd that the
additional sintering st the higher temperat:re had removed the hysteresis
effect observed originally, '

It appeared that & film fired At'alﬁ’ C, a8 outlined in the original film
preparation procedure, would undergc a decrease in resistance when the film
was heated to above this temperature, To ccufirm this cbservation, & second

platinum film was prepared as an experimental thermal sensor. This film was of
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Figure L2. Change in Resistance wvith Temperature for a Platinum Film Fired
at 1200° C for Approximately 18 Hours.
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much greater length than the first, and was of the configurstion sho.m in
Figure 43. This film wac screened onto an unglazed fused silica substrate as
before and ~ired according to the usual procedures (1.e. at a temperatwe of
815° C). Platinum lead wires vere also attached to this film by inbedding
them, in the substrate, under the wide portions o7 the fil: that are shovn in
Figure 43. The substrate vas placed in contact ith the thermocouple used
The <a2mrerature-

before and the specimen heated tc 1250° C as befcre.

resistance date obtained .-ith this sensor are presented in Figure b,

-

B
L.l_L_L_

Figure 43. Pattern for Screen-Printed Thermal 3ensor

After obtaining the data presented in Figure .4 the fiim -'as maintained
at 1250° C for about 2 hours. Following this heat treatmern: the resistence of
the sensor was again deternined from vcom temperature to 1230° C. These data

are shovn in Figure U45. Again the decrease in resistance above 200° C

disappeared.

An analysis of the resistance versus temperature date Zor the two platinum '

filns after being sintered at npproximately 12¢¢° ¢ shoved that their resis-
tivities st temperature relative tc their resistivity at C° C was the seme.

These data are presented in Figure L6 along ith sirdlar data for bulk

pletinum 13/ for comparison.
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Figure L4, Change in Resistance with Temperature for an Experimental Thermal
Sensor Prepared at 815° C.
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- strate vith & single-coat film, waa.exposed to the fle-e of an axy-acetylene

The mechanical stability of the screen-printed plstinum films in & thermal .

environment was evaluated qualitatively. A typical szecimen, an ungliazed sub-

torch-with the flamerimpinging directly onto the face :If the specimen carrying
the platinum film. In & matter of seconds the platinus elements Tecame =olien
end the platinum ran off tecause the specimen face ‘as artical. Hovever,
there was no indicetion, prior to nelting of the plaetinan, of Fallure of the
bond between the platinum elements and the substrate. In a similar test cv a
ginilar specimen, the oxy-acgtylene flame was made tc iopinge on the backside
of the substrate. In a fe: minutes the flame had cree:sd a depression in the
substrate, through the séftenins and flowing of the fused silica, thet

extended very nearly t. the surface carrying'the plapi:um film. The fused ¢
silica femaining ﬁetweqn the bottom of this depressicr =nd the opposite surface
had even become translucent, rathe; than opaque, dus te the softening of the
fused silica. Hﬂw;ver, there vag no visible evidence :¢ degradation of the
platinum f£ilm, nor -'as there any apparent loss of adhes:on betveen the filn

and the substrate.

L., Felted Ceramics 4 ' H'

Preparation of feslted ceramic composites ias :continued from the

previous year and vas channeled into tuc phases: (1) “he development of a lc.

sintering temperature (185C° F), high transverse strength (1300 to 1500 psi) "

felted ceramic composite, and (2) the development of refractory felted cerawic

composites.
Attempts to obtain satisfactory trans- . se atrenéths 'ith kaolin 'ool-
elumina particulate naterial felted ceramic ccmposites “‘ere unsuccessful in

the previous year's vork. This failure vas due to the devitrification of the
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kaolin wool fiber as a result of the high sinterirg temperature reeded for the

AdAn mala
[ DRotot ra i

alumina partionlate, The additisn of cinterine z 2 and masnecis

(&]

to the felting slurry did not alleviate this protlem. TIn fact, these addizicrns
may have acceleratad the deviitrification rate of the kaolin wocl fiver. There-
fore, the kaclin wool-elumina felted system was tempcrarily dropged from

consideration.

La)

In previous work fcr an industrial spenscr and under Centraz: TlweR2an il
ball cliay-mineral wool boards were produced with a ncminal sinterad densin, -~
75 lb/fta_and transverse strengths cf 12C0 to 1L00 psi /. Altfzcugh these
boards did not have the desired refractory proper:ies, the trans-.arse strensiia
was sufficient for the boards to serve as a model mutrix system. Thereleore, =z

series of the boards were fabricated, frcm the compcsiticn listei teleow:

Tenn.-Ky. L-1 Ball Clay 1220 gm

U. S. Gypsum Mineral Vool 1250 gm’
Reparan AP-30 Plocculant 0.24 gm

-

With the exceptions Ehat O.ZA gn cf Separan AP-30 was mixed in 2 Liters cf
water and that no starch solution was used and the total water - z_ume was 30
gallonﬁ, the procedure for mixing she slurry was the same as rez=ried Jcr
"Standard" boards in Summary Report No. 3 1/. After felting, t2a bcards were
prassed under a load of 420 psi to a nominal thickness of 3/keinzn. Tihe tcards
were then.dried at 130° P for 16 hours and 220° F for 2L hours. =The dry tulk
density of 8 boards was 70 + 3 1u/ft3 with S5 per cent confidence.

The above boards were 'quick-fired" in a capped fused silica foam
(2% lb/rt3) sagger. The 12 x lz-inch felted boards were centered i the
sagger's 1% x 15 x l;inch cavity and fired at & furnace temperature of 1820° F

for 3 hours and then.cooled in the sagger to room temperature. 32ulk density
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for 7 boards vas Tl + 6 lb/ft3 at the 95 per cent cénfidence level. Three-
point loading modulus of ruptuie values of 2C specimens cut from these boards
was 816 + L76 psi with 95 per cent confidence. This strength vas considerabiy
lower than the 1200 psi previcusly obtained with the ball clay-slag ool boards
of this density ;/. It was thought that the 3 hour heating cycie right not
have Lorovided sufficlent “iiie for the felted board inside the sagger tc reach
the 1850° F sintéring terperature. Therefore, a thermscouple was rassed
through the side of the sagger with the tip located directly above the center
of a 12 x l2-inch felted board, and a time-temperature recording -z initlated
upon insertion of the sagger intc the furnace. Figure 7 shows the heatlng
and coocling rate for a beard heated in the sagger for 3 hours. The maxirmun
tempereture obtained was 1695° F. Tﬁe ecooling porticn cf the curve is fren
the time the sagger was removed from the furnece.

When the heating cycle ;’us extended to L hours, a maximum temperature of
1820° F as indicated by the thefmccouple iaside the segger was osbtained. There-
fore, a board was fired using the extended L hour cy2ie and held for 2 hows.
The thermocouple response pattern for this firing is shown in Figure 4&. The
fired modulus of rupture, based on J specimens, vas 258 + 253 psl «ith 95 zer
cant.confidence. The large interval was attributed %o a poor relted structure
for this particuler board. The bulk dénsity of 4 of the bars varied from 68
to 87 lb/ft3 with the average being Th lb/ft3, as determined by 'ater absorn-
tion. Data cbtained on an identical board sintered for L hours and 25 minutes
gave an average bulk density of 85 lb/ft3 +ith variation from 83 to 87 lb/ft3.

The average modulus of rupture of the latter board was 878 + 70 lb/ft3 at the

95 per cent confidence level.

.
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Figure 49 is e plot of the bulk density of four individual modulus of

bar for the 6 and the 4-1/2 hour sinterings.

Additional ball clay-mineral wool felted ceramic composites were prerared
after the prgcedure for chopping the mineral wool vas altered slightly to rid
the felts of glass shet. In the new procedure the mineral ool was chopred in
a 25 gram batch with 500 milliliters of vater using a l-quart, high speed
blender for 6C seconds. The resultant blend was then immediately transfe.red
to a stainloss steel beaker containing 2500 milliliters of water to dispe:se
the chopped fiver and allow the glass shot to settle cut. The blended fiter
was then decanted onto a 35 mesh screen.

After felting each toard, atterpts were made to press it to a final

nominal thickness of 3/L-inch. The compacting pressure required to reach +his

thickness varied from board to¢ board and is shown in Table XXIV. The beards
were then "quick-fired" in the capped fused silica foam sagger. Three 12-inch
lqunré boards, numbers S-15, S-16, and S-1T vere fired in the sagger by
placing the sagger in the furnace for 308, 360, and 465 minutes respactively.
Uroﬁ removal from the furnace the boards were allowed to cool to room terzera-
ture 1nlido the ragger. The modulus of rupture, bulk density, and corpressive
strength of the boards ur; listed in Table XXIV. The mcdulus of rupture -as
determined for l-inch wide bars oawid from the boards using three point-center
loading-on & L-inch span and a loading rate of 600 lb/min. The compressive
strength was determined on sections 1 x 1 x 3/h-inch cut from the voards and
compressively loeded at & rate of 600 lb/min both perpendicular tc and parallel
to the felting plane. The bulk density was determined by water dlsplacerent.
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Figure 49. Effect of Bulk Density on Modulus of Rupture for Slag Wool-Ball

Clay Felted Boards.
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Additional boards .ere prepared using the same procedures and materials
&6 Iy thé previdus Loa:ds savepbt Reuluthy-Towuessce Lall clays T-1 aud T-5
wgre used in place of btall clay L-l1. A large difference in draln time was
noted for these clays as compared with the drain time using cliay L-l1. This
difference caua be expleined by the difference in particle size of the three
clays as shown in Figure > 0.

Boards prepared .rith cleys T-1 and T-5 vere fired in the sane nanner as
the previous boardp and vere sublected to the same tests. These results are
also listed in Table XXIV.

' High terperature ceramic fiters, suitable for incorporation in an erbedded

ablative systen based on a cerarfc felt, <-ere exemined. Fused silica, boron

'nitride, zirconie, magnesia, and silicon carbide cocated graphite fibers ‘ere

selected for study. The zirccnia and ragnesia fibers .ere selected for their
high allovable operating témperature. The grarhite and boron nitride fiders
vere sslacted for their promise as imprsved reinforcement egents for the
conventional charring ablators. .The silice fibers are considered to be a
standard reinforcement for the ccnventisnal charring ablators. All five fibers
are commercially availeble. The silica, boron nitfide, zirconia, and magnesia
fibers were supplied essentially in the fcom of a mat, tvhile the zraphite
fibers wers supplied in the form 2f a rulti-end roving. The ragnesia fibders
vere supplied in e hydrated forr; they shcved a 26.7 per cent :'eight loss vhen
hected tc 2000° F. The silicon carbide ccated graphite fibers 'ere, reportedly,
30 w/o silicon carbide.

Felts were successfully prepared from each of the five high temperature

fibroua materials according to the following ccheme:
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a. Fibers, in the amount required to produce a felt with

90% pores, were added to 800 milliliters of water.

b. Thes fibers were chopped by blending the nix in a Wering
Blendofa until they no longer required excessive

preasure for compaction.

c¢. Ten grams or starch were added as & tviuder, and the

mixture was diluted to 2 liters.

d. The slurry was heated to 160° F and mixed with a

Lightnir® (Model L) mixer for approxiﬁately-30 minutes,

e. The slurry was filtered through a screen, aund, after
settling, the_fclidue was squeezed down to a 1/2-inch
thiciness, vwhile being restrained laterally, to yleld

_ the felt.
The felts were nomirally 4 inches in diameter.
| The blending tice vas found to be critical and had *o ve datermired .y

triel and error for each material. Overblending resulted in weak felts. How-

" ever, when the fibers were too long, a sizeable pressure (500 psi, or more)

was required for corpacticn and it was then difficult to achieve a uniform
felt. For uniform felts that would retain their shape, very lov pressure
compaction was required. The blending times used vere: 7 seconds with the
fused silica fibers, 5 minutes with the boron nitride fibers, and 12-1/2
minutes with the silicon carbide ccated graphite fivers. The gilicon cartide

coated graphite roving was chopped into one inch lengths befo.e blending. The

magnesia fibers aud the zirconiw fibers did not require preliminary chopping.

| I
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During earlier work this year 5 grams of starch were used, instead uf 10
grams, but the 10 gram addition gave a felt that was somevhat sturdier, and
the 10 gram addition was established as the standard, The use of 30 grams of
starch or the use of gum arsbic in place of the 10 grams of sterch was found
to give no real improvement.

The structures of the felts are shown in Flgures 51 and 52. Figure S1
also shows the structure of a silica felt based on a 5C-50 mixture of fused
silica fibers and fused silica slip. Indicuﬁiona are that only a small
fraction of the slip particles were rotained on the screen and in the felt and
th‘t ﬁhe slip pnrtiqlas induced abrasive damage to the fibers.

Pl x-ray diffraction traces vere run on all five high temperature fibers
tc yield, together wﬁth the 100X photomicrographs shown in Figures S1 and 52,
characterization of the felt boards. In the fused silica fibers, no
crystalline phages of silica were detected; only the amorphous hump, typical
for thermally fused silica, was observed., The diffraction trace on the coron
nitride fiver served cnly to confirm'tho work reported by Econcﬁy 3&/. With
the magnesis fiders only Ms(OH)2 vas indicated before heat treatment and only
Mgl after firing at 2300° F. The diffraction trace on the silicon carbide
coated graphite wes characteristic of t_bctl silicon carbide trace superimpnsed
on a graphite trace. The zirconia fivers appearsd as a tetragonal system.

Attoﬁptl vere made to strengthen the magnesis, zirconia, and silica felts
with heat treatment but the results were discouraging. The magnesia felts
remained soft and relatively weak after 3 hours et 2700° F. Silica felts,
both with and without the addition of the silica slip, failed to be appreciably
strengthened by heat treatment. It appeared that sintering was as harmful to
the felts (due to structural disruption) as it vas helpful (due to increased
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contact areas between fiber Junctions). The firing schedules for the silica R

felts and the assoclated cristobalite contents are listed in Tavle KAV. ALl

firings were made in grectric Xlns.

TABLE XXV

)
o s SR Ve BNVEES QR wr =T

FIRING SCHESULES AND ASSOCIATED CRISTOBALITE CONTENTS
FOR THE FUSED SILICA FELTS

[,

Volume Per Cent Cristotalite

Silice Felt Silica Felt
Without . “ith

Firing Schedule  8ilies Slip Silica Slip

Y it e s B 0P o} bR

2200° F ~ 3 hr 0.0 to 2.2 c--
2300° F - 2 hr . 1.0 to 1.b 1.0 to 1.3 .
2400° F - 3 hr 0.8 to 1.5 8.6 to 10.6

m2700° F - 3 hr 00 : 72.0 t5 T7.b

CE————— . -
wWith the zirconia felts firing shrinkage vas a proclem. The fibers were

found to shrink approxirately 13 per cent after 8 houre at 2200° F and

appraximately l4.5 per cent after 5 hours at 2500° F. After 3 hours at 2700°F
the shrinkeage ves about 25 per cent. When the felts were prepared from fioers
prefired at 2500° F, the shrinkage after the 2700° F ~ 3 hour firing .as
reduced to approximately 16 per cent. It first appeared that prefiring at
hisher temperatures would be teneficial., Hovever, the zirconia fiﬁers vere
found quite orittle after prefirings as lov as 2600° F.

Attempts were made to prepare zirconia fiber-zirconia particulate felted

composites. However, the temperatures required to sinter the compact caused

oxtreze grain growth in the polycrystalline fiber resulting in very veak

compacts. ' .
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Since the five high témperature ceramic felts were to be impregnated with
ablative materials vefore testing, it was thought that reasona.le results could
be obtained under the program without prestrengthening of the felts. There-
fore, further attempts to strengthen the boards was noct Justified, and,
accordingly, this effort was set aside in favor of the experimentel work

described in C. Composite Thermal Protection Systems.
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C. Composite Thermal Prctection Systems

A literature search was made to assess the state-of-the-art of heat
shields. Emphaais vas placed on short-term exposures to moderate to high heat
filuxes, and interest was focused primarily on materials selection, processing
techniques, attachment methods, design guides, testing methods, and refurbish-
ment. The search led 1o the collection and revieu of more than 500 primary
sources on thermal prctection. The selection of literature ras »ased on
information provided by seven abstracting services, vhich included ST~R, T:3,

IAA, and U. 8. Oovernment Reports, and information provided by the Air Force

Materials lLaboratory u/ . Preliminary reports on the sta.pe-ot‘-the-art vere
included in Quarterly Report No. 13 and Quartérly Report No. 14, and ;
preliminary bidliography on heat shields vas given in Quarterly Report No., 13.
The complete statement of the state-of-the-art is given as Appendix VI of this
?eport; and the completed bibliography on heat shields is included in this

report.

1. Charring Ablators
The results of the literuture search indicated that charring ablators

are the most important heat-protection materials in use today. Typically,
theas ﬁstorilll consiat of a thermosetting resin reinforced sith organic and/or
inorgandc fillers such as r ‘.on, quartz or graphite fibers, and they offer a
particularly advantagecus comdination of properties for heat shield applica-
tione, especially vhen & moderate to high heat flux end a relatively short-time
exposure is the concem.

The avail:ability of charring ablative materials was determined. These

materials were found to be readily available, nonstrategic, and inexpensive.
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Among the charring materials currently marketed as standard ablators those
based on the phenclic compounds appear to be the most effective.

A particular phenolid wvas selected for use in the experimental work
becauge it was readily available, relatively easy to process, and widely
accepted. This material served, more or less, as a standard charring ablatcr
during the program and was examined experimentally toth as a charring ablator
and as & major ccnstituent in the embedded ablative systeme which are discussagd
below. Also, two silicone-base ablators, suitable for trcweling, were csttained
and examined as sacrificial coatings for thermal protection systems. The
evaluations were made 1nrthe Georgia Tech oxy-hydrogen rocket motor facility.
As a basis for comparison, samples of & standard ablator ovtained from NASA
vere also evaluated ueing the iame facility. The results of these evaluaticns

are given, together witn test results on composite systems, bvelowv,

2. BEmbedded Ablators
The results of the lit;rature ssarch on thermal rrotection systems

indicated that the embedded ablator holds the promise of providing a .ractical
solution to the problqm of thermal protection against a modesrate tc high heat
flux and relatively short-term exposure where veight requirements are strict
and where & charring ablator alone is not suiteble becauge of dimensicnal
stability requirements and/or because of wake contamination considerations.
Candidate matrix mntciills for embedded ablative systems are ceramic foams and
felts,

The availability of high-temperature ceramic foams vas determined.

Zirconia foams are available from a nﬁmber of commercial sources, magnesia
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fcams are available from e few sources, and thoria foam is a.ailable from at
least one commercial acurce. ne armrpa Affawas 4a 33;;1:,' Lhe PTCJEC‘G wWill

a 100-cubic inch sample of hafnia foam at a cost of one thousand dollars. The

o diinniine, deaipuiidin

offer was rejected in :iew of the high cost and poo:r characterization of the
sample. '

In general,’thé avéilable high temperature fcems lack definition end
proper characterization. Among the high temperature foams currently rmarxzeted
as standard items the zirconia foams are the most uniform and reliable.
Zirconia foams have been under development for several years by & number of

laboratories, A 100-cubic inch sample of a high quality zlrconia fcam was

il

placed on order early in the contract year, but unfortunately, the vendor
reported several delays, end the order was cgncelled when it vas learned that
the arder could not be filled during the year. FPlans were to determine the
benefit that could be derived by embedding Tetlon® in fhe zirconie, as it vas
anticipated that the zirconia would provide a hot reaction zone for the tran-
spiiing gaseous products.r Fused sgilica foem vaa used in place of the zirconia
foam since the zirconia sample could not be received in time. The assessment
vas made by éesting in the'Georgia Tech oxy-hydrogen rocket motor facility,
the silica foam and the Teflor® both alone and when combined.

The availabilitiy of high temperature ceramic fibers, suitable for

incorporation in an embedded ablative system béaed on a ceramic felt, vas
determined and fuged silica, boron nitride, silicon carbide coated graphite,

zirconia, and magnesia fibers were selected for use in an experiméntal program,

These five high-temperature fibers were fashioned into felts, as described

durlicr in Ssction B.h, Felted Ceramics, and the felts were impregnated vith

phenolic and evaluated in the Georgia Tech oxy-hydrogen rocket motor facility.
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As a basis for comparison samples of a standard ablator obtained from
RASA vere also evaluated in the Georgia Tech oxy-hydrogen rccket motor
facility. 7

The descriptions of the materials used in the experimental program on
composite thermal protection systems are given in Table XXVI, 3Based con these
materials, 13 test samples were prepared, in duplicate. The descriptions of
the tegt samples are given in Table XXVII.

The test samples were evaluated in the Jeorgia Tech oxy-hydrcgen rccret
motor facility ;é/. One sample of each description was held normal to tihe hot
ltreﬁm at a station 8.9 inches from the nozzlg exit; the other samples erevs
subjected to the normal impingement of the hot gases at'a sosition 6 inches
from the nozzle exit. The cold-wall heat-flux for the two conditions were 450
and 1500 Btu/fte-aec 16/. All semples were tested for 60 seconds or until
turnout. The samples were measu&ed vefore and after testing to determine
ablation and mass loss rates, and the frontside and dackside temperatures vere
monitored during the runs. The frontside temperatures vere determined using

an optical pyrometer; surface thermocquples were used to measure backside

temperature.

Test results are given in Mlgures 53, 54, and 55 and in Table XXVIII.
Figures 53, 54, and 55 give the ablation and mass lcss rutes, vhile
Teble XXVIII lists data pertinent to the characterization of the samples

together with frontside and backside tamperature data.
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TABLE XXV1 .

DESCRIPTIONS OF MATERIALS USED IN COMPOSITE
. THERMAL PROTECTION SYSTEM INVESTICATIONS

Materials

Ceramic Felis,

Standard Ablator

Fuged SiO2 Foam

Phenolic

Teflon®

Wetting Agent

[N

—_A

Description

elts of fused silica, boron ritride,
hydrated magnesia, zirconia, and 2C%
silicon carbide ccated grashite; narm-
inally bL-inch in diaweter, 1/Z-inch
thick and 10% dense.

—r—

Samples, nominally 4 x & x G.6-inch,
of an ablative materiasl reinforced
with asbestos and 10% pyrex obtained
from NASA.. :

—A—

Samples, nominally L-inch in digmeter
and 1/2-inch thick, of 25 lb/ft> fused
silica foam.

——

Resinax® 8C-1008, a high heat resis-
tant phenolic varnish, supplied by
Monsante. Recommended cure procedure:
pressure contact at 325° F for 1 *o 3
minutes.

ﬂreflodp 30 Dispersion, an agueous
dispersion of 60% Teflon® resin and a
wetting egent. Recommended heat
treatment: 300° F for watar rercval
500° - 600° F to volatilize vetting
agent, 750° - 900° F to sinter the
Teflor® resin. Also, samples, nomins
ally 4 x 2 .x 1/2-inch, of TFE Teflon®
 sheet,

i -

(Triton® X-100, alkyl phenocxy poly-

| ethoxy ethanol, supplied by Rohm and
Haag Co., Philadelphia, a nou-ionic

4 vetting agent. Recommended use:
diseolve in warm water and use in very

low concentrations to improve the vet-

ting characteristics of Teflon® 30

bDispersion :

(Continued)
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TABLE XXVI (Continued)

DESCRIPTIONS OF MATERIALS USED IN COMPOSITE
TEERMAL PROTECTION SYSTEM InvVESLLGATLUNS

Materials Deacripticon

(RN VO

Dow Corning® 325 ablative material, a
silicone rubber, which can be
Dow 325 Ablative -trowelled into place and cured at room : ;
or slightly elevated termperature, ugcn '
\addition of a special catalyst.

(General Electric's TBS-757A foam
thermasl barrier, a methyl-phenyl sili-

: cone rubber compound, which can be
GE TBS-T5TA

Ol e BT S

4trowelled in place and cured at roon
or slightly elevated temperature, upon
addition of General Electric's TBS-
(75TB curing agent.
L . ' . ]

TABLE XXVII
DESCRIPTION OF THERMAL-PROTECTION TEST-SAMPLES

L
Sample ' Description ,
|
esino® 9C-1008 cured at 2C0° F for
Phenolic 2h hours, nominally t-ineh in
: diameter and 1/2-inch thick.

Phenolic - SiC Coated
A Graphite Pelt Ceramic felts, nominally 1/2-inch
Fhenolic - BN Felt thick with 90% pores, and 25 lb{ft3
. ! fused silica foam, nominally O.4- d
Faenclic - Fused 8102 Felt } !nech thick, vacuum impregnated with
Fhenolic - 2rQ, Felt Ruinoz.@ 8C-1008 and contact cured
Phenolic - Mc(()ﬂ)2 Felt at 325" F.
Fhenoiic - Fugsed 8102 Foan |

(Continued)
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. ( ‘ TABLE XXVII (Continued)

DESCRIPTION OF THERMAL-PROTECTION TEST-SAMPLES

Sample Description

Standard Ablator inch thick, reinforced with asbestos

Ablative material, nominally C.6=
and 10% pyrex, as received from NASA,

TFE Teflon> sheet, ncminally 1/2-
inch thick, as received.

25 1b/£t3 fused silica foam,
porninally 1/2-inch thick, vacuun
) impregnated twice with Tef’on# 3C
Fuged SiC. Foen

Teflon3

Teflon Diepersion with 100 ppm Triton® x-ics
' and heated at 300° F, 15 minates,
580° F - 2 hours, and 825° F - 2
ours after each impregnation step.

nominally 1/2-inch thick, as '
roceived.,

Fused 810, Foam

{?25 lb/ft3 fused silica foam,
2

25 1b/£t> fused silica foan, nonm-
inally 1/2-inch thick, with a surface
layer of Dow Corning« 325 ablative
material about 1/5-inch thiclk trowel-
led in place and cured at 30C° F for
15 minutes.

Fused 8102 Foan -
Dow 325 Ablutive

25 1b/£t3 fused silica foan, nom-
inally 1/2-inch thick, with a
: . surface layer of Ceneral Electric's
Fu;;dmgégssgzam TBS-75TA foam thermal barrier about
1/10-inch thick trowelled in place
and cured at 300° F for S5 minutes.
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Rocket Motor Facility at Georgla Tech.
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IV. DISCUBSYON

A. Slip-Cast Pused Silica SSCFSE Radome Structures for Thermal Evalumtion at

(eneral cs/Pomone. Ordnance Aerophysics laborate

1. Test Program
The test program for 1966 was regarded as sufficiently broadbased tc

provide the maxirum information that cculd be utilized for comparigon wit
theoretical predictions of the SCFS response in fhe test environment. There
wére, -hcwever, areas vhere the p?rformance of the instrumentation and/or hard-
ware presentei _problems during the tests. In the case of the hardwa;e there
was some concern that the water cooled Invar attachment maintained the silica
in 1;.hnt region at & lower average temperature t_han the remainder of the fadomg
and intro*uced failure bending stresses in the radome at the attachment-radome
fore juncture. This would be, in alunu, analogous to internal pressurization
of the radome which. would introduce discontingify stresses at that location.
It is thought that the failure of four of the test radomes wvas due to this
effect. Another area that offered somer difficulty was with the measurement of
outer surface temperatures. The use of the 9000 X wavelength pyromete::u a8
hindered by a focal length requiremént of 10-1/2 inches which placed 'them
extremely close to the efflusnt hot stream and required secondary air cooling
of the pyrometer lenses. It was hoped that the cast-in-wall thermocouples
would provide gsecondary surface temperature readings for correlation with the
readings from the spectral pyrometers. With these two surface temperaturs
measuring methods it wvas anticipated that temperatures vere obtained with an

accurscy of + 5 per cent.
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The avarall inatrumentation wvas zeared to "continuous correction" in the
sense that all juncture points in the instrumentat.on scheme were temperature
monitored with time for development of compensation base lines. Neasures were
take. to provide "clean” signals by appropriately shielding the instrumentaticn
feed lines from test cell induced noise. The strain gage instrurmentation of
each test radome was temperature calibrated to 150° F equilibrium temperature
in the laboratory prior to testing.

The reduction of the experimentel data for correlation with the theoreti-
cal predictions of temperature and stress profiles has been undertaken by
perscnnel of the Applied Physics Laboratory. This was not completed et the
time of publishing this report. A preliminary report by APL is presented as
Appenc‘lix I1I.%0 this report. There are two vez;y significant conclusions made
in ﬁhe preliminary APL repcrt: (1) the test conditions in the Typhon combustor
exﬁaust utrcaﬁ approxinated a flight environment of Mach 8 at 50,000 feet and
(2) the thermal shock esssociated with the material-environment interaction is
éomparable to thet expected for u vehicle accelerating at greater tharn 120 g's.

No attempt was made to incorporate any of the experimentél results into
this report for two reasons: (1) the raw experimental data will be compiled in
the near future by the Ordnance Aerophysics laboratory, ani (2) a report will
be prepared and released in early 1967 by the Applied Physics Iaborgtory
covering the data reduction and correlation with the theoretical analyses.

The tests were not as successful as orisinallx planned, but it is estimated
that 65 to 70 per cent of the objectives wers realized. A gynopsis of each

test is presented in Appendix IV,

120




|

. est Radcme Fabricatierm
It is apparen. oy comparing Figure 3 with Figure &4, that decreasing
the time of casting from €5 minutes tc 59 minutes 4id not deareass the cass
wall thickness by 2C mils as would be exyected frem previous studies which
have shown the cast wall thickness %c be preperticnal tc the square rcc: c?f
casting time. The 3ata in Figures 3 and L is misleading, ncwever, since tne
points shown are t=s average cf twc measurements and varlaticn in wall tnicr-

negs around a given circular cross-section has been cbserved to be greater

" than 20 mils.r

) The cribtobaliterdata in Table V, at first glance, would seem to be
contradictory since the radome (VK-5T) soaked at 2200° F for the longer time
(7% pinutes) appears to have less cristobalite. The difference is not
practical and is the result of using a different x-ray>c:istobalite standard
spacimen for the data on radome VK-4T wh;ch, combined with not meking several
me#auraments, gave <re apparently contradictory results. Subsequent analyses
for cristobalite ccntent were made on a sufficient number of spacimens and
with a "lttndard"'such that the data provided statistical limits on the
cristobalite contert. ) e

The modulus of rupture data in Table VI from specimens cut from radones
VK-%T and VK-6T are In the range that is expected with heat treated slip-cast
fused silica containing the cristovalite content measured in these structures.

The roundness profiles cbtained after heat treatment on radomes VK-5T and
VK-6T suggested the resin bonded grain ring will not be beneficial in reducing

the ocut-of-roundness magnitude of the slip-cast fusad silica radome structures

over that obtained with only the refractory felt support during heat treatment.
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It appears the out-cf-rcundness appreached a =minimum value for that particular
wall thickness and radome weight.
long term cbservations on the strengths and cristobalite centents cf silp-

cast fused silica bodies had suggested that the strength shculd bte related “c

Y
or
o3
[+
or
!
1
[
1

the umount of cristctalite develeoped during sintering resariless o

temperature-atmosphere rolationsnip used in the sintering orocess. IThis

ctvservatlion had opparently bteen ccnfirmed Ty the work of Ccortesz, Sales, anid
walton 11/, who determined the variation of the dynamic Yeurg's modulus feor
SCFS as a functien of cristobalite ccntent and per cent of thecretical density.
These data are reproduced in Figure 56. The dynaric measurement sf Y-unI's
modulus is sensitive to the density of a specimen and to ﬁhe presence ¢f micrc-
cracks. In the absence of microcracks, the Young's modulus cf SCFS shculd
increase with an increase in density. As can be seen from Figure %6 the
dynamic Young's modulus dces increase with increasing density until a cristc-
balite content of 6 or 7 v/o has developed in the sintered specimens. Frenm
this point to a ceristcbalite content of ab:ut_lh to 15 v/c the dynamic Yeuns's
modulur was essentially constant even though the density cf the specimens was
increasing. Above a cristcobalite content of abcut 15 v/o the dymamic Ysung's
modulus of the specimens decreased even though the density continued to
increasa. The interpretation of these data by the inv;stigators was, that the
cristobalite which had formed ﬁuring sintering led to the formation of micro-
cracks and above a cert#in cristobalite concentration the degree of microcrack-
ing overcame the effect of densification on the dynamic Young's modulus. The
spechméns used in the measurements had been air quenched from the sintering
temperature, and the large volume change asséciated with the conversion cf B

to « cristobalite (= 514° F) produced the apparent microcracking.
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3 pailiculale compacl, strength is aevelopea
through the formation of particle<to-particle contacts, or necks, and it is
this same phencmena that is responsible for the increase in density and

dynamic Young's modulus of such hedies, Also, the microcracks, which oceccur

following the sintering cf SCFS, will have a deletericus effect on he siren~th

cf the sintered tedy just is they do cn the dynamic Younz's modulus. Thero-
fore, it can be inferred that the streng:h of SCFS should vary with £he
cristobalite content #in the same ~armner that the dynamic Ycung's modulus
varied with cristobalite contexnt.

An e#amination of the data for strength and cristcbalite content cbtaired
on the test radomes, and presented in Table VII, dces not reveal the relation-
ship between strength and cristobalite eontent tha: would be expécted on the
basis of the preceding discussien. Furthermore, the strongest radore, HI~31,
(mean strength 3905 psi) had a mean cristobalite content of cnly L.6 v/o. If
the strength values for these test radomes had been obtained from single -ect
specimens the fluctuation cf strength with cristobalite ccﬁtent cculd be
attributed to presence of severe flaws in scme of the “est specimens. However,

the mean strengths were determined from 10 or more test specimens from each

radome and this should minimize the variation in cbserved strengths due tc

fiawg. That the mean strengths for the individual test radomes are real and
representative is supported by the correlation between the separate sets of
samples from the 3.3-inch skirts and the radomes themselves (Table VIII).

As discussed above, a relationship between strength and cristobalite
content is indicated from the work of Corbet. et al. Sincersuch a releticnship
epparently does not exist for the test radomes evaluated to date, additional

microstructural variables that were held constant in one case and not in the
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other are suspect. The evidence indicates that one variable was :he amount -f
interparticle btonding, which was influenced by a difference in the distrituticn
of particle sizes making up the SCFS bodies and the other, the impurity species
and amcunt present. In the case cf the work by Corbett, et al, one particular
batch of slip was used to produce all of the samples and were all first cas“s
of the slip. This chld dictate zhat the distribution cf particle sizes zni
the impurities shculd be the same in each of <he samples used tc chtain =ihe
data of Figure 36. In the case c® the test radomes fabricated three batches
of fused silica slip were uged, These were designated OAL - 1, 2, and 3.

» Figures 11 through 13 show tnhe particle size distribution on 2 mass vasis
and on a count basis for four batches of fused silica slip cbtained at
ssparate times during this period. It is apparent that the mass basis distri-
bution is nearly the same in éach case, whereas the count basis distfibutions
are groassly different, Therefore, if quality csontrol 1is maintairied on thg '
basis orrmasé distributions no significant difference betweer. the two batches
of alip would be detected, and, if widely different prcperties of sintered
shapes made from thess slips occurred nc evidence of any eff&ct of particle
distribuction would bve available, Thus, it now appears that quality control
axnminatiad of fused gilica alips‘used for hardware production shculd be made
on a particle distribution count tasis (this assumes investigations have
already been conducted to determine the 'vest' diastridution). However, the
sensitivity of the data to reductlicn techniques used for tho.Couiter Counter®
leaves a gresat deal to be desired. The accapted procedure of reduction and
insorpretutioﬁ of raw data from the Coulter Coun;er";equires an iterative
procedure based on a variable assuxed total number of particles to fdrce the

apparent particle distribution to conform to a log-normal distribution. This
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te sangiciva wn the assused nddi~ive !increrent ol parsicle numier used n -Te
iterative procedure ard can, unless a great deal of care is <aksn, intrsduce
sicnificant errors in the particie count distribusicn wiic: -sKes ciompariscrn
and correlaticn virtually impessible, The magnitude of “he errcrs ani she

ccrrelation benavicer as it affects the daha on Nused 3ilict slin is uader

)
[
(]
H,
4
®
[p]
o
o]
=
o
o
a
.
x,
0
L}
@
L
<
'
~
Vo
«©
£
cr
N
)
o
O
[y
13
O
[
£
4
LS
'y
i
L
§
¢
13
[
»
9
8
(1]
’
&)
,e
i
'
’
t
t
1

that was excess to a "first” drain-casting (used tc maintain 2 reservoir of
silp) was not known when the “nbricaticn of test radcres for S:e CAL testz vas
se:un. Previous work 21/ nad suggested Siere was nét a serisus effect =n
particle distribution, That work, however, used mass partizle distributicn

change as the criteria. Comparis-n cn g particle number bvasis, hswever,

vevexzls that there 1s a deflnite depletisn of %he firer particles as siewm by

-2omparing Fizures 57 and 58 with Figures 5% and 60. The extent =2 remsval iz

11 "

reluted to the ratio of the valume of sclids removed “o maite the "Iirst
casting to the veolume of fused silica slip that made up the reservoir.
ObQioug peghniques that would eliminate the necessity ¢f large volumes of
reservolr slip and thus the uncertainty of re-using the slip are precisicn
casting (using a precision male mandrel) ard the use of & displacerent mandrel
which would minimize the amount of slip that would have tc be discorded I re-
using constituted an impéssibility to maintaining contrrol of the hardware
physical préperties.

The inveatigation to determine the effect of water saturaticn and nntching
{ndicated thiat the computed failure stress for the hydrostatically‘tested

radome was in line with the measured strens-: (modulus of rupture) of specimens

cut from the radome. The computed faillure stress of 192¢ psi for the radcme
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compared well with the modulus of rupture (2053 + 103 psi) for the specimens

that were wet and nmotched (Table X). The magnitude of the corputed discon-

S 4 G e 15

. tiquity stress at the junction of the radome and the forward surface <f the
attachment ring (1534 psi) precluded the continued use of the hydfostatic test

a8 a proof test for the OAL test radomes and, as a result, the prcsf zesting

was accomplished using a cantilever test (Figure 10). !

B. Materials Development and Characterization

L. 8lip-Cast Alumina-Fused Silica Compcsites

The solids concentration of the alumina slips, used in the study cf

alumina-fused silica composites, was selected after investigatizn cf the

. _ rheological properties of alumina slips with various solids concentra‘ions.
The applront'viaéoaicies of the alumina slips at variocus solida'concentrationq
(Table XII) indicated that. a concentration of 75 w/o alumina was too low. The
slip had a very low viscosity and s@ttled'ogt very rapidly. These sate data
indicated thﬁt an alumina content of 8% w/o prcduced a slip tha® had a very
high viscosity, and oxpérioncd would indicate that it woﬁld have posr casting

properties as a result. The slips containing 8C w/o and 82 w/o solids exhibited

what is usually considered to be acceptable viscosities for casting slips

(i.e. several hundred centipcise).

Since there was the possibility that the.dirtorence in concentraticn of
~the above slips hsd-lqd-bo a difference in the degree of comminution; and that
thﬁ difference in viscosities cbserved vas influenced more by a difference in
particle lisg than concentretion, particle size analyses were performed on the

70 w/o and 82 w/o slips. These represented almost the entire range c? concen-

tration investigated. As can be seen from Figure 15, the difference in the




distributions of particle sizes was not great. Therefore, it was concluded
that the prineiple effect was due to concentration.

There was not a significant difference in appareﬁt viscosity on which “»
base a clivice between the slip containing 80 w/o alumina and 82 w/o alumina.
Therefore, the clolce was in favor of the 82 w/o solids alip from the stani-
rcint o convenience. ince the.fused silica slir is nermally produced as
about 82 w/c sclids, calculaticns of ratic and final solids concentraticns

-

o Lhe nixed slips cre simplified by having the slips at tie same sclids
concanrabicn.

Thie settling charucteriﬂtics,_and the apparent viscesity, of the aluminz
slip thdt hiad Leen milled for 48 hours dictated this ﬁs the choice for the
best milling time; éince the tused silica slip ias sntisfactory casting
veuavior, it is logical tc produce the alumina slip so that its settling tima
was certainl& no greater. Alsc,.frcm the standpoint of mixinz the fused
silica and alwnina slips it would appear désirable tc have abcut equal settling
times for each solid constituent., As can be seen from tiue data of Tabls XIIZ,
the apparent viscosity of the alumine slip increased significantly between -3
hours and 72 lhours ;rinding time. The rather high apparent viscosity cf tie
slips milled for longer tian 48 hours would mitigate against their ﬁse ever. if
there were no otheir reasons. The higher aﬁparent viscosities of the slips
milled for 72 and S5 hours are undoubtedly dus to finer particle sizes in

these slips.

From an examination of Figure 17 it can be seen that the ninimum viscesity

' of the 82 w/o alumina slip occurs at an acid concentration of approximately

.05 millfequivalent: per gram of alumina. It can also be seen that due to

‘the relative rates of change of pH with acid concentrations (Figure 16) and
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viscosity with acid concentration (Figure 17) that the point of minimwn vie-
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cosily vau be locaied more preclsely with a knowlss
than with measurement of pH. It is significan:, ﬁowever, that the acld concen-
tration to pfoduce minimum viscosity dces correspond to a pH cf about L.J wnizhk
is in agreement with the findings of other investigators.

The aging properties of the slip produced in this werk zre signifiecunsl::

superior to those repcrted by cther irvrestigatzrs. The relati-ely rari

h

changes in pH and viscosity observed during tne Iirst 2t hours following an
acidladdition apparently represent a necessary eauilibrium pericd. Fcllowin
this, however, the change in pH and viscosity of the slip wiih tirme are
relatively insignificant up to a period of at least three weeks. Therefsce,
the slip can be said to be essentially stable over this pericd =I time.

. Ne problems were encountered in mixing the alumine and fused silica slizs.
The casting times of the alumina and alumina-fused silica slips were nc’

significantly differdnt from the ccosting time normally found witx fused silizs

normally found for slip-cast fused silica.

It is apparent frem an examination of Figure 20 tha tle presence cf tne
slumina in the ulumiha;rused silica composites accelerated the rate of devit-
rification of the fused silica at 2é00° F. However, as can be seen frorm an
examination of Figures 21 through 24, the effect of devitrification of the
fused lilicg, in the alumina-fused silica composites, 1s nct as drastic Qs i
is for the slip-cast fused silica alone. For exampie, the elastic modulus ¢¥
the slip~caat fused silica specimené began to decrease after about 10 to 12 /o
of the fused silica had devitrified. This is in gobd agreeﬁent with similar

data obtained in a previous program ll/. However, a decrease in elastic
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modulus (attributed to microecracking as discussed in Section A-2) 3d1id not
appear for the 1:3 elumina-fused silica specimens until 25 v/o ST tho fuced
silice present had devi- rified. Likewise, over 50 v/o of the fused silica in
the 1:1 alumina-fused silica ccmposites had devitrified bvefore a decrease in
the elestic modulus was observed, and in the 3:1 alumina~fused silica composites
no decrease was observed even after 6C v/o of the fused silica had devitrified.
An explanation of the failure of the eiastic modulus o2 the 1:2 and 1:1

alumina-fused silica composites to exceed that obtained for the silip-cast lused
silica alone can be obtained from an examination of the densificatlion odtained
with these various specimens. It would normally.be expected that the addition
of alumina, with its higher elastic modulus, to the fused silica ‘rould result
iﬂ a higher elastic modulus for the composite then for the slip-cast fused
silice alona. However, the density data reveals that the slip-cast fused
silica had a lover initial porosity than any of the composite spe:imens, and
that after sintering the slip-cast fuged siiica still had a conslderably lover
porosity. It is apparently this considerable differsnce in porcsity that
prevented the 1:3 and l:1 alumina-~fused ailica composites from dereloping
higher elastic moduli than the slip-cast fused silica. That porcsity has a
very significant effect on the elastic modulus of ceramics is vell kno'm. The
3:1 alumina-fused silica composite, of course, did develop e higher elastic
modulus than the slip-cast fused silica. This composite behaved more like an
alumina body. 'The elastic modulus of alumina even at 30 v/o porssity -rould
:@ higher }§/ than the slip-cest fused silica ith 13 to 1L v/o porosity.

It can be saen from a study of Flgures 20 through 24 that the sintering

times at 2200° F necessary to develcp the optimum strength in the various
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alumina-fused silica composites, the fused silica, and the alumina, are not

the same. This, of course, necessitated a Judicious choice in the conditions to
be employed in sintering the various composites for a comparison of thysical
proparties. One obvious choice was to sinter the specimens of each type cf
composite, or single component body, separately under the conditions necessary
to produce optimum properties in that body. However, this was not ccrnsidered
to be realistic in view of the potential application of slip-catt alurina-fused
gilica mixtures. 1In practice, a single tody such as a radome would grohati:s
contein a gradation of composition, say from the tip tc the base, and 1% cculd
not be sintered in a manner such that the optimum sintering conditicns for each

compositicon could be achieved, Therefore, it was decided to sinter all +he

compositions. being studied under the same conditions of time and terpe:.ture,

and compare the physical properties on this basis.

For the compositions of 0:1, 1:3, and l:1 alumina-to-fused silica 'n tre
maxima in strength properties (as indicated by elastic modulus, Magures 21
through 23) were obvicusly limited by the amcunt of the fused silica deviiri-
fied. Also, the most drastic reduction in elastic médulua as a fesu;t L
devitrification was with the straight fused silica body. Therefora, the
sintering conditions necessary to develcp maximum properties in the fised
silica were chosen for eintering all the compositions being studied. Fror a
study of the data coniained in Figures 20 through 24 1t was recognized that
this would result in lees than optimum strength properties in the l:3 alumina-
fused silica eomponiti due to too much cristobalite, and in the 3:1 and 1:0
alumina-fused silica bodies due to insufficient sintering. Coincidentally,
since the elastic modulus of the 1l:1 composite did not vary significantly

with cristobalite content over a wide rangcr(Figure 23), this composite would
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also be expected to have near optimum strength under the sintéring conditions
that would produce optimum strength in the fused 8{1ira,

It can be seen from the elastic modulus data contained in Table XV and
Figures 25 and 26, that the excessive devitrification in the 1:3 alumina-fused
8ilica composite did result in m;crocracking, as indicated by its legss than
optimum elastic modulus. The l:1 composite, ¢n the tasis of elastic modulus,
did sppear to be optimally fired. It is readily apparent frcm the data =7
Table XV and Figures 25 and 2 that the additicn ¢ alunina to sliﬁ-cast fused
silica in concentrations of up to 5C w/o does not result in improved mechanical
properties. The data indicate thaf this is due to the irncreased porosities cf
these bodies* which are apﬁarently-tha result of lower racking efficiency for
the slip-cast alumina-fused silica composites ms compared to slip-cast fused
silica. quever,,aven though the porosity is yet higher, the composite
containing 75 w/o aluﬁina has mechanical proéerties almost twice those of slip-
cast fused silice.

While the 1:3 slip-cast alumina-fused silica composite does not have
mechanical properties as gpgat as.the slip-cast alumina alone it did exhibit
better thermal shock resistance. In an air-quench test from 2200° F to room
temperature a“cylindrical specimen of the'slip-cast alutina falled catastro-
phically, while the 1l:3, l;l, and 3:1 composites 6nly micrpcracked, as revealed

: e
by a 15 to 25 per cent reduction in their dynamic elastic moduli . The slip-

*Even though the properties of the 1l:3 composite were not the maximum attain-
able due to excessive devitrification, the data of Figure 22, coupled with the
fact that the 1l:1 composite apparently did have optimum rechanical properties,
shows that even optimally fired the 1:3 composite -vould never have mechanical
properties excesding the optimum for slip-cast fused silica alone.

"

This same behavior of microcracking on air quench is the explanation for
the fact that the l:1 and 3:1 composites developed significantly higher elastic
modull when furnace-cooled as compared to those presented in Figure 23 and 2L,
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cast fusesd silica specimen, of course, exhibited no evidence of detericration

due to the thermal shock.

2, Fused Silica Orinding

ﬁxe data in Table XVI and XIX from the test specimens prepared from
the ground fused silica slip is very encouraging when compared with the data
from the "as received" fused silica slip specirzens. The porosity of tre
sintered slip-cast fused silica is reduced ty grinding and, as would te
expected with a constant cristobalite content, the elastic modulus i{s increased
accordingly. If "critical strain” criteria is applied, the strength should
increase. That this is the cage is demonstrated by the reasured modulus of
ruptu.re.valuu.

The low critical strain values for the test bars of Table XIX is apparently
the result of test bar surface degra.dnficn caused by interaction -rith the
plaster ﬁold surface during the slip-casting. The degradation vas apparentiy
caused by local crisfobalite formation on the test tar surface during sintering
which lovered the failure stress level. That this was the case is illustrated
by the data 6! Table XX. The crit;cel strain level vas significantly increased
(thus higher strength) by the use of a graphite parting £ilm or the plastsr
molds.

The importance of controlling the particle size of the fused silica slip
vas demonstrated by the increased strength of the test bars from the "ground”
fused silica slip and by the uniform wall thickness and internal tip region
definition obtained using the "ground" fused silica slip. These investigations
and the results of using the graphite parting film, have suggested methods for
greatly improving the drength and quality of slip-cast fused silica radomes
using commercial fused silica sl;p. A third method of improyins the sintered
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radomes, has shown that ths impurity species and level of contamination greatvly

fused silica would be by decreasing the cristobalite growth during sintering,
thus allowing Longer time-at-temperature for increased densification tefore a
eritical cristobalite level is reached. The importance of impurity control,
as it influences cristctalite growth, has been dercnstrated by the work of

Rarris, Gorton and Sales ;2/. That work, «ith filerent -round fused silica

influences the cristcoali*e growth rate and the strength of the filarment wound

silica structures.

3. Metal Films
An exemination of Figures 33, 35, 37, and 39 reveals that ike natare

of the slip-cast fused silica s\i‘pstrate (1.e. glazed or uns;azed) has very
little effect on the appearance of‘ screen printed rlatinum films before firing.
These same figures réveal’ more of an effect of vari'ing the screen-to-substrate
distance, although even this effect is not major. The absence of & screen-to-
substrate clearance, ~hen an unglaied substrate as uae¢ , does not appear, in
general, to produce as sharply a defined edge on <ie :creened filma, This is
particularly noticeable Aror pastes nurber 7724 and 7450. This lack of
definition was apparently due 10 an eﬁ.hanced. capillary effect betveen the
screen threads and the unglazed substrate, 'then the substrate and screen 'ere
in contact, causing the pastes to flo outvard and forming a serrated adge on
the ﬂlmf Also, frequeptly with the'more viscous zastes, a spotty film -as
produced vhen ﬂ;ere vas no screen-to-substrate clearance. This effect is
shown in Figure 33 for paste number 7T24. This as obviously caused oy the
highly viscous paste not being able to get under thread intersections.

An examinction of Mgures 34, 36, 38, and 40 does reveal an effect of

the nature of the substrate (i.e. glezed or unglezed ) on the condition of the
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fired platipum films. Thera was & pronounced "crawling” of the fired films on

the unglazed zubstrates, particulerly for pastes 7724 and Tu5C. In the case of

paste number 7724 this vas probably due in purt to the absence of a ceramic frit

in the paste. It is pouibie that a low amount, or the nature, of frit irn
paste nusber TU5C accounted for the severe "crawling” of this film. In any
event, the effect wvas minimized on a glazed substrate. As can be ceen in
Pigurea 34, 36, 35, and 40, all of the pastes, after firirg, produced films of
platinun agglomerstes, rather than a continuous, untroken film.

The resul*ts of the determination of the electrical characteristics of the
acréen-printed platinum films are in éood agreement with the gqualitative
obesrvations nade on these films frém microscopic exemination. From a micro-
structural viewpsint it was concluded that paste number 7449 produced the most
satisfactory filz. f‘rom an examivation of the ‘electr'ical characteristics
reported in Table XXII the same éonclusion can be drawn. This paste is the
ocnly one of tne f:‘.Lr that produced any electriceally continuocua elements of
2-inch langth on an unglazed slip-cast fused silica substrate, Also, it can
be ocneluded that, in general, the uriformity of the filins produced with this
paste were better. Tha percentage confidence interval was lowvest for films

made with this paste, indicating a greater uniformity over a given element.

‘Also, the mean filr resistivities of the varicus elements produced with paste

7449 vere more nearly the same value, indicating good uniformity from element
to element. The rrincipal shortcoming noted with this paste was an apparent
inadequacy in producing a continuous £ilm in the most narrow width, 1/64-inch.
m.,' however, wss overcome vith the use of a multiple-coating technique as

can be sean from the data of Table XXIII.
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In general, 1t appears from the data of Table XXII that it vas more diffi-
cult to prodgce electrically continuous filma, with a single epplication of a
paste, on unglazed substrafes. The reason for this is not entirely clear.
This may be a result of the fact that the surface roughness of the unglazed
subgtrate was greater. A microscopic examination of single coat {ilms showved
them composed of essentially a single layer cf platinum spheres. The fact that
the unglazed slip-cast fused silica substrete: had a greater surface rcughness
may have kept the platinum partiecles from lyizg in the same plane, on the
surfacé, and thefeby reduced the number of particle to particle contacts.
Another possaible explanation of the improved ;erformance of the glazed surface

may lie in a fluxing action of the spodumene zleze. This glaze may have

- acted very similar to the glass frits that ere used, in some of the platinum

pastes, to enhance the adhesion and integrit; of the fired films. The question,
hovever, appears to be only academic since, =s can be seen from thé data of
Table XXIIi, films wvith satiéfactcry integrity and uniformity cowld oe producéd
on either unglazed or glezed suﬁstrates wvith thicker films ovtained by multiéle
coating. The only difference.noted from thess results 1s that the slézad
substrate did appear to produce films with slightly lover resistivities.

The electrical conductivity of plafinum Mlme produced vith paste number
749, particularly :ith rultiple coating, are satisfactory for antenna appli-
cations. Also, the accuiacy ith vhich the screen printing process reproduces
the intended pattern wouwld appear tc provide satisfactory dimensicnal control
for the fabricaticn of antenna elements. The effects of such factors as the
particulate nature of the films, and the serrated and beveled edges of the
film; can be evaluated only through experimentation with these films in an

antenna application. In general, hovever, the screen printing process would
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appear to be satisfactory for the deposition of antenna elements in the fabri-
cation of integrated rado-e-anteunas.

The behavior of the platinum films in & thermal environment appears
satisfactory for integrated radome-antenna applications. The mechanical
response test, even though jualitative, indicated no loss of film adherence
when the film was protected from the heat source by the ‘used silice substrate,
The condition where the £:sed silica was softened and eroded almcst :hr-ough te
the platinum f1lm is protebly a more severe condition than would e encountered
in a practical situation.

The atudy of the electrical stability of the screen-printed, platinum
films in a thermal envircrment indicated satisfactory performance. The
oloctri;cal continuity of <he r;lms was maintalined up to the maximum test
temperature. However, ar examination of Figures Ll, 42, L., and L5 sho: that
a uniform increase in th‘e alect-rical ru'istivity of the platinum films 'ith
- temperature can be expected only to the temperature at which they were fired
during application. This i3 undoubtadly a dintering phenomena. ¥hen the films
are raised in temperature above that used in their preparation additional
sintering occurs and the electrical resistivity decreases. However, “hen the
films have been fired at ‘smperatures equal to, or greater than, the highest
temperature to which resistivity meuu.rcmcnﬁ are to ve made, the ch;_nge in
rninﬁivity with temperat.ire is & monotonically increasing function. As can be
seen from Figure 46 the form of this ‘function is not quite the same as is found
for bulk platinum. The reuson for this is not immediately obvioun. Howaver,
it is probably a result of the fact that the film, vhich contrﬁcts more on
cooling, than the fused silica substrate, is in a state of strain at room
toub.nturo. Upon heating this strain is relieved and a small, uniform,
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decrease in resistance results. Therefore, the ratioc of the resistance of the

film at 1000° 0, for avemnlae

$n 440 wastotarnna ot wanm bamnavatiiwa A lA N
RALR ye, g <T T2 Ieclgthnce =T Troom o tenperat E= o4

less due to the absence of strain.

The fact that the temperature-resistance relationship for screened
platinum films appears to be reprcducitle iZndicates that such films could ‘e
used as thermal sensors. Ey virtue of the fact that the films have lov nass
and are intimately bonded to the surface *‘=ese sensors should be capable o7
providing rapid, accurute indications of surface temperature. The limitation
of melting temperature of the platinum would undoubtedly preclude their use <n
the exterior surface of redomes under reeziry conditions, but they could
probably funcfion quite satisfactorily as backside surface temperature indi-
cators. The results of this study indicate that knovledge of the resisiance
of the f.1m at, or neer, room temperature and the temperature-resistance
relafionship given in Figure L6 is all that ould be required to use the film
as a thermal sensor. H&wever, if the screened platinum film ié used on a
substrate other than fused silica, experizents should te conducted tc ascertain
whether oi not the rasistaﬂce-temperature function sho'm in Flgure L6 descrites
the change in resistance -1th temperature =f the film on the substrate of
interest. Alsc, if the filrs weras to be :onéid;red for use as thermal sensors
under cyclié thermal conditions, experiments should be conducted to ascertain
vhether of not the reference point resistaence changes during cycling. Results
obtained during this study indicated that the change in resistance of a f£iln
became negligible after ebout two hours at centinuous exposure to temperatures
above the in;tial sintering temperature == the film. However, there vere

indications that the absolute value of resistance of the film at any temperature
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did change with thermal cycling even though the relative resistance change +ith

temperature {Mgure 4A) d44 not charnge with thermal cycling.

4, Felted Ceramics

By firing the experimenta’ slag wool-clay boards in a fused silica
foam sagger, it was found that one _2 x 12-inch board could be heat treated per
day. Also, the use of the sagger eliminated the need for placing the board in
a cold furnace, heating to firing tenperature and then cccling the furnace
back to room temperature. It can te saen in Figure 48 that the heating and
cooling rates were sufficlently sma”l to prevent therral shock degradation of
the felted beoard during the heating or c¢ooling phases of the firing schedule.,

The low strength cbtained for <he first boards fired in this manner vas
thought to be due t6 an inhomogenec.s felted board The large variations in
“tired denlity for individual modulus of mpture specimena reflected in
FMgure 49 oupport this conclusion. '

By chopping the mineral wool ;-..er before adding it to ‘che slurry & more
homogeneous board was obtained and an improvement in strength ‘ras realized,
While & modulus of rupture value of. 378 + TO psi as o‘btained for the unchopped

mineral wool - L=l dall clesy felted boards with an average dsnsit,/ of

85 lb/:‘ta, ‘ooo.rds 8-15, 8-16, and 8-17 (Table XXIV) made ith chopped mineral

wool and L-l ball cley hed a modulus of rupture of 1079 + 65 psi when the
density vas only Th.3 + 2.7 1Y/ 23, The chopping of the mineral ool riber-
alec resulted in a compact vhich resuired ‘leu pressure for compaction to the
desired dry thickness of 3/L-inch. '

In reference to Table XXIV, it should be noted that the density based on
the simple mneasurement of the weight and cheracteristic dimensions of a test

sample is not, in general, as preciss as that obtained by water displacement,
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Therefore, no signific.ance 15 given to the indircation in Table XXIV that some

d in density hile others dAacrenased in density upon firing.
The effect of the clay on the fired strength ¢f the sleg wool-clay voards

can best be examined by considering strength to density ratios. For the L-1

clay this ratio was 14.5, for the T-5 clay the ratio was 1L.5, and <or thre

T-1 clay the ratio was 19.2.

The T-1 clay had the finest particlz size distribution (Figure 5C) of <he
three clays examined and this explains ithe icng drain times enccunterei then
this clay was used. The finer particles in this clay could also be éoasidered
partially responsible for the increased strength to density ratio of felits
made with 1t. Hiwever, the particle si:ce distriﬁution of clay T-5 'as closer
to that of T-1 than to that of L-1 but 2i{d not result in an increased strength
to density ratio. Alkall contenta of T-l and T-5 were similar and, therefors,
there should not have bveen any differerce in'fluxing action between the tuo
clays. )

The amount of combresgibn prior to firing appeared to be more irmportant
than the firing time from the standpoizt of obtaining a meéhanically strong
glag wool-clay board. o

The ease with which successful fe_ts vere prepered from fused silica,
boron ﬁitride, zirconia, magnesia, and silicon carﬁide ccated graphite fibers
added encouragement to the program. The felts vere easily formed to a porosity
of 80 to 90 per cent, and the pore structure appeared ideal for infiltration
and transpiration.

While efforts to otrengthén the felts through heat treatment nmet with
little success, this doces not preclude the posaibility that the felts could

be significantly strengthened through sintering. The extensive research
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required to resolve this 1ssue was simply beyond the scope of this program.

8ince th. felts were to ba imnregna R mlanatda

14
ity - wie JraswibWhdite bl

was posaible to obtain

- reasonable results under this program without prestrengthening the felts.

C. Composite Thermal Protection Systenms

1. Charring Ablators

While charring ablators are the mos% important heat perection
materials in use today for moderate to high heat flux and relatively short-
time exposures, they suffer from three major limitations. First, they cannct
bs used for applications, such as winged leading edges and small-angle nose
cones, where dimensional stability is critical. Second, they are least
effective vhen used in low-altitude flight si*aations where high oxygen concen-
trltionl and llrso shear forces are encounte*ed, as their efficlency is markedly

-

dependont upon char retention. Third, chars. sericusly attenuate electromegnetic
signals. l

2. Embedded Adlato:

It is becoming more epparent that the future development of thermal
protection lystoms mist depart from the present cholce of ablators, in a number

of applications. However, as the departure is made two thinge must bas kept

foremost in mind. First, the composite approach appears most promising since

* single homogensous materials generally perfore adequately for only very short

,tiﬁcl. Second, the properties of a thermal protection system must be tailored

to suit the particular environments to be encountered before efficient operation
can be realized. Different sets of environmertal parameters will require
different component materials and, perhaps, different physical forms of

construction. Thus, it bccomes'héconstry to develop a variety of heat shield
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materiels to accommodaﬁe e wide spectrum of thermal environments, as, even
today, different types of thermal protecticn are used on a single vehicle. It
follaws that the promize of a heat shield varies directly with I1ts versatility.
The embedded ablator holds the promise of providiﬁg a practical solution
to the probdlem of thermal protection ageinst moderate to high heat flux and
relatively short-time exprsure in those situations vhere a charring ablator
alone is not acceptable because of dirensional stability requirenmerts arni’/or
wake contamination considerations. The concept encompasses the composite
sysﬁem consisting of an.gblﬁtive material embedded in a ceramic matrix. This
composite approach shows considerable promise as & means of overcordng the
briftle tendency of ceramic materials and achieving a high degree of shape

stability. In addition, this type'of composite construction is extremely

'versaiile; a8 once a suitable matrix has been developed it can be infiltrated

with a wide variety of ablative materials gliving the designer a high degree of
flexibility with a single matrix material. Also, graded heat shields can be
prepared io accommodate the unusual thermal responses éésociated with advanced
designs. For eiample; the 1mpregnant can be graded in depth to reduce proper-
ties mismatch, or a single matrix componeht can be impregnated vith high
temparature ahblator in the regiocn of turbulent heating to ensure stability_and
with a low temperature eublimer'ih the region of laminar heating vhere vapor
injection has & strong influence. ‘

l Candidate matrix materials for the impregnated-cerarilc systems are ceramic
foams nnd ceramic felts. Filament wound matrices are currently ruled out
becauge of their low operating tezperatures. The use of ceramic felts is a
rather_new concept and, thus, has received ohly limited attention. However,

foamed ceramics have received considerables attention, and a number of the
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requirements for foams and their associated impregnants have been cited. At
the current state-of-the-art, impregnated foams offer the distinct advantage
over charring ablators of high dimensional stability, dbut only at the expense
of a lower heat'dissipating efficiency; ceramic matrices with more uniform

physical and mechanical properties and higher allowable operating temperatures

mst be develdped before the full potential of the embedded ablator can be i
realized. These findings were derived from the literature search which .as
conducted for the purpose of assessing the state-of-the-art on heat shields.

The results obtained under this program clearly demonstrate that improved

ablative performance can be realized through the use of highly refractory rein-
forcements which are already.available commercially. Figures 53 and 34 which
are normalized using a standard ablator obtained from NASA as a basis, shov
.thut several high-tgﬁperature fibers performed favorably freom the standpoint of
minimgm-ﬁeight-desisn considerations. The perforﬁance of the systems based on
the refractory fibers was also favorable from the standpoint‘of geometrical
stability, which ia oséecially encouraging since these syst?ms contained only
10 v/o fibera as compared to the 50 v/o normally associated with this type of

heat shield.

Figure 55, which is normalized using 25 1b/ft3 fused silica foam as a basis,
shows that no advantage was realized vhen TeflonE was embedded in the silica
foam. This figure also shows that no benefit vas derived from the use of the
trovellable silicon m;teriale as sacrifical surface layers.

Also, in this program, the embedded ablative concept based on ceramic felts
has been shown to be feasible. Hopefully the embedded ablator will provide the

following advantages over the charring ablator:

LY




y oy

5.

6.

The use

Incregsed efficiency because of the hot reaction zone provided

for transpiring gaseosus products Ly the matrix.

Incressed char thicimess due to diffusion barriers within the

‘matrix.

Ultimately an increase in radiative cooling es matrix materials

with higher service ‘emperatures are develcred.
Increase in dimensiczal stability.
Qreater versatility.

_Improved‘chnr retertion in high-shear environments.

of a ccrnmié falt ir an embedded ablator may offer the following

advantages over the use of a ceraczic foam:

1.

The felt vould have a completely open pore structure and vould

'bp more easily infiltrated, yet the pores ima felt are

distinctly "intervcven" and could effectively retain an

impregnant.

A felt nay be more thermal shock resistant than a fcam, owing to
<he dilt_inct parallel structure. A falt may be more raliable
mchmical]y for the gsame reason. Therefore, a modular design

might not be a requirement vhen a felted ratrix 1s employed.

The completely open porosity of a felt would aid in allowing
gasecus decomposition products t0 escape without structural

degradation. Thus, thermoplastic impregnants vould be nore

- 18
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effective in & felted matrix than in a foamed matrix. In
‘addition, a f21t would provide a hot reaction zone with an

- extremely high surface area and would promote vary close
thermal equilibrium for.any.transpiring products. In
particular, the clean esblators, or gubliming ablators, might

be much more effective when incorporated in a ceramic feit.
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APPENDIX I
DTAMOND MACETINTMY OF SCPS RADCIES AND TEST CYLINDERS
The machining of SCFS requires the use of diamond tooling. The material
can be rough machined using conventional carbide tooling but extreme tool r‘ear
ocours and surfece finish cannot be controlled.

The majcr problem associated with diamond machining the material is
‘developing methods of holding the part during the machining operation. I= the
~case of the test cylinders made up during this periéd this was accomplished by
epoxying the c&linders to dises of aluminum which could be chucked in a lathe.

-This sufficed for Eccomplishing the machining on the test cylinders since

_interest wvae focused on one end only; the other end was epoxied»to the alurdinum

~ disk which was subsequently cut off.

In the case of the: toat radomes, however, this simple technlque was not
adoqunte since. only one end (the base) could be interfered with and this
obvicusly was the end that required machining. This posed the prodlem of

developing a method of holding the radome during machining. Two methods ‘rare

.aonsidered, viz: (1) precision female tooling, made of plaster using a

l;htorcd SCFS radoms as the plaster molding-form, with steel supports; the
redome being held in the tooling with axial loading through a roteting shaft

" inserted from the open base or by the application of a lower pressure ( vacuum

system) through the plaster and (2) by constructing a vacuum chuck from léqel
pipe vhich would 1ncorpcra§e support points for ths radcme near the tip and
about half-way up the radome. Of ths two methods, ths second was considered
to.bo the most reasonable from a standpoint of providing permanent tooling.

The first method does, howaver, provide a means of using the basic support
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E tooling for any configuration {(wp to the size of the basic support tooling)

' that would réquire machining since only the plaster tooiing wonld require
replacement.

) ' In the case here it was considered reasonable to meke up the vacuum chuck
as outlined in (2) abcve since the least cost and +ime would be lnvolved and
the configuration 18 the only one under conéideration for thils »rogram effort.
b The vacuum chuck constructed is shown in Figure 61.

The machining of the SCFS test cylinders and radomes "as aceomrzlished
using two dlamond tools. A L :z 0,035 x 3/8 DIAR Std. D 60 150 MB 1/8 cut-off
4 wheel ‘vag used to cut through the walls and & 4 x 0,187 x 3/8 DIAI Std. D 10C
{ MB 1/8 wheel wes used to machire the inner surface of the radomes and test
cylinders for insertion of the éttachments and simulated attachments respec-
‘ively. A tool periphery speei of 5400 feet per minute was used for ali wOr%h

on the SCFS structures.
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APPENDIX II
ANALYSIS OF ATTACHMENT SYSTEM USED ON 1966 OAL TEST RADOMES

Némencla'cure

& = Horizontal Acceleration (6.9 ft/seca)

8, - Vertical Acceleration (6.9 f‘t/seca)

Cp = Pressure Ccefficient

Di = Inside Diameter of Radcme

D° = Qutside Diameter of Radome

E, = Young's Modulus of Elasticity for Adhesive (3 x 10° psi)

E, = = Young's Modulus of Elasticity for Invar (20.5 x 1P psi)
u E, = Young's Modulus of Elasticity for Slip-~Cas: Fused Silica

(445 x 106 psi)
l'm - Ixiertig Force Downward

FIR = Inertia Force Reurv_:ard 7

Fy ~ Vertical Aerodynamic Pressure Force

qQ « Acceleration Due to Gravity (3:.2 t/seca)

Y = Ratio of Specific Heats (1l.4)

4 « Total Length of Radome (2%.0")

s - Distanca from Base of Redome To Location of Fy

s, - Distance from Base of Radome to Inertia Cen:er (6.2%")
N, = Mach Mumber of Free Strean (2.2)

N: = Total Inertia Moment

M:( ) = Inertia Moment Counterclockwise
MI(“) « Inertia Moment Clockwise
MR « Resultant Mcment due to Inertia and Aerodynamic Loading
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Py - Local Static Pressure on Radome
By - Free Streem Static Pressure -
Qe - Free Stream bynamic Pressyre
Ri « Inside Radius of Radéme
ava - Aversge Tensile Shear Stress in 3C1,/B-1 Adhesive
OIC = Cerpression Stress in Radome '/all Due o FIR
e -APeax Tensile Shear Siress in 3C1.B-1 Adhesive
b, - Thickness of Adhesive (0.005")
¢ - Thickness of Invar (0.080")
ta - Thickness of Radome
Hy < Free Stream Valocity
W - Weight of Radom:
x - Distance Alohg Centerline From Tip of Radome
Y = Outside Radius cf Radome for a Given Value of x
Yo . - Ouzside Radius of Radome At Base

The test radomes will experience loading from several mechanisms during

the OAL tests. The zajor ldadin; consideration will be a result of the aero-

491 d¢ forces acting on the test radohes during insertion into the Mach 2.2
effluent from the Tyrhon combustor. This will induce-a significant downward
force cn the radome and a mihoi force in the rearward -direction. Of secondary
importance are the insrtia forces which are induced by the Mnule} sled accel~
eration of the test radome ‘into the hot stream. The force systems are illus=
trated in Fisuie 62.

The effect of the forces on the radome can be determined by resolving

the force systems into a bending moment which acts on the radome and develops

156




e

ACCELERATION ' ety |

| ¢ Fi,d

(a). INERTIA FORCES

STREAM FLOW v |far Yo
e— i
o Fasd.
v e
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Pigure 62. Porce Systems Acting on SCF8 OAL Test Radcaes.
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“he stress pattern in the radome wall. This bendinz moment is ‘hen used to
compute the peak tensile shear stress in the attachment epoxy bond line using

the Volkerson Equation 102/. '

A. Inertia Syster

1. Clockwisz Moment

F =t

oy

PN I-TY

ng (D° ~Dy )

The equivalent clockwise bending moment wili be:
. 2 2

va, (D,° + D,%)

Mp(ew) = B (D, + ,) - (1)

2. Counterclackwise Moment

The equivulént counterclockwise bending moment will be:

wa_ i

Mp(oo) = —= | (2)
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3. Combined Inertia Bending Moment

' 2, ¢
) Wa_ k£, i wa, (D, +D, )
- S - R CRES 0]

Since &, = a,

M. = wa |, ..° i
g 2 B ZDO +'Di’

D +D |
| )

My = 78 £t 1b, (Counterclockwise)

B. _Aerodymamic System
The mmoment acting on the radome was calculated assuming that the upper
half was exposed to & pressure obtained from the' Cp versus % -eurve shown

in Figure 63. The lower half of the radome was assumed to be exposed to

the static pressure.

l. Counterclockwise Moment

The counterclockwise moment produced by the vertical components

(Figure 62) of the surface pressure forces is
M= (py = p,) 2y dx (L=x) (%)

Now

(o, - pf) “C , (5)

where
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Q,-%p'._.u.. -%YM_ P (6)
Combining equations (4), (5), and (6) gives
-y M2 02 x71, %

which becores
1

ey, ;;2YM:p° f ¢ (ﬁ) o2 la (8)

[+]

E Now Cp is given f‘ a function of % and 5? is a function of %

Arog the particular radome being considered. Thus,o C# (ﬁ;) [l - % ] 18 a

function of %. . '
Numerical 1nteération of equation (8)_3ives

M= 0.0391 y, Ayylop, - (9)

* Bubatituting the values of y_, <, ¥ (= 1.40), M,, and p, gives a value of
M'of 1186 ft.lb,. )

2. Cléckwile Moment
The filglt represented by M in equation (9) above is not the net
moment agting on the radome. The horizontal components of pressure produce
Y glcckwile moment. This was calculated in a similar manner and ylelded

a value of %6 :‘t.ibf.
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3. Combined Aerodynamic Bending Moment

The combined bending moment is therefore:
M, = 1186 - 56 = 1130 fee1b,
whileh acts iz a counterclockwise manner.

L, Ver:ical Force ani Locazizn

In a manner similar to Lhat used in calcula:ing the momen: ciie nec
var.ical forze on the radome can be shown to be

1
, 2 , '
P =Y B Pavy f ¢ (5—0-) a (3 (10?

°

Numerical in:égration of the integral in equation (10) gives a value of F

The locition of this force would be ;%g% or '

Y
of 940 1b,.
.l - 1126 fee‘:

Q. Resuluar: Bending Moment

~ The resultant bending moment is thereforae the algebraic sum of :he

‘individual mzments dus 0 inertia and aerodynamic loading and is:

Mp = 1130 (12) + 78 (12) (11)

My = 14,396 inch'ld, (Counterolockwise)

D, 201(3-1 Adhesive Peak Tensile She@r Stress

The peak tensile shear s:ress in the 901/B-1 adhesive was computed using
the Volkerson Equation 102/, |
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. Combining Equations (12) and (13) and substituting equivalent relationships

1l/2
g wmg (9-'_)1/2 s Wel + cosh (aW) /

sinh (Aw)l/ 2

(12)

" Eiti +Et,
8's

The value of cwg ls corputed by

M L
Opvg * ———2— 1
e am R~ ¢ ’ (3)

for & snd W 4in several terms -

Y2 Bt +Et 1/2
— / -i-iit—-!-—' - 1.+ cosh(aw)
X 2 q RE 2 (8, (Bt +Et) - dimn (aw)H@

It is epparent that the bond length .+ 1s eliminated by caﬁcelhtion from
the first part of Equation (14) and therefore, the bond length 4 entars into
the oorputation of % max only 4n the hypertolic sine and cosine funci.ions .
contained in the last term. It oan be shown, for {§ equal to O.8einoh, that

the sxpression

«~ 1+ gosh Wl/a
sinh (aw)¥/e

is equal to 1,17 and forAthc case here, < = 1l.7%-inch, the expression is
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aadl

very close to unity. Therefore, the peak tensile shear stress is determined

by
1/2
o} - —-—ﬁ-——- 3 Ea
8 t, (

Eiti * Ests)

For the cagse of the x-band rademe attachuent

2
%ax ™ 166 1bf/in
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APPENDIX III

ENGINEERING MEMO PAGE_ 1 OF_7
AFPLIED PHYSICS LABORATORY
THE JOHNS HOPKINS UNIVERSITY

SILVER SFRING, MD.

TO_A. J. Bell REF .NO.__EM=4062 __GROUP__BEE
BY L. B. Weckesser DATE 8/18/66 APPROVED DATE 8/22/66

SUBJECT _ 1966 QAL Fused Silica Radome Tests - Preliminary Re-ort

References: (1) EM-LO2R, "Instrumentation and Data Reduction for OAL
Fused Silica Radome Tests" by L. B. Weckesser and
J. F. George, dated 3/2/66.

(2) GIT Report, "Thermal Evaluation of Slip Cast Fused Silica
Radomes - Test Outline", dated 1966.

(3) EM-LO2L, "Estimates of Temperature and Thertal Strasses to
be Encountered in the 1966 OAL Fused Silica Radome Tests"
by R. P, Suess, dated 2/1L/66.

(4) Paper Presented at the 8th Electromagnetic Window Symposium
GIT, June 1966, "Radome for Hypersonic Interceptor" by
R. Q0. Howell, Raytheon Co., MsSD.

.

Free jet tests were conducted to evaluate the thermal slhicck capability of
fused silica radomes a: the Ordnance Aerophysics laboratory during the periocd
July 6 to July 18, 1964. The test procedure and the instrumen-ation of the
radomes were presented in References (1) and (2). In general, all five radomes
tested survived the maximum thermal stress to which they were subjected; however,
only one radome remained intact through the tunnel shut-down pericd. A summary
of the test results is presented in Table I.

The required wind tunnel flow conditions for these tests were: Mach 2.2,
total terperature LOOC’F and total pressure 140 psi. These conditions apprcximate

.a flight envircnment of Mach 8 al 50,000 ft; however, this does not define the

thermal shock environrtent. Referring to Referance (3), the theoretical surface
temperature history predicted was, found corparable to data presented in Reference
(4). 1In Reference (i) an analyses was made of a similar radome in which the sea
level launch acceleration was in excess of 100g's. Thus it may be concluded

that the thermal shock witnessed during these tests at OAL was comparable to

that expected from a vehicle being accelerated at better than 100g's.

Prior to testing any of the radomes, an attempt was made to measure the
total temperature of the air stream. The purpose of thias effort was to provide
a check on the theoretically predicted values to be made by OAL. (The methods
of calculation used by QAL to predict total temperature are discussed later in
this memorandum.) A specially prepared total temperature probe was used to
make the measurements bty injecting it intc the stream after the flow was
established. Figure 6L presents a general test arrangement photograbph showing
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The Johns Hopkins University .
AFPLIED PHYSICS LABORATORY EM-L062
S8ilver Spring, Maryland Page 2.

various major components of the test. In this figure, the total temperature
probe is mounted on the injection sled platform. To keep from destroying the
probe, it was held in the stream for ocnly 10 seconds. Because of its mass,

the probe never stabllized at an equilibrium temperature and no method could
be devised for extracting a total temperature from the transient data measured.
Thus, the effort to verify the total tetperatura values determined by CAL was
unsuccessiul.

The methods used by CAL to determina total temperature are presented below:
I. Determination of TEX (Total temperature based on weight flow measurements)

TEX is computed by using the basic equation

v A (/P 8) P,

_"ﬁ'

vhich may be rewritten . 2

A (P/P, ) P
THX = wt £
8

where:

- TEX '.TT = total temperature

. Ws - W‘ + Wr
Wy = weight of air flow (obtained from venturi)
wf - yoight of fuel flow
A = Area of nozzle throat .

(P/Pt ﬁ) @ value obtained from yuch No. Tables for v = ;

(p/p, & = .31619 for m = 1)

P. = pressure measured in the corbuation chamber

t
II. Determination of TEXIDL (Total terperature based on combustor data)
During the Aevelopment of the TYFPHON LR combustor, data was acoumilated
which indicated the temperature rise of the air as a function of fuel flow

and air flow, This data can be ussd in dotermining the total temperature,
TEXIDL.
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TEXIDL = Loea + bff

= Total temperature meaguraed at the combustor inlet

Tch
= Temperature rise in the combustor (obtained from combustor curves)

ale

The values praesented in Table XXIX are average values obtained as TEXIDL. Values
of TEX were lower on runs 6167, 6169 and 6172 but were about equal on runs

6170 and 6171. Further evaluation of the test data will be required before
ccrplete confidence can be eszablished in these total temperatures.

Mr. Nazzal of QAL made an analysis of a gas sarple ccllected during
each radome test and frow these data he computed the ratio of specific hea:s
(Garma) as a function of terperature. The data he otiained for runs 6171
and 6172 coxpared with that for air are presented in Table XXXX. As may be noted
the values for air are quite close to those determined for the gas. Thus, it
is fell: tha“ the gamma for air may be safely used in amy theoretical studies
which may be performad :o determine aercdynumic heating to the radomas,

The test procedure employed for each radome test was as follows. The
radome was wrapped with an insulating blanket which was held in place by a
fidberglas cover., I was held below the &ir stream until the tunnel condi:ions
had stabilized as much a3 possible (this required 80 to 90 sec.). At this
time, the radome was injected into the air stream and held at zero angle of
attack for the prescribed time, For the first test the radome was withdrawn
from the s:iream, but on the subsequent tests the radoma was held in the strean

during tunnel shut-down.

Table XXIX ossentially summarizes the entire series of radome tests. In
this teble tne various radomes tested are defined along with the test conditions.
Also presenced are: the time to attain waximum stress as predicted
theoretically by Reference (3), the times at test conditions, the time at
which failure ogcurred and lagily, any significant comments. As ray be
noted, with exception of the last test the radomes all survived well pas:
the time to waximum stress es predicted in Refersnce (3). Premature radcme
failure on run 6172 is attributed to the combustor bturnout. When the radore
broke during extraction of the sled from the stream on run 6167 it was
theorized that the uneven loading during extraction caused the break. All
remaining radomes ware laft in the stream and the flow slowly reduced after
the test was complete. This was successful for test 6169 and the radoms
survived the shut-down period; howsver, during the ramaining tests it was not
successful, On run 6170 thes radoma appeared to explode just as the combusior
fuel was completely turned off. Breaksage occurred in the same period on
run 6171, During run 6171 visual cbservation disclosed that the radome was
stopped while half way in the stream for a period of approximately 3 seconds.
At the beginning of this period the blanket blew off resulting in an uneven
heating to the radoms, At approximately 30 seconds the radoms was noted to
be cracked completely around its circumference jJust forward of the attach
ring area. Surprisingly, the radome remained intact during the entire
tept until the combustor had been turned off, At this time there is no
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explanation available as to why the radores tested during runs 6167, 6170
and 6171 failed at the time of shut-down. It is unlikely that the cool-down
cauged the failure and presently thoughts are that the attach ring resulted
in these failures; howaver, no dafinite information is available indicating i

g e

where the source of failure was.

As may be noted, the test conditions were approximataely those required;
namely, 4LOOO°F total temperature and 140 psia total pressure. A discrepancy
exists however betwean the surface temperatures measured and thote predicted,
Reference (3) predicted the surface temperatures at the 4 inch location to
be approximately 3000 to 3100°F. This cc—pared with temperaturss of 2300°F
1 to 2700°F measured hy the pyrometers and surface thermocouples. Further

gtudy of the data and theoretical predic-ions of surface temperature
using the actual flow conditions may unccver an explanation fer this
discrepancy.
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TABLE XXX
Gas Composition and Gamma
Fused Silica Radoms Tests
gas Compoaition
Component Run 6171 Run 6172
H, 5.4 7.4
N, 65.8 . 64 .6
H20 11.3 10.6
co 10.3 12.7
c°2 60& h.s
A 0.8 0.7
0, 0.0 0.0
garma_for Products of Combustion énd for air
. %00°P__1000°F 1%00°F 2000°F 2%00°F 3000°F 350C°F LOCO'T LSCO’F
‘Run 6171  1.3611 1.3272 1.306k 1.2906 1.2780 1.2712 1.2661 1.262L 1.259h
Run 6172 1.3672 1.3336 1.3131 1.2971 1.2861 1.27'77 1.2723. i.268’-+ 1.2653
Alr 1.3809 i.3l+88 1.3302 1.316% 1.3068 1.2994 1.2540 1,291C 1,2872

m— i AP—————
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APFENDIX IV

SYNOPSIS OF THERMAL TESTS ON SLTP-CAST FISED QTLICA RADOMES
AT THE ORDNANCE AEROPHYSICS LABORATORY

QAL Test 6167
Test Radome: SCFS drain cast, s X-band thickness

The radome was covered with an insulation Jacket consisting of Fiberfrax'

encapsulated in cottcn cloth and overwrapped (cuter surface) with silica e.:%n.
The composite jacket was taped (loosely) in place with glass tape. The rai:re
was mounted on the injection sled in the retracted pcsition; radome centeriine
to combustor c;nﬁerline approximately 24 inches. Alr flow through the cor.-
bustor and cell suction were initiated. Air flow was stabilized and fuel

(JP-3) was injected and ignited. Combined total pressure, gas analysis an:

- total temperature rake inserted into stream and meaéurements made. At abcus

the time the air flow was stabilized the insulation jacket blew off as a
reiult of air recirculation in the cell. Wwhen the combu;tor was ignited tn2
strain gage signals began to increase and at the point where the radome wa:
injected into the stream the strain gage signals had maximized. The radcrme

was lmmersed in the stream for 60 seconds. At the end of the 60 second

- immersion the gled was retracted. When this occurred the radome failed. The

instrumentation lead-out housing was burned extensively during the test.
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QAL Test 6168
Tegt Badome: 9CPS drain sact, e Y-hand thiskmags,

with Crp03 modified coating on forward
region
The radome was covered with an insulation jacket, overwrapped with sillca

cloth and taped more substantially than for QAL Test 6167. The air flow ues
initiated, the combustor ignited and stabilized and trne total ﬁressure anl :cas
aralysis rake was inserted in the stream for ten seconds. At shig point <2
straln gage sisndls'(obserﬁed on visual read-out panel of computer data Inzut
system) began to rise rapidly. The engine was shut down to determine location
of the signel interference (it was thought that fhis problem had been
eliminated prior to the test by modifying the instrumentation lead-cut systan
to prevent heating and burning). The only logical explanation for the gtre.n
ga@e signal increase wiu [} recirculatiqn of hot air into the rear of the
radome mount around the exiting Invar attachment water leads. These were
seaied as was the ingtrumentation ou:put hole in the radome-mount transitl:n

plate, This wvas effective as observed in subsequent test 6169.

Qﬁﬁ Test 6169
Test Radome: .Same as Test 6168

The radome was sxamined for possible insulation loss during Test 61€2,
retaped, and the combustor ignited. Visual output menitoring of the sirain-
gage output showed no disturbances with the instrumentation. Test sequence’

switched from manual to automatic. Again the insulation jacket blew off the
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test radome before the radome was inserted into the stream. The radone was
immergsed in the stream for 45 geconds. AJl instrumentation performed satis-
v factorily. At the end of the 45 second period the engine was shut down with

the radome in the stream. The radome wasg recovered intact.

QAL Test 6170

Teat Radome: SCFS precision cast, X-band thickness

The radome was mounted and the insulation jacket was tapsd tightly (mush

more so than in Tests 6167 and 6169). ihe combustor was ignited and stabilized.

No disturbence of tghe strain- gages instrumentation occurred. Test switched from
manual to automatic. Radome went Into stream perfectly; insulation jacket
peeled off as radome entered stream, The test time was LO saconds. As with
Test 6169 the engine was shut down with the radome in the stream, Thé fuel
* flow was terminated and the air flow grtldua.l]y decreased. The radome failed

catastrophically as this was accomplished.

QAL zelt 6171

Test Radome: SCFS drain cast, s C-band thickness,
with °”2°3 modified coating on forward
region

The radoms was muunted, the insulation jacket was taped tightly, and the
sngine brought up to operating conditions. Test sequence was switched to
automatic, Sled activated and moved towards stream, It stopped moving when
radoms was half-way into stream. Apparently the hydraulic accumulators were
nct up to maximum operating pressure. Insulation jacket stripped off as
planned. There was & time lag of about L seconds befofe hydraulic system,

pressure was sufficient to move radome fully into stream, At approximately Lo
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seconds after the radome was immersed in the stream (:otal test time of 100

seconds) & circunferential crack anpearad in the radora 2t o

Point Sorrssponaing
(Approximately) to the fore surface of the water cooled Invar attachment; the
orack was apparently through the radome wall and completely circumferential,

The radoms remained in position (even with this severe failure) due to =ihe

symmetrical air load. Hcwever, as expected, the raiore was blown away =c “he

engine was being shut down.

QAL Test 6172
Test Radome: SCFS drain cast, s C=tani :hicknercs

The radoms was mountod} the insulation jacket was :aped on, and the engine

*
brought up to cperating aonditions . The insulation ‘scket was blown cff

before the radome wnalindoctéd into'the stream, At ibout 60 seconds af:er

immersion into the stream the engine internal compener:s fallsd causins =he

nozzle to burn out, The radome failed at this point and was blown fror =he

attachment; it 1s suspeated that the radome had crac:ed circumferentially

as ogcurred in Test 6171,

For this run it was requested that tge stream terperature be increaszed by
increasing the inlet air temperaturs 200" F.
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APFENDIX V
INSTRUMENTATION FOR 1966 OAL SCFS RADOME TESTS
The instrumentation of the SCFS radomes for the 1966 OAL tests consisted

of strain gages, thermocouples, and brighiness pyrometers. The instrumentation

was expected to provide information on the material response to the environment

which would be used as a comparison to the analytically predicted material

| : response.

: Radomes 4 and S contained all instrumertation listed in Table XXXI.
|

Radomes 1, 2, and 3 did not have the external surface tharmccouples T-2, T-i4,
.‘ﬁ T-6, and T-8 (thus, T-11 through T-18 were not on these radomea either). For

these radcmes, the pyrometers were the only instruments available to define

. ' external surface tempgrature.
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APPENDIX VI
A STATE-OF-THE-ART REPORT ON THE THERMAL PROTECTION OF HIGH-SPEED

- VEHICLES AGAINST MODERATE MO HIGH HEAT FLUXES, WITH
EMPHASIS ON RELATIVELY SHORT-TERM EXPOSURES

Types of Thermal Protection Considered

Since high-speed vehicles encounter thermal environments which are beyond
the capabllities of the hiot structure of the present or foreseeable future,
gome form of thermal protection is raquired for vehicle survival. Two basic
types of thermal proteciion are considered promising: the radiative system

and the absorbtive system.

Thermal Protection by Raidiation

Thermal protection by radiation is relatively simple and theoretically
efficient but is limited <o low aerodynamic heating rates, and thus to
relativaly low velocities, because of the service temperature limitati~us of
the available skin materials. There are also attendant attachment and support
. problems with the radiati-ve concept due to thermal mismatch between component
mntericla; The radiative system is favored for long-time exposures to
relatively low heating rates but ia a much less efficient means of.thermal
protection than some of <he absorbtive aystems :or short-time ekpoaures to
high heating rates. For example, the radiative concept is generally not

employed on reentfy vehiclea with reentry times less than 1% minutes.

Thermal. Protection Bi Insulation

Insulaticn 1is considered as & special case of a radiative system in which
heat dissipation at the hot lurfgce {s increased by meanz of an increased

surface temperature. Insulation is defined as a material or state which tends
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to thermally isclate components, and the Dewar-type of construction provides

the most effective insulative system,

Thermal Protection by Absorbtion

Abscrbiive systems provide thermal protection by the absort+ion (storage)
of heat and are generally restricted to flight periods of relatively shcrt
duration. Absorbtilve sys.ems of interest are ‘he heat sink, the ablative

system, and the t-anspirationally cooled systexm.

Heat Sinks

A heat sink ia a low-temperature, constan:-weight sys-em which absorbs
heat by conduction from a hot surface. An effective heat sink requires a
material with a high specific heat, a high therwal conductivity, and & high
melting (softeniné) or sﬁblimation temperature. Hesat sinks are generally
quite heavy‘becauae of the ligiﬁed sensible hee: of most maceriaia, and their

etfectiveneés is markedly reduced at high velccities.

Thermal Protection by Ablatign

For high performance vehicles (total hea: greater than 10,000 Btu/fta) .
the mass transfer approach (ablation or transpiration) appears inherently
superior to all othaf thermal protection schemes, and for a number of missions
involving hypervelocity flight through the atwosphers, only the ablating
thermal protection éyntem {s currently practical.

Ablative systems represent the most promising absorptive sysﬁem available

todsy. Ablative heat shields are relatively easy to fabricate, and they are

_ecoriomical. Ablative heat lhi‘ldl are often the designer's choice bscause

they are applicadble to a purber of vehicles ani snvironments and becauss they

offer the advantages of self-regulation, simpli~nity, and reliability.

.
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(w Ablation cooling is suitable for heat pulses of moderate magnitude and

intermediate duration and is very effective for extremely high heating rates

. of relatively short duration. To date, ablators have found applications in

craft.

lo

d e

ballistic missiles, manned and unmanned entry vehicles, rocket systems, and
recoverable research probes. For the future, ablative materisls appear to be

the most promising thermal protection materials for use on lifting aerospace-

In practice, the ablation process is extremely complicated, and a variet;

of daf;nitions of ablation have been cited:

The sacrifice cof surface raterial for the protection of an

underlying structure - mass traded for heat 20/.

A complex energy dissipative ﬁpocess which takes place when a
coating is decomposed, burned off, or sacrificed - the process

of removing the material t; melting or vaporization g;/.

The orderly removal of material from a surfece in a hyperthermal
environmant by interactior between the surface and the applied

heat and velocity 22/.

The gradual, non-catastrophic loss of material through melting,
rvtporizltion, chemical deccmposition, or éhemictl reaction with
active boundary layer species, resulting when a relatively cool
material receives energy from an environment at a higher

tenperature.
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9. A self-cooling, mags transfer procesg which is initiated vhen a
sufficient quantity of heat is absorbed by a material surfacre to
cause varying amounts of rmelting, vaporization, sublimation, and

depolymerization in which gasecus and solid products are
formed 23/.

6. A self-controlled, uniform process of heat abgorption in which
the entire heat content of e material is used and in vhich air
flow 18 utili;ed for the ccatinuous removal of the resulting
products 24/. -

Recent reviews and/or bibliographiéa on abl;tion and ablative systems have. been
provided through the efforts of Hanna 21/, Israel and Nardo 25/, Keller,
Kimmel, and Schwartz 26/, Bchmidt 2 _I‘gé/ Steg and Lew 29/, and Strauss 30/.
Ablative materials are unique in tha* they provide s relntivuly simple
means for aecommodating & wide range of tempertture or heat flux conditions.r

They degrade in a self-regulating and orderly ranner and do not require an

. accurate adjustment to a specific heat-Z.ux rate. Changes in the environment

are sutomnticllly matched by changes in .“e ablation rates of these materials,

and their operating temper:turea can rerain practically constant. Ablative

naterials are ‘readily available and sre nonstrntegic, their costs are relatively

low, and, whilo the design of ablative raterials is not a simple task, it
involves less complexity than that sssociated with most other thermal
protection schemes. Ablative materials can be rade to poaoeaa low density,
low thermal conductivity, and good mechanicel strength.

A very desirsble chAraetorintie of the eblation process as a thermal

'protoction method is its self-contained feature. Other cooling mothodu, such

186
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as heat sinks and circulation of coolant, require extra weight and volume and

ara remaidarahly mora comnlicated.

Charring Ablators

Without exaggeration charring ablators are the most important heat-
protection materials in use today; they are now extensively employed in the
design of both ballistlic and entry vehicles.

Typically, the charring ablators consizt of a therrosetting resin “cuh 2o
an epoxy or phenolic compound) reinforced with organic and/or inorganic fillers
(such as nylon, quartz or graphite fibers) end offer a particularly advan-
tageous combiﬁation of properties for heat shleld applications. Hoyever, a
hefercgeneoua or compesite structure is generally required for ablative
ﬁate:iais and the properties of an ablative :hefmal:protection system rmust be
f@iloicd to suit ﬁhe particular envircnment <o be encountered before efficient
opefation can be ensured.

Charring plastics are very effective heat dissipators for high aerodynamiz-

heating-rete situations; their effective heats of ablation typically range

~ from 2000 to 8000 Btu/lb. These materials cwe thei:'effectivaness tc a multi-

tude of heat and temperature regulating phern:cmena which occur simultansously

within the material and on or near its surface. These phenomena include therral

insulation, reradiation, andothermic decompzsition, transpiration ard boundary
lhyer thickening. As the material dcgrnd?s, it tends to form & porous
carboniferous char which has a low thermal canductivity and consequently pro-
vides thermai insulation; thus the charring ;lastics possess the most important
advantager of jyrolytic graphite without -in=urring the economic penalties and

rlbricut;On difficulties associated with the graphite. The char is capable of
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attaining a high surface temperature and, owing to its high emissivity, can
dissipate a large portion of the incident heat flux through the process of
radiation. At the same time, the effaétive thermal conductivity of the char
is reduced by the eff'ect of the endothermic decompesition of gases which
result from depolymerization beneath the surface. The char provides a hot
reaction zone for the primary gaseous products and can promote near thermal
equilibrium. The gaseous procucts leaving the char further contribute t¢
thermal protection by thickening and cooling the boundary layer and thereby
lessen the convective heating. C:cmbustion of the gaseocus products can limit
the effectiveness of the ablator. However, exothermal reactions within the
boundary layer do rnot greatly affect the mass and heat transfer at the hot
surfece 3&/{ and these reactions are bound to occur in the boundary layer, and
net within the charred atfucturo, if the heating raée is relatively high. If
the combustioﬁ products have much lower molecular weights than the original
gaseous products of the ablation, the combusticn might actually improve the
orrectivenenh of the ablator, by tending t0 further increase the thickness of
the boundary layer.

»Thul, charring ablative syste=s can be extremely efficient in comparison
with other thermal protection schermes, with sfficiencies to many thousard
Btu/1lb compared with approximatel; 1000 Btu/lb for heat sinks.

. While charring ablators are the most important heat-protection materials
in use today for moderate to high heat flux and relatively short-time exposure,

these materials have three major limitations, namely:

1. Even the best performing charring ablators (i.e. the reinforced

phenolics) present drastically altered surfaces after exposure.
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2. The effectiveness of a charring ablator depends markedly upon

the char thickness and its variation with time.

3. Chars seriously attenuate electrcmagnetic signals.
Each of these points warrants further consideration. irst, the majcr

cbstacle for charring ablators is the requirement of shape integrity;

dimensicnal stabllity during flight i1s not amcng the virtues of these materiuals.

Being basically brittle in nature and subject <5 thermal shock and other
fallure mechanisms, a char is prone to spallation at unpredictable times and
rates. Thus, unavoidable surface disuniformities are created in these
mlteriala; and rugged contours are formed which promote lccalized heating and
catastrophic ‘damage. Surface disuniformities are unavoidable even when the
char is e*tremely strong since large shape charges are associated withlthe
virgin material because of slde heating and char growvth. These consideraticns
are of prime importance for applications, such a3 leading edges and small-r
nnéle no:e-cones, where‘chAngeu in the aerodyra-ic contour greatly influence
the performance of the thicle.

Second, the performance of a charring ablaor dépends to a large measure

on char retention. It is exceedingly important for the char layer to remairn

intact. When the char is lost, the ablative performance is not nearly as

errcctivo a8 it should be, and weight requirements are increased lev&ral times.
Char may be removed from the surface of ar ablator by any nurber of

competing mechanisms, as removal is effected by; vaporization, oxidation,

aerodynamic shear forces, thermal stresses, the melting of inorganic fillers

beneath the surface, and internal pressure due to gaseous products.
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The effec¢s of axygen on chars has been gtudied rather extensively both
theoreticaliy and experimentally 32/. It has been found that char removal is
greatly influenced by oxyger in the environment. Koubek, Hartmann and Caum 3}/
studied typical organic eblatcrs in an arc image furnace and found that most
ablators were more efficient irn argon than in air. - Brooks, Swann, and
Waklin 3&/ found that cha2r thi-xness is inversely related to the stream oxygen
content. In one experiment where nylon phenolic was exposed to an arc, the
overall loss of eblated material was nearl; ian‘times greater in air than in
nitrogen 35/. Coe -

Typiéal organic ablators Save also been shown to be more efficlent withe-

out shear forces than with sheer forces acting on them 3}/. In turbulent pipe

arc plasma tests it has bgen.nated that increased shear forceg result in

increased spallation and, in s:cme cases, complete suppression of char layer
formation was cbserved.

Summarily, then, the effectiveness of the charring ablator may ve greatly

~diminished in low-altitude flight situations where it is difficult to retain a

char due to the high nxygen ccncentrations eand large aercdynamic shear forces.
Finally, charring ablators cenrot be used for the protection of antenna

since chars seriously attenuate electromagnetic signals.

Transpiration Cooling

The transpiration cooling concept is of considerable interest because it
allows the surface temperature of a heat aﬁield to be maintained at a séfe and

predetermined level by the adjustment of coolant flow and prbvidea a constant

-surface contour. The method is extremely efficient, expecially wvhen very high

heating rates are encountered, and may be the only meens ‘o achieve thermal

’
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protaction wvhen high heat flux rates are encountered for prolonged periods of
time.

Many tests have confirmed the effectiveness of treanspiration cooling under
the-conditions of high aerodynamic shear forces and thermal stresses which
inhibit the development pf a char layer in an abletive system. Unfortunately,
however, a number cf difficulties have been encourntered in atterpting to

translate the concept from the laboratory to flight configuraticns.

A compli-
cated subsystem is reqﬁired to store the coolant and to distribute the coolent
in a preprogrammed fashion over substantial afeas jé/, and the i-eight penalties
for the pumping and distribution network are severe,

 In the “ideal" transpirationally cooled syster, the coolant would o¢
stored behind insulation, as this should provide the lightest system. The
storage of coolant throughout the thickness of an insulating barrier represents
a practical adaptation of the "ideal" transpiratiocnally cooled system and
approximates the behavior cf the charring ablator{i_/. Advances in the
development of "coolant packageé,“ such as Vought Astronautics,ihezmosorb 3/,

encourage the approach. Thermosorb is a highe-water-content, semi-solid gel

retained by an open cell sponge in a thermoplastic container which melts upon

exposure to savere heating.
The feasibility of a water/stream transpirationally cooled system has

been demonstrated with the "water-vall” types of construction described above

for & total heat flux of 65 Btu/ft°-sec (25 Btu/ft°-sec absorbed) 39/.

Readily available materials wvere used in the construction.
Much work remains towards the development of suitable transbirationally
cooled lyltcmp. Porous surface materials with higher temperature capabilities

and greater reliabdility are needed, and the pertinent mechanical properties of
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the materiais must be determined so that cptimum desighs can be realized
Forvunately, rauy ressn® 2dveancaes have been made vith metal-wi:e winding
techniques, and porous memberi, which are sgtronger and more uniform than those
made by the conventional powder-metal methods, are now available 22/,

At the present, tranapiration cooling is meost attractive when incorporated
with other thermal protection techniques and restricted to small surface areas

vhere very larzge heating rates rust be accommodated without shape change 36‘72/.

Composite Thermal Pr:tection Systems

It 18 becoming more apparent that the future development of thermal
protection systems rust depart from the present cﬁoice of ablators, in a number
of applications. Hoqever, a3 the departure 1s made two things must be kept
foremost in mind. First, the composite approach appears most promising since
single homogeneous riaterials generally perform adequately for only ;éry_short
times. Seccnd, the properties of a thermal protection system must te tailored
to suit the particuler environment to be encountered tefore efficient
operation can be reali;ed. Different sets of enviromnmentel pérameters 111
require different ccmponent materials and, perhapa, different physical forms

of construction. Thus, it becomes necessary to develop a variety of heat

shield materiales to accommodate a wide spectrum of thermal environments, as,

even today, different types of thermal protection are used on a single vehicle.
It follows, of course, that the promise of a heat shisld varies directly with

its versatility.

Embedded Ablators
For relatively short operation times, transpiration cooling may bve

provided by an oriented heterogeneous composite consisting of an ablative
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material Mdd iu a ref - actory matrix. BSuch s gystem, vhiih hag .eon
termed an “embedded ablator,” combines the cimensional statiliiy i an
efficient heat sink and the heat dissipation ability of the at.atlon or trans-
piration process. In this type of system, material removal tazes place, -ithin
the interior of the component rather than at its surface; the refract:ry rmatrix
provides for dimensional stability, and the ablative impregrnazt serves to
reduce the temperature rise of the matrix so that it will not =m2it during
service,

The embedled ablator holds the promise of providing a praztical solution
to the problem of thermal protection against a moderate tc hiz: heat flux and
relatively short-time exposure in those situations vhere welghs requirements
are strict and where a charring ablator alone is rnot suitable zecause of
dimensional stability requi:éments and/or because of wake contarination
connideratibns. The embedded Ablator approach shows considera=’e praomise as a
means of oVercoming the brittle tendency of ceramic materials and rerresents a
conetrucﬁion wvhich is extremely versatile. Once a suitable matrix has teen
de&nlopéd it can ie infiltrated with a wide variety of avlati-e materials
glving the designer a high degree of flexibility with & sing.e matrix material.
© Also, graded heat shields can be prepared to accormmodate the ::usuai thermal
responses associated with advanced designs. For example, the impregnant can
be graded 1n‘depth to reduce properties mismatch, or a single =atrix component
can be impregnated with high temperature ablator in the region or turbulent
heating to ensure stability and with a low temperature subli#er in the region
of laminar heating where vapor injection has a strong influence 5;‘33/.

It appears that the embedded ablator will provide the following edvantages

over the charring ablator:
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Increased efficiency recause af the hot reaction zome pro.ided

for transpii. , gaseous products bty the matrix.

Increased char thicikness due to diffusion varriers within tre
matrix.

Ultimately an increase in radiative cooling as matrix raterials

with higher service temperatures are develoned.

Increase in dimensional stability.

Decrease in wake contamination.

Decrease in electromagnetic signal attenuation.
‘Greater ve?satility.

Improved char retention in high-shear environments.

Qwing reqﬁirements have been cited for an impregnant in an

enbedded ablative'system:

The fmpregnant must not induce méchanical stresses upon heating
due to thermal expénaion mismatches vhich would exceed the
strength of the matrix. Thus, in the case of a charring
impregnant a high temperature final or post cure ig desirable,
to aliow the matrix and resin to come to & low stress .evei as

close to the charring temperature as possible.

The impregnant must lend itself to reproducible infiltration,

and the ablation products and the matrix material must be

chemically compatidble.
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. Good perfcrmance should be achieved using impregnants
high degree of saeifisetion =5l . coins with a oW pyrolysi:z
temperature.

requirements, which have been cited, are as foliovs

The matrix should have as high a streangth-tc-weight

t fatic

10

possible.

The thermal shock resistance shauld te good. While therwel

stresses are reduced by the ablative action of the imprezment,

they are no‘; eliminated.

The matrix should have a high melting point; for exposures

sbout 500 _Btu/fte-sec, temperature will probably be in ths
of 4000° to 4500° F.

P

o Byl

The matrix should have a low thermal conducti-ity and a
thermal stability.

The void system should be amenadble to impregnaticn, and e fine

.. pore size should be used to prozmote near thermal equilit-iurm of

the tranapiring gaseous products.

Candidate matrix materials for impregnated-ceramic systems are cerexic
foams end ceramic falts; filament wound matrices are currently ruled out

&uuac of their low operating temperatures.
Foamed ceramics have already received considerable attention in reszard to

the embedded ablator concept. Impregnated ceramic foams have Leen utilized in

spplications to nozzles, baffles and cases for rocket motors, thrust chazbers
and blast tubes.
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Resin-impregnated ceramic foams have been found to be less affertsd *
the form of heat input than th:‘lov-tnmyarlture sublimerg and to experience
lower mass-loss rates than the charring ahlators. In addition, resin impreg-
nation increases the thermal shock resistance of ceramic foams and improves
their mechazical strength 43/. Infiltrated samples have exhibited cetter

compressive strengths, rmch higher flexural strengths, and greater resgistance

to inpact 35/. Resin-impregrnated ceramic fcams combine the 1o thermal

conductivity, high specific heat and boundary layer cooling effects of plastics
with the heat resistance and thermal stability of ceramics and the radiation
capabllities of a high temperature chhr. ‘

At thé current state-of-the-art, impregnated foams §ffer the distinct
advantage over charring ablators of high dimensional stabilipy, out only at
the exprense of a lower heat ﬁissipating efficiency. The impregnated ceramic
systems require much more development before their full potential can ve
realized. In particular, there isa need for ceramic foams which can operate
at hiéher texperature and thﬁé provide radiation cooling on the same level ar
the charring ablator., Radiation cooling is exbected to be very effectiveVV1th
impregnated ceramics. Because of the voids, the matrix wvould have a relatively
high effective emittance. To take advantage of this char@cteristic, and thus
allow the thermal efficiency to approach that of a charring eblator, ceramic
matrices with higher use temperaturss are required.

The zajor limitations of ceramic “foams include:

1. Ceramic foams with more uniform physical and mechanical
properties are needed.
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. 2. DBecmuse of the lov thermal conductivity of resin.imprecnatad
ceramic foams, thermal stresses will be induced in the ceramic
portion of the heat ghield, and a modular design might te
required 45/.

3. Tha high temperature ceramic foams may ve difficult to
machine L6/.

The principle ceramic foams investigated have been alumina, zirconia,

silicae, and silicon carbide foams. Hcvever, beryllia foam il/ and foams of

chemically bonded magnesia, titenium carbide, z;rconium carbide and zirconium
boride have also received some attention in regard to the embedded-adblator
concept &Q/. .Impregnants have'included phenoiics, phenylsilanes, siliccnes,
polyethylene, nylon, polystyrene, polypropylene and ammonium.chloride., The
. thermoplastics have Seen reported tc yield higher thermal efficiencies than
- thermosetting resins 43/. However, mixtures of thermoplastic and thermo-
setting resins might be required since thermoplastic lmpregnants tend to
demage the matrix cell structure during heating due to svelling or rapid ¢as
" 1iberation 49/ and thermosetting resins'mgy provide higher strengths L3/,
Promising foamad maferials vwhich are currently available include zirconia,
magnesia, and thoria. However, only the zirconia has besan extensively studied.
Zirconit foams have been found to be quite gtrong vith good structural
integrity and good thermal stability; zirconia melts at 4870° F, and the
‘available foam can be used at least to LOOO® F. An impregnated magnesia foam
has been tested in a plasma jet for 3 minutes at 500 Btu/fta-sec 50/; the
composite performed very well, It has beeﬁ suggested that thoria foams could

 be used to 5000° P 23/; howvever, high material costs and fabrication problems
' have apparently prevented the thermal evaluation of this material as a foam.
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’( The use of cerardc felts {s a rather new concept and, thus, has received

only limited attention. Hawe:ar +he sems odughlages cbimined with impreg-

nated ceramic foams can be uvbtained with impregnated ceranic felts, and a

ceramic felt may offer a number of advantages over a ceramic fcam:

1. The felt would have a completely open pore structure and
would be more easily infiltrated, yet the pores in a felt
are distinctly "interwoven" and could effectively retain an

impregnant.

oy S

2. A felt may be more thermal shock rgsigtant than a foam, owing to
the distinct parallel structure. A felt may ve more reliatle
mechanically for the same reason. Therefore, a modwlar design

might not be & requirement when a felted matrix is employed.

3. The completely cpen porogity of & felt would aid in allowing
gaseous decorposition products tc escape without structural
dagradatioﬁ. Thus, thermoplastic impregnants would be rore
effective in & felted matrix than in a foamed matrix. In
addition, a felt would provide a hot reaction zone with an

extremely high swurface area and would promote very close thermal

equilidbrium for any transpiring products. In particular, the
* clean ablators, or subliming adlators, would Le much more

elffective vhen incorporated in a ceramic felt,

4, Ceramic felte should ve easier to machine than ceramic foams.
Consideration of radiation cooling effects leads to the same requirements

for the development of higher temperature ceramic felts as vere described for
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ceramic fo8m8. In this regard, Stvc 2f the mogt promising firaws = nifnt

the producticn of ceramic felts are 2(rconia fiters and 3 hydrousemagnesi-o

N . "
sxile fiter cailled "TX .

Zirconia fiters have been processed into raper, mat, and fell forms and

used to reinforce phenslic plastics by Schwart:

reinforcements of nylon, glass, or carbdon, on the bagis of .oth erosicrn a
insulating capability, and the 2irconia also provided a higher surface te:
ture (L400° F compared :ith 39CC° F for glass reinforcements, L152° F with the
nylen, and 4310° F with the carton).

The fiber "TX" is a naturally occurring filver which proviles a nonucy

mat with a random fiber distribution. The fiber has approxirately II te

SUCadnn

device. The material can be transformed to ragnesiwe oxide by dehjydraticn and

may have a use temperature as high as 5000° F 53/. Farmer i/ has strongiy
recommended the study of the "TX" fibers, and Schmidt 35’ has presented vecent
data which indicate thz;t ragnesgia fibe_rs could providé even better insulating
characteristics than zirconig fibers when used as the reinforcement in a
charring ablative system.

Other ceramic fibers available for the production of ceramic felts include
boron nitride, fused silica, silicon carbide cocated graphite, and sapphire
fivers 56/. Metal fibers might also be considered for the production of felts

for an embedded adlative system; such felts show considerable promise of

*Johnl-anille Corp., Manville, N. J.
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temperature were high sc that a significént amount of heat could be absorbed

allowing mechanical stability to be maintained even when penetrated by foreign .
objects, as the 'stopping power" of a metal fiber is exceptional 57/. Boron
fidbers have been conasidered ag the reinforcement in an ablative ccmposite, but .
the results of tests at 50C Btu/fta-aec 38/ have discouraged their use in en

embedded ablator.

b ——— b3, LD e 00 1 ¢

It is recognized that the orientation of the reinfurcement can greatly
affect the performance of an ablator 22/. For example, eblative systems would
be expectgd to show a tendency towerd a low thermal conductivity, delaminatiorn,
and surface spalling due to gas‘entrapment w“hen the reinforcement is parallel
to the surface; while the arrangement of reinforcement perpendicular to the 1
surface should promote a system Whiéh has a higher thermal conductivity but
one which is leas ﬁrone to delamination during flight. Iu is also recognized R
thet the form of the reinforcement can be very importent and, in some cases,
can have an effect which overrides the influence of érientation. In this
regard it is thought that a felt can provide aﬁ orientation (and represents a

form) which is consistent 'ith good ablator design.

Subliming Ablators
Lov-temperature, or subliming, ablators are suitable for high-leminmar-

heating-rate environments where high mass transfer cooling by vapor injection

into the boundary layer is effective., However, turbulent heating and gas-

layer radiation mnrkndly increase the veight loss of these low-temperature
materials. Alsc, heats of sublimation are generally low, and a subliming

ablator would *e expected to be highly effective only if its sublimation

as sensible heat of the sublimi,g material gg/. However, the heat absorbing

élpability of a sublirlng ablator could be improved by embedding the ablator

200




in a matrix constructed of a material with an operating temperature higher
than the sublimation temperature of tne abiator. 1In this case the matrix would
provide a hot zone, and the sensible'heat of the effluent material couid ve
utilized. It has been demonstrated that a subliming ablator is less affected
by the form of heat input vhen 1ncorporatéd in this type of system.

. Recently it has been demonstrated that oxides such as magnesia, thoris,
and hafnia and oxide-forming materials such as hafnium carbide mey subiime
rather than melt under certain conditions of elevated temperature and moderate
pressure. The complete'cdnversion of these golids to gaseous products

enhances their heat protective capability and results in better dimensionel

stability 27/.

New Material Developments

Among the ¢ 7ring materials commercially available those based on the
phenolic compouan appear most effective. Tﬁe phenolic resins give & high
yield of char upon pyrolysis, but cnly with fabrication difficuities then
large parts are required. . It is reported, however, that a high char yleld can
be obtained ;ith epoxy or epoxy-novalac resinsg which can be fabricated inte
large parts more gasily and with less expensive equipment é_/. Polyborophene
resins, a class of 9emi-inorsanic resins, have been studied because they yield
a low-carbon, axidation-resistant residue upon pyrolysis é;/.

Finely divided powders have been added to ablative plastics to improve
their molding characteristics anﬁ to reduce the cost of molded parts gI/.
Algo, it has been ;uggested,that the addition of certain particulate fillers
can greatly enhance char yield when the filler is uniformly dispersed and a

method of achieving the necessary dispersion based on certain mold rotations

has been demcnstrated ég/. Special purpose fillers which have been incorporated
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into ablative plagtic composites include cobalt oxide, boron carbide, vanadium
peutoaide, wolybdenun diburide and tivanium diboride 2g8/. rlakes &2/ and
hollow microspheres §§/ have been considered as radiation tarriers for thermal
| protection systems, and special "chemical techniques" have been used to intro-
| duce rediation barriers into a heat shield 64,£5,5€/. Special purpcse

: reinforcing mgents incorporated into ablative plastic composites include
2irconia foil 26/ end hollow glass fibers €7/. The hollov'fibers ‘rere reported
to have guperior mechanical strength, mechanical rigidity, thermal insulaticn

value, and electrical transparency.

In scme situations where :relatively low heating rates are first ancoun-

i

tered the chars formed' during eblation have exhibited poor structures, ~hich

, tend to crack and spall during use and to induce delaminaticn. By carbonizing
a plastic {using a pyrolysis procedure) prior to its usa an an aclator it has
been found that many structurel deficiencies can be eliminated 52/. Under
controlled conditions the carbonized material can still perform its tinder
function and gives a structure with a promising strength-to-veight ratio and
high-temperature stability §§/. However, charring at a high temperature may
increase the thermal conductivity of the char £9/.

y Mountvala, Nakarura, and Rechter 12/ have made a survey of commerically

available materials for heat shields, and Rsech 71/ has reported electrical
properties for a number of resin-laminates over a /ide range of frequencies

and temperatures.

Fabrication Methods
Improved resin impregnation techniques which have veen considered for the
production of composits tharmal protection systems include:
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1. spatula coating, Aip coating, wet layup and vacuu:

impregnation 26/
2. dry powder layup and slip-casting 5§/

3.1-centrifugal casting, mat processing and normal casting around

prepositioned fiteres T2/

Attachment
While attachment methods have probably limited the use of ablative
sys.~us, there are indications that either mechanical fastener or ‘oonding

techniques are adequate for these systems Ii/', Chemical bonding has been the

rule for ablator attachmént, but mechanical methods have had greater appli-

cation with materials, such as Tefloﬁm,,Which exhibit poor adhesion character=
istics. The nitril-modified, epoxyftype prepolymer has been suggested as th;
base for thermal protection systems, as it his been reported to provide
excellent adhesion to the metals and plastics currently used in rissile
fabrication 4/

When high-speed cclisions with foreign particles are of concern, the
mechanical rlstaning'or heaérshieldn may be ;eqyired. The intense shock a.es
producad by high-speed impacts have been found to pfomotb'unbonding in the
mechanicelly stressed regions of eblative heat shields 12/.

Testing
The best laboratory facility available for the evaluation of thermal

protection systems appears to be the arc-heated air-jet which is capabdble of
stagnation enthalpies comparable to flight velocities in the range 15,000 -

25,000 ft/sec and capable of achieving heat transfer rates and pressure levels
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" appropriste for reentry.

The power requirements for such a facility is in the
megawatt range 76/.

Composite thermal protection systems have been subjected to heat fluxes
up to 508~ Btu/fte-sec and shear stresses up to 60 :Lb/f‘t2 in experimental
evaluation programs 77/. |

The application of test-facllity data to prediect ablative rerforrance in

flight has been discussed by Wick 78/.

Theoretical Work

L i

The ablgtion process has been treated thecretically by Adams and Scala Tk,
Freedmaﬂ 19/, Hidglgorand Kadanoff 30/, Hurwicz and Fledderman 81/, Hunmviez,
Mascula, and Levin 82/, Johnson 83/, McFarland and Joerg 84/, Reinikka and
Wells 85/, and Warﬁbrod 86/, and theoretical re.iews have ceen presented .y
Economos 31/ and Gerara 87/. Hildalgo and Khdanoff_gg/ haQe compared the
theory of ablation with flight data, hile Johnson §3/ has compared data from
flight tests, plasma tunnel tests and analytical predictions. Capey §§/ has
dgriQed a figure of nerit for eblative materilals. |

The internal ablation process has been treated theoretically by Grosh Zﬁ/!
Va;sallo 89,99/, end by Vassallo, Gamnitz and Kirchner 2;&2@/.

A number of inQGstigators have considered thermal protection gystems from

the standpoint of analysis 93,94,82,95,96,97,69,85,93,99,100/.

Brown 2&/ have accomplished a computer program for the transient analysis of

Hurvic: and

an ablator, and lafazan and Welsh 2§/ have presented a complete analysis and
an illustrative example of the ablation proceas.
Pears and Shoffner §2/ have provided graphs ivhich indicate the dependence

of the transient ablation process on material properties such ag thermal
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expansion, thermal conductivity, mechanical strength, emissivity and heat
capacity. Reinikka and Wells 85/ have presented design charts for therral
protection weights when ricro-ballooned phenolic nylen is used, and

Shapland 38/ has extended a model describing the degradation of nylon-phenclic
to the range of interest for the MMERM vehicle.

Strauss 22/ developed a simplified digital analysis for an atlator by
assuming a unique pyrolysis temperature and cbtained good agreement '-ith data
from arc-plasza tests. Swvann and Pittmen 1CC/ analyzed the ablation proce::
by finite difference technigues using three layers, the first two with moving
boundaries, and cbtained good agreement with an exact solution; 4n this -orx
a numbef of optiohs vere introduced which successfully reduced coxzputer tire.

,Syateg selection cherts for thermal protection have been presented by
Heldenfels 93/, Hurvwizc, lasculs, and Levin 82/ and Steurer 2/, In the
‘work of Hurwize, Mascula, and Levin graphs and tatles are given which indicate
the vnlues‘ot significant parameters necessary fc achieve "reasonable unit
welghts" (4 ¢- 8 lb/fta), and the values are compared with typical material
properties, cn the buois-of structural design. Various vehicle parts (including
a nose cap, a wing leading edge, and a fuselage) and various thermal protection
schemes (radiation, heat sinks, ablation, ablation-radistion, transpiration and
insulation) are considered in the design selection.

8Schmidt 317 has considered the model simplifications that have been
employed in the analysis of the ablation process. A
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