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FOREWORD

This final réporﬁ was prepared by the McDonnell Douglas Astronautics Company -
" East under NASA Contract NAS 8-27688 and covérs work performed during the period
23 June 1971 to 23 Juné 1972. This work wasIadministered_under_the direction of
the Astronautics Laboraﬁory, NASA George C. Marshall Space Flight Center, Alabama,

with Harry M. King as the Contracting Officer's Representative.

The author wishes to acknowledge the cont;ibu;ions of the following personnel
who were responsible for the program's efforts that fell in their respeétive fields
of endeavor: H. E. Christensen and J. M. Buchanan (Thérodynamics), J. K. Lehman
Iand J. A. Smittkamp (Strength), E. L. Rusert, C. J. Goodbrake, J. F. Preston, -
M. W. Vance, T. ﬁ. Day (Materials and Processes), E. F. Disser, B. J. Myers
(Manufacturing), D. N. Drennan, R; Patterson, H. W. Jacobus, W. C. Mayden, L. E. .
McCrary, E. Cox, R. H. Brooks, Jr., R. Wilcox, W. B. Munsell (Engineering Labora-

tories), and J. Jortner (MDAC~West).
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ABSTRACT ' | .

The mullite fiber based hardened compacted fibers (HCF) type of reusable sur-
face ;nsulation was further developed for use in the Space Shuttle Program. Two_
hundred fifty formulations of fiber mixtures, fillers, binders, and organic proceéf
sing aids &ere made using mullite fibers as the basic ingredient. Most of the work.
was accomplished on 15—_1b/ft3 material, It was established that higher density
ﬁaterials are stronger with strength values as high as 250 lb/in2 in tension. New
measurement techniques and equipment were developed for accurate determination of
strength and strain to failure. Room temperature to 2300°F stress-strain relation-
ships were made. The room temperature tensile modulus of elasticity is 61,700

lb/in2 and the strain at failure is 0.165 percent, typically, when measured longi-

tudinally parallel to the long axes of the fibers. Thermal insulating effectiveness

was increased 20 percent by reducing the diameter of some of the fibers in the

material. Improvements were made in density uniformity and strength uniformity in

. a block of HCF by mixing improvements and by the use of organic additives. Speci-

fications were established on the materials and processes used in making the

-insulation. Metal wire reinforcement techniques were developed, and it was demon-

strated that the reinforcement would hold cracked pieces together without appreciably

" increasing density or thermal conductivity. Improvements were made in the glassy.

reusable liquid-waterproof coating by decreasing density from 0.24 to 0.15 lb/ft2

and‘increasing surface smoothness and reproducibility. Organic coatings applied

over the HCF provided liquid-waterproofing.

1ii

MCDONNEILL DOUGLAS ASTRONAUTICS COMPANY » EAST




Page Intentionally Left Blahk:"




4 AUGUST 1972

1.0
2.0

3.0

4.0

5.0

6.0

e

Foreword: - -
Abstract. . . . .
Table of Contents .

IMPROVED RS!
FINAL REPORT

TABLE OF CONTENTS

[ R T S e ¢ 9 e

Table of Contents (Continued) . . . « « « . .

List of Pages .

Introduction and Summary. . « . '« « o ¢ o o

HCF Developﬁent . .
2,1 Raw Matérials.

. T« 8 e & ¢ e ¢ e o .

2.2 TFormulation and Processing , . . . . . .

2.3 Quality Assurance Provisions . . . . .

HCF Properties . .

3.1 Physical Properties . . . « e

3.2 Mechanical Properties. . + « « « o « o &

3.3 Thermal Properties . . « . « ¢« ¢« & « ¢ «

Coating Development .

T e & e 9 o 4 s o

4,1 Coating Improvements . . « « « o o« « &

4.2 Scale-Up to Full Size Tiles . . . . .

Coating Properties. ..

5.1 Mechanical Properties. ; e v e e e e

5.2 Thermal Properties . . . « « + + & ; . .

Reinforcement . .

6.1 Materials Considered . . . . « + « « &

6.2 Ceramic Thread Reinforcement . . . . . .

6.3 Nichrome Wire Reinforcements . . . . .

6.4 Columbium Wire Réinforcement e v e o e e

6.5 Thermal Response of Full Depth Columbium

Wire Reinforced HCF Specimen . . . . . .

6.6 Strengthened and Reinforced HCF. . ..~

6.7 Summary of “ReinforcemerityAccomplishuents

iv

MDC E0647

PAGE

ii

o iii

iv

. 1-1

2-1
2-1
2-7
2-25

3-1

. 3=1

3-35

. 4-1
. 4=-2

. 5-1
. 5=1

35-4
6-1
6-1
6-1

. 6-3
. 6-6

6-15
6-15
6-20

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST T



Page Intentionally Left Blank



: IMPROVED RSl
4AUGUST1972 : FINAL REPORT

TABLE OF CONTENTS (Continued)

7.0 Conclusions and Recommendations. . .

7.1 Strength. . . . . . . ¢ ¢ v v v e 0 .

- 7.2 Density . . + v 4 4 v e e 0. Ce e

‘7;37 Thermal Performance . . . . « « « « « &

7.4 Coatings. . . . . . . . e e e e
7.5 Reinforcements. . . . . . . .

8.0 References . « « + &+ « o + o o o « o o 4

- LIST OF PAGES

Title Page

ii thru v

1-1 thru 1-4

2-1 thru 2-35

3-1 thru 3-45

4-1 thru 4-16

-5-1 thru 5-20-
© 6-1 thru 6-20

7-1 thru 7-3

8-1

B I Ao IR PN
e R N L N T T TH -
BT ER SRS SRR TE
X 5 e

v

PAGE

7-1
7-1
7-1
7-1
7-2
7-3
8-1

MCDbN~ELL DOUGLAS ASTRONAUTICS COMPANY = EAST



)

——

IMPROVED RS

4 AUGUST 1972 FINAL REPORT - MDC E0647

1.0 INTRODUCTION AND SUMMARY

This final report covers the activities and progress made in this one-year
program, ending Z3 June 1972, in the_improvemept and evaluation of a reusable sur-
face insulation (RSI) material for the thermal protection system (TPS) for the
Space Shuttle. |

The 15-—1b/ft3 mullite hardened compacted fibers (HCF) RSI material was
improved and evaluated for .this program. A reﬁsable liquid-waterproof inorganic
coatiﬁg that had been previously developed was also studied and improved.

Approximately 250 differgnt formulations of mullite HCF-RSI were evaluated;
strength improvement and thermal conductivity reduction were the majo;‘goals.

Improvements were made in the strength of mullite HCF material. Tensile
strength was increased from approximately 75 to lOl-J.b/in2 for material with a

3, and laboratéry formulations have had tensile strengths of

3

density of 15-1b/ft
as high as 250—1b/in2 for 16-1b/ft” materials. It was also verified by testing
that strength and modulus of elasticity are dependent on density. It was necessary

in this program to develop new measurement techniques and equipment for the

accurate determination of strength and strain to failure. Both room temperature

. and elevated temperature stress-strain relationships were established. At room

temperature, typical longitudinal and transverse tensile moduli of elasticity for
a lS-lb/ft3 HCF material, measured Qsing the new technique, are 61,700 and 13,700~
lb/inz, respectiveiy. Longiﬁudinal strains at failure are typically 0.165 percent.
Thermal insulating performance testing was conducted on selected formulations
of HCF which had demons€¥atéd adequate strength and proéeésability. Both steady
state and transient thermal performance tests were conducted. The modes of heat
transfer were modeled ;n_qur computer program in anféttempt to better describe
thé insulafing effectiveﬁess'of RSI. Thesé s;udies and tests indicated that the

thermal insulating efficiency of HCF can be increased approximately 20 percent by’

1-1
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reducing the fiber diameter of about 20 percent of the fibers to below 2u diameter
and by reducing'the fraction of filler (glassy spheres). A still lower thermal
conductivity would be expected if all of the fibers were below 2y diameter.

Imprqvéments in material density and'strength uniformity were constant goals
during this prog?am; We concentrated first on density uniformity and then on
reducing the strength gradients in the material. Several cases were found where
the density gradients were near zero, but, surprisingly, the strength gradients
were severe: the weak areas were usually near the center of the HCF block. This
problem was alleviated by changing the processing: two organic materials were
added, the mixing procedufe was improved, and the HCF felts were turngd during
drying.

Processing and materials improvements, such as mixing and additives, have
resulted in a stronger and more uﬁiform»product. Binder solids control and wet
density control have both proven to be successful in improving’tﬁe strength repro-
ducibility of HCF. Reimpregnation of fired felts with binder to improve the
strength was unsuccessful;

We have tiéﬁtened‘controls 6n,the‘incoming raw materials, and have improved
in-prcess‘and postprocessing controls in the fabrication of HCF. Two process
specifications ha?e been prepared which define the process operations and control
parameters ﬁecessary for HCF fabrication and for the application of the inorganic
coating.

| A summary of the designations of the major materials formulated and tested in
this program is gi&en in Figure.l—i.

Reinforcement tzchniques (to hold the pieces together in case of separ#tion
or delamination within the HCF material, and not as a strengthening device for the
HCF material), have-been investigated. We have successfully processed reinforced

HCF tiles using ceramic yarn and metal wires in a 3-D array using the standard HCF

1-2
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HDAC-EAST FORMULATION*
: COMMENTS
DESIGNATION FIBERS FILLERS OPACIFIERS | BINDER | OTHER™*
MoD | 6u MULLITE | ECCOSPHERES ZIRCON RSB~2 - BASELINE MATERIAL
MOD 11 " 6u MULLITE | CENOSPHERES - RSB~2 - HIGHER MULLITE
o : : FRACTION IN
COMPOSITION
MOD Il 4.7y MULLITE | ECCOSPHERES ZIRCON RSB-2 - UNIFORMITY
: : UNACCEPTABLE
MOD I11A 4.7, MULLITE | ECCOSPHERES ZIRCON RSB-2 | HMT+ BASELINE SELECTED
CELLU- | AT END OF PROGRAM:
LOSE VERY UNIFORM
MOD IV 2.5, MULLITE | ECCOSPHERES - RSB-2 | HMT+ DIFFICULT TO PROCESS;
; CELLU- | FIBERS NOT AVAILABLE
LOSE IN QUANTITY
MOD V 4.7y MULLITE - - RSB-2 | HMT + BEST THERMAL
+1.2, SILICA CELLU- | PERFORMANCE:
LOSE PROCESSING VARIABLES
NOT YET DEFINED

*THE FORMULATIONS LISTED HERE ARE NOMINAL AND WERE VARIED DURING THE COURSE OF THIS PROGRAM.

MATERIALS DESIGNATIONS

FIGURE 1-1

b PROICESSING.ADDITIVES WHICH DO NOT BECOME PART OF THE FINISHED PRODUCT BECAUSE THEY
BURN OUT DURING FIRING CYCLE

felting process; no voids or cavities were found in the HCF tile, based on X-ray

and visual examination. An increase in density of
use of ‘a columbium wire reinforcement.
tested to 2500°F without any sign of damage.
_concept of strengthening HCF by including metallic

metallic trusses aie used in the HCF combined with

This

trusses in the HCF.

1.5-1b/ft3 resulted from the

One sample of wire reinforced HCF was

reinforcement effort led to the

When

the use of an efficient low-

density insulatidn, they could save up to 50 percent of the weight of an unrein-: :

forced RSI thermal protection system.

- The reusable liquid-waterproof coating previously developed had a high modulus

1-3
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. of elasticity and a low strain to failure because 1t was sealed with a glass over- . -
coating. Therefore, the coating tended to crack unless the coated HCF was isolated
from the structural strains.. We were not successful in increasing the‘strain to
failure or lowering the modulus of this reusable liquid-waterproof coating, but
the surface density was decreased from 0.24 to 0.15-lb/ft2 by eliminating one
layer of the coating. The coating was also made smoother.
The coating improvement effort included the development of a new base coating
which does not exhibit a permanent expansion as did previous coatings. Reusable
coatings were evaluated by testing tiles as large as 6 by 6 by 3 inches, coated on
five sides, under simulated temperature and ﬁtessure cycles, These coatings were
then evaluated for appearance, smoothness, cracking and waterproofness. Our liquid-
waterproof coating was schessfully cycled 100 times to 2300°F in a typical Shuttle
tempetaturevprofile. Textured coatings were studied as a method to reduce their | -
effective stiffness and, therefore, to make the coatings more'cbmpatible with HCF.
A one-step coating was developed which reduced coating time and the number of
required firing cycles. |
Organic coatings applied directly to the HCF or applied as an overcqating for
an inorganic base coating have been successful in providing liquid-waterproofing.
The organic coatings ha§e an advantage over the inorganic, glass coatings because
of their lower moduli, but the organic coétings would have to be refurbished after

every flight in areas that exceed 700 to 900°F during ascent or entry.

1-4
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2.0 HCF DEVELOPMENT

‘The major goals of ihis program were to improve mullite HCF in the areas of
strength, thermal performance, uniformity in density and strength, and processabil-
‘ity. To accomplish these tasks we evaluated and selected raw materials, formulated
various coméositions, and instituted and developed quality control procedures and

practices.

2.1 RAW MATERIALS - Mullite fibers of different diameters, various fillers
(hollbw ceramic spheres), éeveral inorganic Binders, opacifiers, and several
organic processing aidé were evalﬁated. Micrographic examination and other methods
were used to aid in the selection of the various materials. The materials were
classified as to appearance and dimensibns both as received and after exposure to

several selected high temperatures.

Fibers - In addition to mullite fibers, which are currently available from
Babcock and Wilcox (B&W) in a variety of fiber diameters, fine diameter silica
fibers were evaluatéd as a substitufe for the hﬁllow silica spheres (filler)
(Mod V).

The mullite fiber grades which.were investigated included:

® Standard - 5 to 6-p average fiber diameter

Intermediate ~ 4,25 to 5.25-u éverage fiber diameter
-Fine - 4,0~y average fiber diameter
Very fine ~ 2.5-u average fiber diameter

Figures 2-1, 2-2, 2-3, and 2-4 show the photomicrographs of representative
fiber specimens in conjunction‘with the distribution of fiber diameters for each
grade of fiber as supplied by the véndor. The differences between the standard,

intermediate and fine fibers seem to be due to the selective removal of the

coarser fibers, while the very fine (2.5-p diameter) fibers appear to be more

' uniformly finer (more normally distributed fiberé) than the other grades of fibers,

2-1

B

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST



4 AUGUST 1972

BRANCHING

457-1605

NUMBER OF FIBERS

" IMPROVED RSI
FINAL REPORT

40

A
30 ]
i AVG 5.1u
1 |
. AN
I'
S \
,I
/
/ \\ / \
II
J
10 AVG 5.9u K

6 8 10 12
DIAMETER

100X DIAMETER

FIGURE 2-1

FIBER DISTRIBUTION AND PHOTOMICROGRAPHS OF STANDARD -

B&W MULLITE FIBERS (5-6 » AVERAGE DIAMETER)
2-2

MCD<« NNELL DOUGLAS ASTROA)AUTICS-’COMPANY- EAST

MDC E0547



 MDC E0647

12

~ -~ <\
~
10

IMPROVED RS

FINAL REPORT

4 AUGUST 1972

!

AVG 4.3u

//‘

%

6

k .
‘\
\
\
DIAMETER u

40

(=]
o

(=]
o~

S434914 J0 YIGWNN

>

S
L s
B T g lioN

Ry

FIGURE 2-2
FIBER DISTRIBUTION AND PHOTOMICROGRAPHS OF INTERMEDIATE

B&W MULLITE FIBERS (4.25-5.25 AVERAGE DIAMETER)

457-10604

| (,;_,
@

2-3

. MICDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST



| IMPROVED RSI :
4 AUGUST 1872 FINAL REPORT MDC EQu47

\
® !
AVG 4.0u
4
w
[
u.
S 20
o _J
5
=
2
10 \
0
0 2 4 6 8

DIAMETER p

FIGURE 2-3

o FIBER DISTRIBUTION AND PHOTOMICROGRAPHS OF FINE B&W
() MULLITE FIBERS (4.0 AVERAGE DIAMETER) |

2-4

bts
E 38

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - 'EAOT



¢

IMPROVED RSI

4 AUGUST 1972 FINAL REPORT MDC E0647

I3 -
-,f.'}'-’.

A
. LR

A

il 25l
e

ISR /IVN
A -;R-_"f" 7

5
! v ; T

,
‘!p‘
i, !
Y |
v rs

i

Aode

RO YR A N
e

100X

FIBER DIAMETER DISTRIBUTION:
o 80% LESS THAN 4u
@ 65% LESS THAN 3n
e 30% LESS THAN 2.5u

o« MODE = 2.5

FIGURE 2-4
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Silica fiberé, as shoﬁn in Figure 2-5, with an average fiber diameter of
1.2-y have a much softer texture than the coarser mullite fibers and are moré
difficult to chop.

~ Fillers --Some of the inherent advantages and disadvantages of candidate
fillers for HCF are indicated in Figure 2-6. SI grade Eccospheres¥*, while light-
weight, sinter rapidly at 2500°F.as shown in Figure 2—7.' Although Cenospheres
sinter more slowly at 2500°F (See Figure 2-8), they are significantly heavier

than SI Eccospheres.. The "floaters," a fly ash product similar to Cenospheres

* Eperson & Cuming, Inc. 95

"MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST
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FILLERTYPE | SIECCOSPHERES Low e CENOSEHERES “FLOATERS' * FA-A ECCOSPHERES

) S0, ~ 60% $i0, ~ 53% !

COMPOSITION Si0y ~ 90% 27" 2 } NOT AVAILABLE

AL0; ~ 30% Al,03~ 3%

PARTICLE SIZE

(DIAMETER) 30 T0 125u 50 TO 150 . 40 TO 180 60 TO 325p

BULK DENSITY : 11 PCF 17 PCF. 28 PCF 25 PCF

PARTICLE DENSITY 16 PCF ‘ 22 PCF 37 PCF 35 PCF

SINTERING 72000 a0 0 0

TEMPERATURE 2300 F 2500°F ~2500°F 1800°F

*A FLY ASH COMPONENT FROM LOCAL ELECTRICITY GENERATING STATION OF UNION ELECTRIC CO.

" FIGURE 2-6
PROPERTIES OF CANDIDATE FILLERS

437 -23540

(ﬂ\ but from a local power plant, were much denser than the Cenospheres.

N’

2.2 FORMULATION AND PROCESSING - Five new general mullite HCF compositions

were. formulated and their properties were evaluated relative to Mod I HCF, our
baseline HCF at ﬁhe beginning of this period. Figure 2-9 shows the basic proper-
ties of Mod I and the properties of the newer HCF materials. The new HCF insulations
were tested for strength, impact indentation, uniformity, density, processability,
and thermal performance. Specimens of 3.3-inch diameter were formed to determine
the jnitial fabrication paraﬁeters for eachvnew HCF composition, Factors which
were controlled included blending time, bindervspecific gravity, slurry viscosity,
drain time, batch size, height and weight of the felt, drying cycle and firing
‘cycle. Initial strength and denéity gradient data were obtained from the 3.3-inch
diameter specimens. The felting and testing procedures were later scaled up to

9 and 1ll-inch diameter specimens. The most promising HCF compositipns (Mod IIIA

. and Mod V) were scaled up to 14 by 16 by 4-1/2-inch épecimens. Mechanical

e e 2.7 .- -~
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LOW DENSITY CENOSPHERES
457-1273 AS RECE'VED

100 X

sﬁaﬁjj&; &9,€ LAl
({_,,.:” A ,nﬂ & %@N.wai:‘sgﬂoﬂ < V.

.aﬁ*

«17a  LOW DENSITY CENOSPHERES
AFTER FIRING AT 25009F FOR 15 MINUTES

100 X
FIGURE 2-8
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properties testing and'coating‘development'were conducted using theAlargef HCF
specimens (9-inch diameter or 14 by 16-inch sizes). .

Mod II HCF - Mod II HCF was formulated as a totally mullite reusable surface
insulation. Initially, Mod II consisted of 6;0—u mullite fibers, mullite binder
and aluminosilicate glass spheres. Several 3.3 and 9.,0-inch diameter all-mullite
specimens were processed. X-ray diffraction studies showed the Mod II to be gamma

A1203 and mullite. No silica (cristobalite) was detected. The strength of the

' Mod II with mullite binder was low. Arn evaluation of slurry viscosities, blending

procedures, and firing cycles indicated that the strength properties desired could
not be obtained with thié all-mullite system. A silica binder, RSB-2, that had
been used successfully with Mod I HCF to improve its strength was tried. Strength
values did.increase substantially when the new bindef was used. With the addition
of the silica, X-ray diffraction showed some cristobalite formation éfter firing.
At the same time, we began using 4.7-u diameter mullite fibers. The 4.7~y mullite
fibers seemed to improve the thermal performance during early screening tests.

The altered Mod II consisted of A.Z—u mullite fibers, aluminosilicate spheres,
RSB-2 binder, and zircon opacifier. The only compositional changé'from the Mod I
material was the substitution of aluminosiiicate glass spheres for the silica
spheres. Two types of aluminosilicate glass séheres were tested. The first was a
fly ash derivative from a local source (Union Electric "Floaters"). -The second
was fly ash spheres from England (Cenospheres), Thé Cenospheres had a higher
degradatioﬁ teﬁperature than the SiO2 spheres due to the greater wall thickness
and the composition of the Cenospheres (see Section 2.1).

‘ Mod II specimens were produéed in two diametérs, 3.3 and 9.0-inches; The

Mod II felts proces;éd much differently than the Méd I; i.,e.,, nearly every Mod Ii
felt retained excessive binder on the top and bottom surface, causing a soft

center problém. Photomicrographs clearly showed the lack of binder in the center
2-1
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of the Mod II specimen. Figure 2-10 shows a typical density gradient, through a
sample of Mod II. We believe the binder deficiency was caused by a binder, fiber,
Cenosphere wetting phenomenon,.and binder migration during drying. To correct

the soft center problem in Mod II, we varied the slurry viscosity and the solids
content in the binder. The results of these studies showed that an increase in
blending time decreased the slurry viscosity and increased the bulk density of the
Mod II specimen. The soft center condition was partially controlled by longerv
blending times, butvmany Mod 1II felts were unacceptably dense (16-18 lb/fts).

Work on Mod II was suspended because it did not abpear that an acceptable product

could be made using this formulation,

Mod IIT HCF - Mod III was the next series of HCF materials formulated, and it
consisted of 4.,7-y diameter mullite fibers, SiO2 spheres, RSB=2 silica binder and
zircon opacifier, Mod III processed easily but the uniformity of the material and
the reproducibility of the process were erratic as shown in Figure 2-11. The most
serious problems‘with Mod I1I were the densifiéd surfaces and the soft centers of
mény felts.

We processed Mod III HCF to obtaih felts which'had 15 + 1.5—1b/ft3 bulk fired
density with a minimum density gradient through and across the specimen. Figure
2-12 shows typical gradients encbuntered in a typical Mod III felt. We also
noticed the tendéncy of coated Mod III blocks tc fail dufing reentry simulation due
to delamination cracks in the X-Y plane. Many of the cracks occurred through thé
soft center portion of the Mod III tiles.

Mod IIIA HCF - Mod IIIA has the same composition after firing as Mod III. The

basic change was the use of additives (processing aids) to make fabrication of

Mod IIIA easier and to improve the uniformity of the HCF, The first additive tested

was propylcellulose(l). When added in small quantities (less than 0.2 percent by

(l)Prbpylcellulose - Klucel, Hercules Corp.

2-12

4

MCIrHONNELL DOUGLAS ASTRONAU“"ICS" COMPANY - EAST’

A4



o~
“ ;

4 AUGUST 1972

IMPROVED RSI
FINAL REPORT

MDC EC647

20

18

17

—
o

HARD

CRUST
N

DENSITY — LB/FT3

—
wn

P

14

7
/SOFT CENTER -

WITH LOWER DENSITY

497 ~2587

02 04 06 08 10 1z 14 Lé
' THICKNESS - IN.
FIGURE 2-10
DENSITY GRADIENT OF MOD Il HCF
' 2-13

1.8

2.0 2.2

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST

24



BULK FIRED DENSITY - LB/FT3

IMPROVED RSI

4 AUGUST 1972 FINAL REPORT ’ MDC E0647
18
O 0
(o)
o)
o)

16————-— _—_—-—.-0'_—_—--$—-_‘_"_-__—_-

° O
' o o
15 . ' N
, o Oo o O
o | o)
o o)
14 N N N N N 5 K N N N N N N W] ——---——_--L___.——_
265 270 2 285 530
457 —2578: ' FELT NUMBER SEQUENCE
FIGURE 2-11

PROCESS VARIABILITY OF MOD Ill WITH NO PROCESSING AIDS

" weight of binder), the cellulose decreased the felting and drain time and drastically

reduced the density gradient through and across the Mod IIIA specimens. In con-

centrations greater than 0.2 weight percent, the cellulose additive thickens and
foams the slurry. Figure 2-13 shows the improved uniformity in Mod IIIA compared
to Mod IIT. The cellulose additive did not correct the soft centers even though
the density of the Mod IIIA Qas extremely uniform and the final fired densities
became controllable. Photomicrographs showed two conditions which caused soft
spots. One was less binder in the central portioﬁ of the felt, the other was
silica sphere‘migration. It was found that the 4.7-u fibers pulled away from the

felting column as soon as the felt formed, preventing adequate drainage around the

edgé of the specimen due to air leakage. The center of the specimen was still well

- s e ee e 214
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sealed and drained more completely, resulting in binder deficiency. This condition
was eliminated by adjusting the concentration‘of propylcéilulose.

The nonunifotm distribution of SiO2 spheres was corrected by additional mixing
before felting and by instituting a faster felting procedure to prevent the hollow
8102 spheres from floating to the top during felting. Mod IIIA was more uniform
than Mod I but still not as hard and strong as desired,

Té increase the strength throughout the felts, a second additive, hexamethy-
lenetetramine (AMT), was added to the Mod IIIA slurry. A 1.5-percent soluticn of.

this amine compound was used which, when heated, produces ammonia gas that raises

the pH of the silica binder system, causing it to gel. This additive successfully

2-15
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sétvtheAbinder, but it did not totally eliminéte the strength gradients through
larger (14 by 16 by 4.5-inch) HCF felts. The edgés of the felts were consistently
strongef than the centers, even when the density was uniform. Binder migration is
believed to have caused this for three reasons:

1. transporting of binder solids caused by drying at the surfaces

2. excessive draining in certain areds caused by location of drainm holes

in the felting apparatus

3. settling to one side caused by gravity prior to curing.

The binder migration was signifiéantly reduced, but not completely eliminated
by adding the hexamethylenetetramine (HMT).

Figure 2-14 shows the.effects of temperature and EMT concentration on gel
time. The éircled points are actual data; the remainders of the curves are

. ~E
extrapolations based upon Arrhenius' theory K = Ae RT, 1In the temperature range

- used (140 to 190°F), the time to gel.is rather short, ranging from 3 to 13 minutes.

An in-process control which eliminated excessive draining was the weighing of
the felt during the vacuum drain portion of the felt forming operation.' The wet

weight, monitored during the drain period, was used as a measure of the amount of

the bihder left in the felt. When a predete?mined wet weight was reached, the

vacuum pumping was discontinued, stépping the flow of liquid binder from the felt,
A series of 154 felts was made using this additicﬁal_copfrdl; a significant improye-”
ment in HCF strength, and a narrowing of the strength scattef band resulted. The

continual monitoring of the wet weight of all felts during production has improved

the reproducibility of the processing.

Manufacturing facilities for Mod IIIA have been scaled up, and many 14 by 16

[Ny

by 4-1/2-inch tiles have been produced for coating evaluation and basic property

testing. Mod IIIA has finer texture and is easier to coat than Mod III. The

addition of the cellulose thickener allows longer blending times and permits drain-

2-17
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REACTION RATE OF HMT AND COLLOIDAL SILICA BINDER

WHERE K =

K= Ae RT ARRHENIUS' RATE EQUATION

SPECIFIC REACTION RATE (SEC™)
NUMBER OF MOLECULES COLLIDING PER
GRAM MOLECULAR WEIGHT PER SECOND

2.718

ACTIVATION ENERGY (CAL./GM.MOL. WT.)
GAS CONSTANT (CAL./GM.MOL.%T.<°K)
ABSOLUTE TEMPERATURE (°K)
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ing of excess binder.

qu IV HCF - Mod IV HCF consisted of'2.5-u mullite fibers, SiO2 spheres, and
RSB-2 binder. 1Its strength was nearly the same as Mod III, but its calculated
thermal performance was better. Actual thermal performance was determined.from
optical scattering data and oxyacetylene torch tests. The finer fiber mullite was
much more difficult to process than the fiber used for Mod IIIA HCF. The use of
additives (propylcellulose and HMT) hindered binder drainage,

Work on Mod IV HCF was suspended because a sufficient quantity of the 2.5~y
mullite fiber was not available during»the contract period. More work is needed
to determine the full potential of Mod IV HCF,

Mod V HCF - Mod V was pursued to improve the thermal performance:of HCF
insulatioh. All of the HCFs (Mod 1I, qu III, Mod IIIA and Mod IV) had a spherical
hollow glassy filler as part of their formulation.. By substituting the very small
diameter silica fiber for the glassy spheres, a reduction in radiant heat transfer
seemed likely. The basic formulation of Mod V was set at 80-percent mullite fibers
and 20-percent SiO2 fibers by weight. Because the SiO2 may devitrify and undergo
disruptive yolume change upon heating and cooling, an upper limit of 25 weight

percent was set for experimentation. Mod V was fired at 2300°F,

The texture of Mod V was superior to any other HCF composition tested, and
it was also easily coated. Mod V had thermal performance superior.to the other
HCFs. (See Secticn 3.3.) This is due to the increésed heat‘radiation scattering
caused by the 1,2-y SiO2 fibers. Ap HCF composed entirely of SiO2 fiber HCF had
somewhat lower thermal conductivity than Mod V, but an all-Si0Q. HCF exhibited con-

2

siderable shrinkage and some cracking when heated to 2500°F. The mixture of mul-

“lite and SiO2 fibers seems to produce both good thermal performance and good

- physical stability.

The mi;rostructufe of Mod V is much more compact than any previous HCF., This
2-19

MCDOANELL DOUGLAS ASTRONAUTICS COMPANY -~ EAST



IMPROVED RS
4 AUGUST 1972 ‘ FINAL REPORT MDC E0647

compactness requi;ed long felting and arain times and mechanical pressing of the . :}
fibers. Figure 2-15 shows a density profile through a Mod V specimen and the

effect of pressing. The Mod V felts were very difficult to remove from the felting
apparatus. Dufing felting, the Mod V would pull away from the column walls. This

sealing problem was solved by pouring mixed slurry into the gap between the wet

felt and felting column immediately.after felting. Resealing the Mod V felts

allowed proper binder drainage. The problem of removing the Mod V felt from the

column without damage was accomplished by lining the felting apparatus with a

removable liner and mechanically forcing the felt backward out of the felting

column.-

Another processing procedure which affected the compounding of Mod V was the
propyicellulose. On all other HCF compositions, the cellulose additive wasladded
to and mixed with the entire slurry batch. In processing Mod V, the cellulose
thickener and HMT processing aids were dissolved in water and.then added to the
binder.- The dissolved additives were discovered to be much more active when they .
-were dissolved prior to use. Mod V, however, because it was a totally fibrous
system, had.to be mixed longer than other HCF compositions. The energy imparted
by the mixer during longer miking heated the slurry to over 120°F. The cellulose
material had higher solubilities when cool, so the binder was cooled to 40°F before
processing. Figure 2-16 shows the temperature rise of the binder during . mixing
Mod V.

The most important processing step during manufacturing Mod V was the firing
cycle. Once Mod V is properly fired, it is very stable through cbating processing
and reentry simulation cycling, Mod V, however, is sensitive.to the initial firing
cycle and a quick firing cycle appears to be best overall. Mod V HCF haS<éood
potgnﬁial as a reusaﬁle surface insulation, Specimens up to 16 by 14 by 4-1/2

inches have been fabricated and tested., When properly formed and fired, the -:3

2-20

MCDORNELL DOUGLAS ASTRONAUTICS COMPANY - EAST



'

| ' | IMPROVED RS! |
4 AUGUST 1972 FINAL RE_PO_RT o MDC E0647

[IMOD V SPECIMEN PRESSED FROM
TOP OF FELT DURING DRAINING

20

19—

18

00 DENSE

17
OPTIMUM

DENSITY
RANGE

15 — e e ) S GEE s e GNP S S s S— —

14 g amnd e Emmn (ress S TS S G — e =]

DENSITY - LB/FT3

PRESSED
" :

15

AS FELTED;
NOT PRESSED

13

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 18 2.0 22 7 24

BOTTOM OF FELT | TOP OF FELT
' THICKNESS - IN. '

| FIGURE 2-15

TYPICAL DENSITY GRADIENT THROUGH MOD V HCF SHOWING
THE EFFECT OF MECHANICAL PRESSING DURING FABRICATION

ﬁhermal shock resistance and strength of processed Mod V was equal to that of
Mod IIIA. However, a major difficulty with Mod V waé establishing an acceptable
initial firing cycle dﬁe to the batch-to~batch variation in the heat stability of
the 5102 fibers. The prior processing history of the SiO2 fibers was the major
remaining problem preventing production of good quality Mod V in quantity.

| Opacifiers - Many HéF specimens were formulated, fabricated and evaluated to

improve the thermal performance of HCF by reducing radiant heat transfer, as

shown in Figure 2-17. Oxides such as Cr203, 'Co304 and N10 colored the HCF: Cr203

2-21
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/ CELLYLOSE THICKENER HARDENS HCF AT 110°F ALMOST INSTANTLY
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: FIGURE 2-16 ~
SLURRY TEMPERATURE INCREASES WITH MIXING TIME IN HOBART 80 MIXER
(green), Co3,04 (blue) and NiO (b‘lack), and a;l caused some local fluxing of the
HCF and increased its strength, Cr203, Co304, and NiO very likely increased the
emittance=.of the mullite fibers but also increased the heat transfer through the
HCF slightly. The best ceramic opacifiers Qere TJ‘.O2 and ZrSiOa. Both TiO2 and

ZrSi0, are white, have a high refractive index (scatter heat radiation well), and

4
are thermally sta®le in the HCF composit'ion. One, three and ten percent additions
by weight were added to the baseline Mod IIIA composition and evaluated for thermal
performance in 3.3-inch diameter "hockey puck" tests (see Section 3.3). 1In these
evaluations the maximum surface temperature of the specimens was 2300°F and the

time as a function of backface temperature was recorded. The best results were

obtained using 3-percent by weight ZrSiO4 (zircon) opacifier. (In comparison to

basic Mod IIIA, the opacifiers had relatively little effect on thermal performance.) 3
‘ "The second method of opécification was to vary the fiber diameter. Studies
N - 2.2 )
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FIGURE 2-17
HCF COMPOSITIONS CONTAINING OPACIFIERS
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(Reference a) showed that thermal performance improved (lower thermal éonductivify)
as the fiber diameter decreased. Mullite fibers of 2.5, 4.7 and 6.0-py diameters
were evaluated for thermal performance by optical scattering measurements., The
2.5-p mullite fibers were the most proﬁising fibers of the group and were used to
make several Mod IV felts. However, no thermal'conductivity tests were run on
Mod IV (2.5-u diameter fibers) because not enough fibers were available to fabricate
specimens. i

Because of availability, small fibér‘aiameter; and a composition somewhat
similar to mullite, we evaluated SKX Fiberfrax* (2.5~p aluminosilicate‘fiber) mixed
with 4.7-y mullite fibers. ¥From a radiation‘scattering standpoint, the SKX fibers
were found to be approximately equalvto the Sin fibers (reference a). However,
the SKX fibers_were harder to process and did not survive thermal cycling as well
as S:‘LO2 fibers. We also evaluated a 1.2-u mﬁllite type fiber, Fiberfrax HTT, which
was ektremely hard to process and the resultant HCF specimens were very weak. The |
HT fiber contained fiberized material and it was judged unsuitable for producing
HCF. |

Of all the fibers additions evalgated, the 1.2-u SiO2 fibers (Microquartz)
were the most effective radiation séatterer. The Mod V HCF contained 20-percent
SiO2 fiber substituted for the SiO2 spheres and was discussed previously.

Reaction Sintering - The opacificatioﬁ studies indicated that the strength of

HCF might be improved by using reactive metal additives. By adding a selected
metal to the HCF a desired ceramic oxide might be formed in place within the
iqsula;ion during the firimg cycle, ‘This'oxide then would react with the ceramic
fibers and filler as the block is fired and it would affect the strength. Certain
oxidized metals sligﬁtly.improved the radiation scattering of the Mod IIIA material
(see Figure 2-18). Strengths of over 200-lb/in2 in tension were obtained with a

* Experimental Fiber - Carborundum Co,

t carborundum Co. .
2-24
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o TE RN ' RESULTS
DURING FIRING :
Zn Zn0 IMPROVED THERMAL RADIATION SCATTERING*, POOR STRENGTH
Sn $n0 IMPROVED THERMAL RADIATION SCATTERING, POOR STRENGTH
Al Al,0, NO IMPROVEMENT IN SCATTERING, POOR STRENGTH
Si 5i0, NO IMPROVEMENT IN SCATTERING, POOR STRENGTH
Ti Ti0, NO IMPROVEMENT IN SCATTERING, POOR STRENGTH
4 20, NO IMPROVEMENT IN SCATTERING, POOR STRENGTH
Mg Mg0 SLIGHT iMPROVEMENT IN LIGHT SCATTERING, POOR STRENGTH
Ni NiO BLACK OXIDE, VERY STRONG

10% BY WEIGHT ADDITION OF EACH METAL
*2.0 THERMAL RADIATION

FIGURE 2-18
REACTIVE SINTERING EFFECT ON MOD IIIA HCF

497 -2568

10-percent weight addition of nickel metal. However, the NiO modified Mod IIIA
shrank unpredictably. All of the other reactive metal sintering aids tested

failed to improve the strength of HCF.

2.3 QUALITY ASSURANCE PROVISIONS - To manufacture reliable and reproducible
HCF, ail the»raw materials and their associatéd.processing must be controlled.
Many variables were recorded and studied in both small laboratory formulations and
in the larger pilot plant, in order to determine which variables were most signifi-
cant. Several of the more important variables which were identified are discuséed
in this section.

Raw Material Control - We routinely analyzed HCF raw materials (SiO2 spheres,

mullite fibers and binder) for quality before processing. The Na20 content of the
spheres was checked along with the melting point and wettability of the mullite

fibers. Normally, the SiO2 spheres contain 8-percent or less NaZO. One sﬁipment

2-25
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of Si0, spheres was rejected because of high NaZO content.

2
Quantitative analysis was performed by atomic absorption spectrophotometry
after dissolving each specimen using the Bedrick Bernas method.* The test results

for various fibers follows., All values are reported in weight percent of the

oxide and the silica content was obtained by difference.

#1 Early .#2 Intermediate #3 Contami- - #4 Local
Batch - SI Batch - SI nated Batch Spheres (Union
Eccospheres Eccospheres Eccospheres Electric)
Aluminum (A1203) | 0.08 0.11 . 0.10 32.6
Lithium (L1,0) - 0,02 0,02 0.02 0.04
Potassium (K,0). 0.03 0.03 0.02 | 4,05
Sodium (Na20) , _ 8.1 ‘ 12.4 15.4 4.1
Iron (Fe203) o ~ 0.04 0.05 0.05 5.1
Magnesium (MgO) . 0.03 0.12 0.09 0.90
Calcium (Ca0) 0,04 0.04 0.04 0.42
silicon (510,) 0.7 87.2 84.4 . 52,8

The variation of sodium (NaZO) content is apparent'between'Eccosphere batches
and especially in the contaminated material (material contaminated during processing
by Emerson and Cuming). The local fly ash taken from the Union Electric material
has a high alumina (A1203) content as expected,

The "as processed' Mod II HCF was also analyzed by the same process as the

Eccospheres and the test results are given as follows:

Samples
Standard . #122
Aluninun (A1,0.) | 32.9 35.9
Lithium (L1,0) | ' < 0.01 <001 - 1
Potassium (KZO) . < 0.06 < 0,06

* Bernas, Bedrick, Anal, Chem. 40, 1682, October 1969.
_ ' 2-26
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Sodium (NaZO) | 2.47 2.10
Trom (Fe,0,) 0.05 0.07
Magnesium (Mg0) : 0.23 0.20
Calcium (Ca0) . < 0,01 < 0,01
Titanium (Ti0,) , < 0,02 0.53
silicon (510,) ' |  64.3 61.1

NOTE: Percent silicon calculated by difference.

The:specific‘gravity and.so;ids content of the silica binder were monitored.
These two properties help confrol the final density and s;rength of the HCF. Fbr
a given HCF formulation, the final density.of the material can be predictably
raised or lowered., The binder is generally diluted to a fixed specific gravity
before processing. Specific gravity is adjusted by adding deionized watér or
fresh biﬁder as necessary. Figure 2-19 shows the relationship between specific
gravity aﬁd solids content. In spite of the replenishment, the binder can only be
' reused once'before it becomés deficient in silica and degrades the étrength of the
product. |

Analyses have been run on samples of binder which had been used various
numbers of times. The tesplts of these analyses ére shown in Figure 2-20. The
solids ?emained constant but ﬁhe silica (Si02) containing binder phase was remo#ed‘
with reuse. Figure 2-21 shows the binder analysis when cellulose thickener is
added to the RSB-2 binder. Again silica was depleted with reuse.

During the felting process, the opacifiers (TiO2 or ZrSiOa)vcollected in the

binder. The analysis of binder for the TiO2 opécifier in Mod I is shown below:

Fresh Binder - 1 Reuse -
Magnesium (Mg0) : 0.23 0.20
Calcium (Ca0) ' <0,01 ' <0,01
Titanium (TiOz) <0,02 0.53
"7 Silicom (SiOé) T T 84,3 T 61.1
2-27
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FIGURE 2-19

SPECIFIC GRAVITY OF COLLOIDAL SILICA BINDER AS A FUNCTION OF SOLIDS CONTENT

Three percent by weight TiO2 was added to the slurry before felting. The

standard material had no opacifier added. Specimen #122 (Mod I) retained only

about 18-percent of the 3-percent added to the felting slurry. The TiO2 opacifier

had no effect on the strength of the Mod I HCF,

The mullite fibers were checked for melting point and wattability. The

melting point was determined by fusing mullite fibers with an oxyacetylene torch.

This ﬁest indicates the impurity levels in the fibers, Some batches of fiber are

2-28
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% OF SOLIDS — MEASURED AS METALLIC CATION

NO. OF REUSES | % SOLIDS Mg Na Al Si rd
FRESH |  20% 0.3 K 7.0 B 11 <2

1 B8.3% 0.09 L1 6.0 31.2 <2

2 2.0% 0.37 1.0 6.1 4.7 <2

3 20% 0.48 1.2 6.4 4.2 <2

4 2.1% 0.37 1.0 " 58 47.8 <2

5 2.4% 08 09 48 42 <2

o FIGURE 2-20
VARIATION IN BINDER CONSTITUENTS vs REUSE

' . PERCENT OF SOLID

SPECIMEN - | PERCENT ;

NUMBER SOLIDS Si AL | Mg | Zr
1 - FRESH BINDER 2.4 20 | 38 | 067 | <02
WITH CELLULOSE

* THICKENER*
2 -1 REUSE 272 296 | 443 | 080 | <02
CELLULOSE

THICKENER ,
3 - 3 REUSES 26.4 280 | 403 | 053 0.8
CELLULOSE ,

THICKENER

*THE CELLULOSE THICKENER LEAVES NO SOLID RESIDUE

457 -2553

- FIGURE 2-21
BINDER SOLIDS ANALYSIS

wetted by binder easier than »ot.hers. It is nec'essa‘z;y for the binder to set the
fibers where they intersect each other and the SiO2 spheres to obtain a strong,
uniform material. Wetting of the fibers by the binder also affects fiber chopping;
. slurry dispersion, and binder retention. Wetting of batch materials was examineq.,,
prior to mixing; sowme fibers floated on the binder and some sank. In some slurry

batches the silica spheres floated in an unwetted mass after partial blending.

T N X1
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‘ Wetting varied from lot to lot,
Chopping and mixinngperations affect HCF homogeneity and texture., Figure
2-22 shows the results of a viscosity - fiber length study. Both fiber length

and viscosity decrease as chopping time increases. After a certain chopping time

is feached, the viscosity is relatively insensitive to further blending even
though more short fibers are formed. The fired density of the HCF formed from
different viscosity slurries was checked. The fired density increased proportion-
ally as viscosity decreased. The long bleﬁding time associated with short fibers
also produced a finely textured materiai which was superior for coating and
proved to be quite strong. The short fibers and the associated finer texture
increased the strength of allAﬁCFs. Proper contfol of both chopping and mixing

is necessary to form a good block of HCF. Decreasing fiber length forms a fine
textured material, but thorough mixing of the slurry is equally important to mini-
mize density variation'throughout the felted block. The chopping action of the
blades of the tlenders reduces the lengths of the fibers, but equally important,
it disperses clumps of fibers. The longer chopping or blending time produced
fewer clumps of fibers. |

In Process Control - During the HCF fabrication process, mullite fibers are

chopped and mixed with filler and binder. A l-gallon mixer was used and the
fiber length distribution for a specific mixing time and speed is shown in Figure
2-23. A larger capacity mixer (3-gallon) was evaluated whicﬁ produced a fiber
length distribution, Figure 2~24, similar to that from l-gallon blender.
Because of the close comparison of the fiber lengths, a 20-gallon mixer was
procured which allowed mixing and chopping of.enouéh material at one time to make
a 14 by 16 by 4-1/2-inch thick HCF felt from a single mixer batch.

During processing, certain parameters - such as slurry viscosity, blending

‘ time and weight of the wet HCF felt are controlled. - Viscosity is kept low to
2-30
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FIGURE 2-24 .
THREE GALLON MIXER

FIBER LENGTH - x 1074 IN.
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prevent excessive felting time. The control-having the greatést effect on the

density uniformity finished product is the wet weight of the HCF blocks. By keep-

‘ing the wet weight within a predetermined band, the density and the strength of

-the final product can be controlled.

As mentioned previously, a processing éid was added to prevent binder migra-
tion in the felt. The compound (hexamethylenetetramine) decomposes on heating,
and produces ammonia which gels the binder. During the heat-up cycle, the HCF
felts are inverted every 15 minutes to prevent.binder migration due to gravity.

Since HCF is fofmed in a high épeed mixer, the possibility of breaking the
hollow 8102 spheres during prqcessing was analyzed. An experimental batch of HCF
slurry (binder, fibers and spheres) was mixed for about 60 seconds (about twice
the normél mixing time) and the whole spheres were separated by water flotationm.
Less than 7-percent of the total batch of spheres was broken during mixing. The

test was repeated using only distilled water and Eccospheres to remove the effect

.of the fibers. Again, the slurry was blended 60 seconds. Less than 5-percent of

the spheres batch was broken during this test, It was concluded that the broken
spheres, as seeh in SEM the photomicrographs,; are not broken primarily by the

mixing operation. See Figure 2-25,

Post Processing Control - Each processed HCF felt is cored and the.density
and hardness gradients are détermined for each large felt. Density gradient
records were kept to aid in the selection of accebtable HCF and to ﬁonitor process=-
ing variations. If variation in densiﬁy occurs, the HCF is evaluated for accepta-
bility. The hardness through and across each HCF felt is measured by the ball
drop test as disgussea in Section 3.2, |

In order to determine the reason for variation in strength, HCF specimens were
examined with a scanning electron microscope (SEM) to locate the filler (hollow

silica spheres) and binder. Figure 2-26 shows a specimen of HCF with a density of

2-33
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FIGURE 2-25
HOLLOW SPHERE MORPHOLOGY IN PROCESSED MOD I[IIA HCF (100X)
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FIGURE 2-26
NORMAL FILLER AND BINDER DISTRIBUTION IN MOD IHA HCF

457 -24453

o AS FIRED AT 2300°F FOR 3 HOURS
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15-lb/ft3 and a longitudinal tensile strength of 120-lb/in2. This piece of HCF
had well distributed filler and an adequate amount of binder located at fiber
intersections. This specimen also survived 20 thermal cycles without cracking.

Figure 2-27 shows softer HCF with a demsity of 13.5 pcf and a longitudinal tensile

strength of 77—lb/in2. This specimen crac#ed during thefmél cycling. The photo-
micrograph shows very few spheres and very little binder. As a result of this
data and other observations, processing parameters were varied to insure binder
retention and better dispersion of filler. Processing aids, such as HMT, were also
added to reduce binder migration as discussed in Section 2.2.

Extra chopping during processing improved the strength properties of all the
HCFs. Increased choﬁping also increased the fired bulk density. Tradeoff studies
were conducted on the most promising HCF compositions (Mod IIIA and Mod V), HCFs
formed from low viscosity slurries (20 to 40 cps) were usually stfonger than HCFs

processed from higher viscosity (50 to 200 cps) slurries. The target density of

lS-lb/ft3 could be obtained using both the low and high range of viscosity.
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FIGURE 2-27 ‘ (300 X)
fer-asss MOD IIIA HCF-DEFICIENT IN BINDER AND FILLER
o AS_FIRED AT 2300°F FOR 3 HOURS
o EXTREMELY WEAK
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3.0 HCF PROPERTIES

In this section are presented the resuits of the efforts to achieve the goals
of this program to improve mullite HCF_in.the following areas:
density control,
density gradients reduction,
strength increase,
strength gradients reduction,

thermal conductivity decrease.

3.1 PHYSICAL PROPERTIES - Overall densi?y control_and density gradient reduc-
tion were the major two physical properties of HCF which were concentrated on during
this program. The resuits of the efforts in these two areas afé discussed in detail
in Section 2.0.

The efforts in both of these éreas were successful. The overall density was

controlled to 15 +1 lb/ft3. Density gradients, which were prevalent during the

early part of the program, were essentially eliminated. The organic processing aids

and the density control during draining were two major factors which contributed to

the elimination of density gradients.

3.2 MECHANICAL PROPERTIES - HCF mechanical properties were measured through-

out this program to aid in screening materials. Various test methods were
evaluated for accurately determining mechanical properties. This section includes
discussions of the various formulations of HCF tested, test methods used and

results.

Strength Screening Tests — Mechanical property tests of various HCF formula-
tions were conducted to aid in guiding HCF development. Tensile and compressive
properties were detzrmined at room and elevated temperatures and both longitudinal

and transverse fiber orientations were tested. During this program several improve-

ments were made in test methods which resulted in more precise mechanical property
3-1
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measurements. Room temperature tests discussed in this section were conducted at “>

MDAC-E. Elevated temperature tests which utilized an optical extensometer to

measure strains were conducted at MDAC-W and are discussed later in this section.

Test Methods - MDAC-E HCF mechanical property test specimens are illustrated
in Figure 3-1. All specimens were loaded to failure at 0.01 to 0.02 inches per
minute loading rate. Specimen densities, approximately 15 ii 1b/ft3, are listed
with test results.

Tensile Tests ~ Room temperature tensile tests were conducted on cylindri-

cally shaped HCF specimens 1.29 inches in diameter by 1.0 inch long. Both longi-
tudinal and transverse fiber orientations were tested. Aluminum loading blocks

~ were bonded to the specimens with Scotchweld 2216 adhesive.* Loads were applied
to the aluminum blocks through universal joints to eliminate bending loads. Load
and strain were continuously monitored for room temperature specimens.‘

Methods for determining tensile strain were improved during this progrém.
Early in the program, strains were measured using test machine crosshead travel.
This original test setup is illustrated in Figure 3-2. Unreasonably low elastic
* 3M Corporation _ ELEVATEDTEMPERATURETENMON

ROOM TEMPERATURE TENSION AND ROOM AND
ELEVATED TEMPERATURE COMPRESSION ' //‘;\\g\

et 29 —3

D 20
\J 1.00 | \?\

NOTE: ALL DIMENSIONS IN INCHES -

FIGURE 3-1 >~ D

HCF MECHANICAL PROPERTY SPECIMENS
3-2
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' 1| J—
- 1 SPECIME

- . | FIGURE 3-2

E i ORIGINAL HCF ROOM TEMPERATURE TENSION TEST SETUP
: . 4571254 : -
| 3-3
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moduli were cbtained using this test method, and it was concluded that machine
crosshead travel could not be used satisfactorily fo compute strains. As a result,
the test setup was changed to include the use of a clip-on displacement gage attached
between loading Blocks. Two clip-on displacement gages were used on opposite sides
of eacb specimen as-illhstrated in Figure 3-3, in order to compensate for cocking of
specimens..

The double cantilever clip-on displacement gages are composed of strain
gages bonded to cantilever arms. The displacement,gages were calibrated by relat-
ing strain gage output to displacement of the cantilever arms. The gages were
attached to two sides of each specimen to compensate for différential strains due
to specimen misalignmént or nonuniforﬁ specimen density. The gages were accurate
to within 0.0003 inch per inch.

Elevated temperature tensile tests were conducted at 1200°F, 1800°F, and
2300°F. The test setup is illustrated in Figure 3-4. Coated columbium grips
were used to load the specimens. Ten-inch quartz lamps rated at three hundred
sixty watts per inch were used to heat the specimens. Specimens were heated to
test temperature in approximately 3 minutes and allowed to soak at test temper-

ature for 3 minutes prior to testing.

Compression Tests - HCF compression tests were conducted on cylindrically
shaped specimeﬁé 1.29 inches in diameter by 1.0 inch long. Both longitudinal and
transverse fiber orientations were tested. Tests were conducted at room tempera-

-
ture, 1200°F, 1800°F, and 23QO°F. Load and strain were continqously monitored for
room temperature specimens. ,

Methods for defermining compression strain were also improved dufing this
program. The original test setup is shown in Figure 3-5. Specimens were com-
pressed between machine loading heads and strains weré determined from machine

cross-head travel. It was found that a large portion of the strain obtained from

— - : e e e - _'..' - 3__4 ) .
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IMPROVED HCF ROOM TEMPERATURE TENSION TEST SETUP
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machine cross-head travel was due to local crushing at the ends of specimens. The
crushing was eliminated by bonding the specimens to aluminum loading blocks with
Scotchweld 2216 adhesive. Sﬁrain measurement accuracy was improved by using a
clip-on extensometer attached between the loading blocks. The final test setup
used  two double cantilever clip-on aisplacement gages as illustrated in Figure 3-6.

The elevated temperature compression test setup is illustrated in Figure 3-7.
The ends of the specimens'ﬁére coated with Sauereisen No. 78% ceramic cement to
prevent crushing. AATJ graphife cylinders were used to load specimens an& 10-inch
quarté lamps were used to provide heat. Sﬁecimens were heated to test femperature
in approximately 5 minﬁtes and allowed to soak for 3 minutes prior to testing.

Test Results - Mechanicadl property screening test results are listed in

Figure 3-8. Properties were determined for a group of experimental materials

with different fillers, Mod i, Mod II, Mod III, Mod IIIA and Mod V mate:ials.

The compositioﬁ of each material, as well as firing temperature and density are
defined. Specimené were tested in the "as fabricated" condition and all specimens
were loaded to fgilure. Both longitudinal and transverse fiber orientaﬁions were
tested. Ultimate strengthsﬂwére‘obtained by dividing ultimate load by specimen
cross sectional area. Elastic moduli represent the slope of the linear portion of
the stress-strain cﬁrve, and the footnotes used in Figure 3-8 indicate the various
types of strain measurement used. Stress-strain curves for both tension and com-

pression are generally linear to failure. Typical stress-strain curves are shown,

- in Figure 3-9. Stress-strain data were recorded for all room température test

specimens. Typical tensile anq compressive failures are illustrated in Figure
3-10.

Elevated Temperature Mechanical Properties of Mod IITA HCF - One goal of

this program was to develop methods for accurately determining HCF mechanical

* Sauereisen Cements Company
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® FIGURE 3-7 |
| HCF ELEVATED TEMPERATURE COMPRESSION TEST SETUP
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properties. Results reported in this éection were obtained using an optical
extensometer to measure strains which is thought to be the most accurate means of
determining elevated temperature strains. All of this series of tests were con-
ducted at MDAC-W on Mod IIIA material. Properties were ﬁeasured to 2300°F.

The above results and those from tests conducted at MDAC-E were used to
derive curves of strength and modulus of Mod IIIA HCF as a function of temperature.
The MDAC-E tests were conducted during the Reference (b) program using the latest
.procedures described in this section. In the Reference (b) program, room tem-
perature strains were measured using mechanical techniques, and elevated tempera-

ture strains were not determined. A N

Elevated Temperature Test Methods - Test specimen configurations are 'illustra-
ted in Figure 3-11. All specimens were loaded to failure at a loading rate of ap-
proximately 0.05 inch/minute. Specimen densities were approxiﬁately 15 lb/ft3 and

are listed along with mechanical properties.

Tests were conducted in the elevated temperature fixture shown in Figure

3-12 mounted in an Iﬂstron test machine. Load rods were closely fitted ﬁo guide
bushings in the yoke to ensure good alignment. The yoke and guide bushings were
water cooled for dimensional stability. |

Heating was provided by radiation from electrically heated graphite bars.
The furnace was purged with argon for 2 hours prior to heating the specimens to
test temperature. Heat was applied slowly (approximately 30 minutes) and the
temperatufé was held for approximately 20 minutes béfore applying loads. The
furnace coﬁtainéd quartz windows for sighting with optical instruﬁentation. A
chromel-alumel thermocouple, imbedded in a small block of HCF clamped to each
specimen was used to measure temperatures to 1900°F. An Ircon infrared pyrometer,
sighted at the specimen gage section, was used at 2300°F. The pyrometer was cali-

brated against thermocouples at lower temperatures.

- - P e - - .- - 3—]8 '__

MCDONNELL DOUGILAS ASTRONAUTICS  COMPANY = EAST

:>



IMPROVED RSI _
4 AUGUST 1972 FINAL REPQRT - : MDC E0647

. TENSION

NOTE: ALL DIMENSIONS IN INCHES

©
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N\—.500 DIA |
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FIGURE 3-11

HCF ELEVATED TEMPERATURE MECHANICAL PROPERTY SPECIMENS
{
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Axial strains were measured with an Optron Model 800 optical extensometer
aimed at graphite flags attached to the specimen. Figure 3-12 shows the flags
mounted on a tensile specimen; also shown is the thermocouple block clamped to the
lower part of the specimen. Similar flags were used in compression. Poisson's
ratios were measured for two room temperature compression samples by recording the
axial strain from the Optron against the transverse strain as determined with a
mechanical exténsometer.

The close fit between load rods and guide bushings gives rise to frictional
loads. 1In these tests two load cells were used; one at the to§ and the other at
the bottom of the fixture, to monitor the magnitude of friction. The difference
between load cell readings was less than 5 percent at failure except in tension
tests at 2300°F where the 0.3 to 0.5-1b load due to friction represents a larger
portion of the load. The top load cell reading, which was the lesser of the two

loads, was used to compute stress.

Test Results - Results of tensile tests are presented in Figure 3-13. All

specimens were tested in the "as fabricated" condition and all specimens were loaded
to failure. Specimen densities, ultimate strength, strain at failure and elastic
modulus are listed for each specimen tested.

At the highest test temperature (2300°F) the tensile strength was only about
8 psi and the material shredded rather than broke as in the typical room temperature
failure. Elongation of the 2300°F specimens exceeded the 0.050-inch limit of the
optical extensometer. Typical fractures at the different test temperatures are
shown in Figure 3-14., The grayish discoloration of the specimens tested at elevated

temperature is believed due to graphite deposition from the furnace heating elements.

Tensile strengthk and modulus are plotted as a function of test temperature in
Figures 3-15 and 3-16. Also shown are results of tests of the MOD IIIA material on
the Reference (b) program. A computer program entitled "General Least Squares

3-21 ’
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TEST ULTIVATE | STRAIN AT | ELASTIC
TEMPERATURE |  [/BER ~ |SPECIMEN | DENSITY | crpenerh | FAILURE | MODULUS COMMENTS
of) DIRECTION NO. | (LB/FTS) 2 | (PERCENT) 2 -
LBAN LB/N
"ROOM .. .. LONGITUDINAL 1 15.5 - - - | SPECIMEN BROKE DURING
TEMPERATURE INSTALLATION
2 15.5 nM - - 67,000 | PREMATURE FAILURE AT
FLAG
3 16.1 109 - - | FLAG sLIPPED
AVERAGE | 157 109 - 67,000 -
LONGITUDINAL 5 - 54(1) - 32,000 | PREMATURE FAILURE AT
FLAG
1200 6 15.6 112 0.37 30,000
8 15.9 aal) >0.13() | 35000 | PREMATURE FAILURE AT
THERMOCOUPLE ATTACHMENT
AVERAGE | 15.8 112 0.37 32,300 -
1900 LONGITUDINAL 9 15.6 53 >3.00 6,000 | STRAIN EXCEEDED
EXTENSOMETER LIMIT
LONGITUDINAL ', 15.4 8 5500 | < 1,000 |STRAIN EXCEEDED
. | EXTENSOMETER LIMIT
2300 7. 15.8- 8 >5.00 < 1,000 | STRAIN EXCEEDED
EXTENSOMETER LIMIT
_ AVERAGE | 15.6 8 >500 | < 1,000 -
(1) - DATA NOT USED IN AVERAGE
FIGURE 3-13

MOD 1i1A TENSION TEST RESULTS

487 -2539
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TYPICAL FAILED TENSILE SPECIMENS
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FIGURE 3-15

HCF LONGITUDINAL TENSION STRENGTH
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" _ ,
O  MDAC-W TESTS
a . o '
} O  PREVIOUS TESTS
. REFERENCE B
" _91\ - ( )

TENSILE MODULUS KSI
]
a

@)
O
’ \\
o \
-0500 0 500 1000 : 1500 ) 2000 2500
TEST TEMPERATURE °F
faT-asa ’ FIGURE 3-16
HCF LONGITUDINAL TENSION MODULUS
Mod IIl A

Analysis'" was used to fit the data to ‘linear least squares curves. The data fit a
straight line relationship adequately; therefore, it was not necessary to consider

1

higher order equatiomns.

Compression test results are given in Figure 3-17. Typical compression failures
are illustrated in Figure 3—18._ At the higher test temperatures the longitudinal
specimens did not break but only bulged:. As can te seen in Figure 3-18, there was
an'appreciable expansion in the tfansverse direction at the center of these specimens.

Longitudinal compression strengtﬁ and moaulus“ére plotted in Figures 3-19 and
3-20 and trahsverse compression strength and modulus are plotted in Figures 3-21

and 3-22 as a function of temperature. Also shown are results of previous tests of

3-25
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I1est |  FiBer SPECIMEN | DENSITY [ ULTIMATE | STRAIN AT | ELASTIC
TEMP.| DIRECTION NO. | (LB/FT3) STREN(}TH FAILURE | MODULUS _COMMENTS
CF) LB/IN %) LBAN
~ - 2 15.8 230 0.17 145,000
LONGITUDINAL 3 155 247 02 114000 |n = 01600
ROOM AVERAGE | 15.6 238 020 130,000 -
TEMP. 3 150 a7 —_ 36,000
5 15.8 9% 0.43 25,000
A SE , .
TR NSVER_ 6 15.9 105 0.30 37,000 |u = 00932
AVERAGE | 15.5 100 035 32,700 —
13 BIM| — — —  |ENDS OF SPECIMEN CRUSHED
1200 ~ 14 16.0 233 0.5 127,000 {DURING LOADING '
LONGITUDINAL 15 15.3 227 0.13 81,000
AVERAGE | 15.7 230 0.14 104,000 —
8 16.6 36 — 91,000
LONGITUDINAL 9 158 57 - 120,000
AVERAGE | 16.2 47 — 106,000 —
1300 10 16.5 2 _ 1,800
TRANSVERSE 1 17.0 L —_ 900
12 17.1 30 - 1,100
AVERAGE | 169 27 — 1,30 | —
2300 | LONGITUDINAL 7 167 10 - -
(1) DATA NOT USED IN AVERAGE
(2) POISSON'S RATIO
FIGURE 3-17
COMPRESSION TEST RESULTS
MOD I A -
457 -25849
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HCF TRANSVERSE COMPRESSIVE STRENGTH -
Mod Ifl A
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MOD IIIA material from the Reference (b) progrém. Straight line least squares curve
fits are also shown. The curve for the longitudinal compression modulus, shown in
Figure 3-20, indicates that modulus increases with test temperature. This does not
seem reasonable and is therefore questionable. Other curves show both strength and
modulus decreasing with temperature. The large scatter in ﬁest results is charac-
teristic of brittle ceramics.

Strength Gradient Improvements - As discussed in Section 2.2, density gradients

were reduced and overall uniformity less improved; however, some HCF specimens which
were uniformly dense were still weak in the center of the felt. Therefore, causes
were identified and problem areas were isolated and the strength uniformity was
improved.

The problem was approached by attemﬁting to obtain a more uniform felt compo-
sition. Two componehts of the HCF were suspected of not being uniformly distributed:
the binder and the hbllow silica spheres. The binder was suspected because the sur-
faces were stronger than the center; this condition is characteristic of the
migration mechanism which occurs during the drying of this‘type of binder. .When
liquid migrates to the surface to evaporate, it carries with it some of the binder
solids phase which is then deposited near the surface. The hollow spheres in HCF
were considered to be a cause of nonuniformity because they could be seen floating
during the felting process when the felting time became excessive. Also, micro-
graphic examination revealed that the concentration of the spheres was higher near

the top surface in some cases.

Rapid Strength Screening Test - Several techniques were investigated for

quickly measuring the strength uality of HCF material. (See Figure 3-23.) Such
subjective techniques as simply observing, squeezing, and rubbing the material may
be satisfactory for determining variations across the surface area of a tile, but

they are not adequate in quantitizing differences from tile to tile. The most
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promising method evaluated for providing a rapid, quantitative indication of
strength was a free falling sphere impact indentation test.

The impact indentation test (Figure 3-24) utilizes a dial micrometer with an 85-
gram load and a 0.25-inch ball tip (per ASTM D395, method B) to measure the specimen
thickness before and after a glass sphere imﬁacts the surface of the HCF. A glass
sphere with a weight of 5.05 grams and a diameter of.0.616 inch is dropped through
a tube from a height of 25.4 inches onto the HCF specimen. The measurement of the
depth of the impact depression (in mils)‘is reported as the impact indentation
number. A range of acceptable impact indentation numbers was established.

based on observation and strength data:

Impact Indentation (Mils) Remarks
20-30 Very Strong |
30-40 : : St?ong
40-50 Fair
"50-60 : Barely acceptable
60 and above . N Weak
3-33
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METHOD PROS ~ CONS
(1) VISUAL AND PHYSICAL | FAST, SLIGHT VARIATIONS IN .| SUBJECT TO OBSERVER ERROR, NON-REPRODUCIBLE
OBSERVATION TILE SEEN '

(2) IMPACT INDENTATION
TEST

RELIABLY CALIBRATED, REPRO-
DUCIBLE, FAST

NOT DIRECT MEASURE OF STRENGTH, CHECK ONLY
SMALL AREA

(3) TENSILE/COMPRESSIVE

ACCURATE MEASURE OF

SLOW, CHECKS ONLY SMALL AREA

STRENGTH TESTS STRENGTH, REPRODUCIBLE
(4) X-RAY CAN DETECT GRAIN, DENSE SLOW, NEED 2 VIEWS TO ACCURATELY LOCATE DEFECTS
INCLUSIONS, VOIDS, LARGE AREA | EDGE AFFECT DISTORTION. CANNOT PROVIDE ESTIMATE
VISIBLE OF STRENGTH
, FIGURE 3-23
HCF QUALITY MEASUREMENT METHODS
F TUBE
PIN
A
DIAL MICROMETER
SPECIFICATIONS:
o LOAD= 85 GRAMS
e TIP =0.25INCH 25.4 IN.
BALL :
L
N
$§ /— GLASS SPHERE SPECIFICATIONS:
X i , o WEIGHT = 505 GRAMS
§A - o DIAMETER = 0.616 INCH
N
N 1
FIGURE 3-24

437 -2437

HCF IMPACT HARDNESS TEST DEVICE
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3.3 THERMAL PROPERTIES - The thermal properties improvement of candidate
HCF formulations was measured by thermal shock tests using the oxyacetylene torch
and by thermal performance tests using radiant graphite heaters.

Thermal Shock Testing - Mullite HCF specimens with four candidate binders

were exposed to the calibrated oxyacetylene torch simulating the chock obtained
from plasma jet testing performed at NASA centers where a large thermal gradient
in the surface plane and rapid heat-up and cool-down were experienced. The speci-
mens were held at 2300°F for 5 minutes during each cycle.

Specimens made with RSB-1 (silicate binder) survived 6 to 9 cycles before
crécking, while RSB-2 (silica binder)‘specimens lasted 17 to 19 cycles before
cracking., While RSB-3 (mullite Binder) specimens lasted 30 cycles before testing

was terminated, they had very low measured strength values; RSB-4 (alumina binder)

" specimens failed after 9 cycles.

Thermal Performance Testing - Candidate materials were tested and ranked
according to performancé, and an effective thermal conductivity was computed for
comparison with guarded hot plate measuréméﬁts which indicated an additionalvmode
of heat transfer through RSI, probably.direct short wavelength radiation. 1In this
section, details of the thermal performance testing and a comparison of effective
and guarded hot plate conductivities are discusééd.

To determine if a candidate HCF formulation had improved performance, a com-
parative test method was established and used in which seven 3.3-inch diameter
specimens were exposed to the same environment at one time. The heat source was
a radiant gr;phite heater, which heats a coated éolumbium susceptor plate (21.5
by 21.5 inches) which in turn heats the seven HCF specimens. It was employed for
these tests because of its heat flux uniformity at atmospheric as well as at reduced
pressure. The test specimen consisted of a disk-of HCF bonded to a honeycomb backup

structure. Thermocouples were installed at intervals through the test specimen for
3-35
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3.3 IN. DIAMETER

THERMOCOUPLE .
LEAD ORIENTATION -

0.8 EMITTAN CE\ /— Pt - 10% Rh SURFACE THERMOCOUPLE
COATING =

HCF

¢

FOUR IN-DEPTH THERMOCOUPLES

00 o

} ONE BONDLINE THERMOCOUPLE
3 FIBERGLASS HONEYCOMB

X~RAY PLAN VIEW X-RAY SIDE VIEW
(SPECIMEN 101-2)
vy 2000 FIGURE 3-25
COMPARATIVE THERMAL PERFORMANCE TEST SPECIMEN
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THERMAL PERFORMANCE TEST SPECIMENS MOUNTED IN SPECIMEN HOLDER
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« RADIANT HEATER TESTS

« ATMOSPHERIC AND REDUCED
PRESSURE ,

o TEST FIXTURE OVER HEATER

« DIRECT COMPARISON BETWEEN
SEVEN SPECIMENS IN SAME
TEST

FIGURE 3-27 -
OPACIFIED HCF ~ THERMAL PERFORMANCE TESTS
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_ FIGURE 3-28
HCF TEST FIXTURES IN SPACE CHAMBER
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recording thermal response. .The test specimen configuration and an X-ray of a
specimen are shown in Figure 3-25. Various degrees of instrumentation were
used with the configuration shown in Figure 3-25. An opaque emittancebcoating was
applied to each specimen to prevent direct radiation from the heater through the
material and each specimen also had a surface the;mocouple. The test specimens
were installed in a test fixture (Figure 3-26) which shows the HCF guard insulation
arqund the speéimens. The test fixture was positioned over the radiant heater
(Figure 3-27), which in turm operatéd in a vacuum chamber (Figure 3-28) for reduced
pressure testing. The r;diant heater was progrémmed to force the specimen surfaces
to fOIIOW'a.specifiéd temperature-time curve (at constant pressures of 10, 100, and
760 torr air pressure) representativé of Shuttle entry.

Various formﬁlations of HCF were evaluated simultaneogsly, generally
using specimens with the same surface density. Due to tolerances during
fabrication, the bulk density of tlie candidate materials did mot come out
exactly 15 1b/ft3 so the specimens were cut to the same surface density for
_the tests. Four series of HCE formulations were extensively evaluated over
a range of temperaturcs up ton2300°E and over a range of test preséures from
10 to 760 torr. Specimens with 4.7 and 6.0-p diameter mullite fibers along
with several opacifiers were investigated in the first series. 1In this
test, shown in Figure 3-29, the major driver in the thermal performance at
constant surface density appears to be density and not mullite fiber diameter
or opacifiers. To investigate the influence of density, a second set of
specimens was fabricated including different densities of the same formulation.
Again,‘there is a strong indication that on the basis of constant surface
dénsity the lower the density of the HCF, the better the thermal performance,
as shown in Figuré 3-30. Because the lower density specimens are thicker,

they provide more thermal blockage.

S T 3-39°
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FIGURE 3-29

DECREASED HCF DENSITY IMPROVES THERMAL PERFORMANCE FOR
CONSTANT SURFACE DENSITY USING VARYING FORMULATIONS
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457-2533

DECREASED HCF DENSITY IMPROVES THERMAL PERFORMANCE
FOR CONSTANT SURFACE DENSITY USING VARYING FORMULATION

Figure 3-31 shows the results of testing a set of specimens of identical

composition, but varying bulk density and surface density.

To separate .actual

density effects from those resulting from increased or decreased HCF'thickness,

the specimens were cut to the same thickness; and surface density was, therefore,

not constant among specimens.

constant HCF thickness) higher density specimens perform better.

In general, the results indicate that (for

however, is not conclusive; it has a large amount of‘scatter.

The t

rend,

Effective thermal conductivities for MOD IIIA were calculated dsing

the measured temperature histories of the heated surface and of the bondline
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as the boundary conditions for a thermal wmodel. The thermal conductivity curve
(a function of temperature) was adjusted toO produce‘computed temperature
histories for all the thefmocouples throughout the specimen that best correlated
with the measured response by producing the smallest least-squares error. This
procedufe was employed for the three test pressures and the resulting effective
conductivity is compared with the guarded hot plate data in Figure 3-32. Similar
results were obtained for arc tunnel and radiant heater tests using the Thermal
Property Analyzer Computer Method. For these teéts it can be concluded that

an additional mechanism of heat transfer exists within RSI other than conduction
measured by the guarded hot plate device.

A fourth test was conducted using mullite specimens with the addition of fine

fibers, opacifiers and with the deletion of the normal silica spheres. (See Figure

3-33.) The addition of fine silica fibers appeared to improve the thermal perfor-
mance of mullite HCF as indicated by specimen B103-1 (MOD Vbtype), compared with

the baseline MOD IIIA specimens.
These test results agree with the Reference (a) work, which showed that the

radiant heat transfer in 6-y diameter mullite fibers is considerably higher

than 2.5-p diameter fibers of the same chemical composition. The Reference (a)

work found this same relationship using silica fibers of two different diameters.
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EFFECT OF DENSITY ON HCF THERMAL PERFORMANCE
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4,0 COATING DEVELOPMENT

Prior to this program, a liquid waterproof high emittance inorganic coating
system, designated M25A7, was developéd for the mullite HCF. This was a mulfi-
layered, gradated density coating‘which was successfully scaled up and tested on
6 by 6 by 1.5-inch and 12 by 12 by 1.5-inch tiles.

In this and in the concurrent MSC program (Reference (b)), new concepts were
investigated to improve the reusable liqﬁid wa;erproof coating (glass sealed).
The basic problem with a glassy coating is cracking due to: (1) high thermal
stresses in the coating caused by thermal gradients during entry heating; and (2)
residual stresses in the coating resulting from differential thermal expansion oﬁ
the coating relative to the HCF. |

Factors which aggravate this cracking tendenc& are:

a. increased tile thickness,

b. 1inorganic coating on five sides of a tile,

c. variations in insulation material strength,

d. nonuniform surface texture of the HCF material.

During this program and related programs, the following methods were used to
evaluate the high temperature resistance of the HCF coatings: |

a. screening of coatings applied to 2 by 2 by 1/2-inch HCF coupons using an
oxyacetylene torch, »

b. application of the coatings to full-size tiles for testing in the graphite
heater or quartz lamps,

" ¢. thermal expansion measurements,
d. low pressure tests in the graphite heater.
The major tasks to reduce cracking of the coating which weré performed in

each respective program were:

4-1
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NASA-MSC
1. M25A7 Coating Improvements,
2. 1liquid waterproof coating development,
NASA-MSFC
1. reinforcement techniques in:basé coating,
2. grﬁoves in coating,
3. nonglassy seal coatings,~

MDAC-IN-HOUSE-EFFORT

1, one-step glassy coatings;

2. coating properties measurements,

'4.1 COATING IMPROVEMENTS - A summary of early coating development work
performed on 2 by 2 by 1/2-inch HCF coupons is given in Figure 4—1. The main index
of improvement was thermal shock resistance dgtermined by using the oxyacetylene
torch to rapidly heat the surface.  A maximum test temperature of 2300°F was méin-
tained over a 5-minute period‘to complete the test cycle. The M25A7 ccated
Phase I Mullite HCF was used as a standard for gaging improvement.

During this phase of the work, the coating weight was reduced by eliminating
the "intermediate coating" in the M25A7‘anting system. Improved coating texture
resulted from a smoother base coating, The thermal ekpansion of the base co;ting
was measured and was found to closely match that of the mullite HCF; and changing
the expansion coefficient of the_basé coating did not improve the thermal cycling
resistance of the coating. Reducing the base coating modulus did not improve the
thermal shock resistance because more glass sealer was required to obtain a water-
proof coating.

The current trend of the development work hgs been toward the one-step coatings
which offer potential weight and cost improvements over the multistep coatings

(M25A7, MMpP7). The basic structure of the multistep coatings compared with the

4-2
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o« IEPROYE M25A7 COATING SYSTEM BY ELIMINAT-
NG INTERNMEDIATE COATING,

« BASE COATING INPROVEWENT
1. VARY!NG PERCENTAGE CF MULLITE FIBERS
IN BASE COATING.
2. ADDING LOW EXPANSION RATERIALS

3. ACOING ORGAMIC BURN-GUT WATERIALS TO
REDUCE COATING MOTULUS .

& FILLING V0IDS {N BASE CCATING 7O REDUCE
AMOUNT OF GLASS FOR $ATERPROOFING.

S CLOSE CONTROL OF BASE COATING THICKNESS
AND SMOOTH BASE COAT.

6. PREFIRING WULLITE FIBERS TO REDUCE
PERWANENT EXPANSION CF BASE COATING.

7. MOD!FIED BASE COATINGS FOR INPROVED
STABILITY (Np AND P51

« NEW BASE COATING .
1. SILICATE BOMDED SILICON CARBIDE.
2, SILICATE BONDED CHROMIC OXIDE.
1, ONE-STEP COATING {-¥uSiy, $iC. B¢Si
+ GLASS. .

4. SILICATE BONDED SILICR

o DIFFUSION BARRIER DEVELOPHENT

1. REDUCE PARTICLE SIZE OF DIFFUSION
BARRIER PARTICLES.

2. ULTIPLE APPLICATIONS OF DIFFUSION
BARRIER (CHROMIC OXSDES.

1. PLATINUM COATED ALUYSNA PARTICLES IN
LIEY OF CHROWIC OXIGE IN BARRIER
COATING.

4. MoSiy PIGNENT SUBSTITUTED FOR CHROWIC
OXIOE IN THE BARRIER COATING.

5. FLAME SPRAYED MoS), AND Cr 0y,

« NEW GLASS SEALER
1. BOROSILICATE GLASS

2. ALUMINOSILICATE GLASS

3, NEW BOROSILICATE GLASS

o NONGLASSY SEAL COATINGS
1. COAT MZS BASE COAT ®1TH PLATINUN
RESINATES.

2. VAPOR DEPOSITED PLATINUM ON THE W25
BASE COATING.

1. PLATINUM FOIL BONDED YO 025 SASE
COATING.

« ORGANIC COATINGS

(APPLIED TO 8ARE HCF QR [N PLACE OF
GLASS SEALER ON THE BASE COATIRG).

o PLATINUM WIRE REINFORCED MZSA7 COATING

o GROOES IM COATING

O

 USE OF STRONGER, MOD-HIA HCF ELININATES
INTERMEDIATE COATING.

« NEW DESIGNATION M3AT,

o« LOVER WEIGHT (0.24, 6.16 L8 FT2),

« IMPROVED THERMAL SHOCK RESISTANCE OVER
THE W25A7 COATING.

« NONE
« NONE
« XOXE

» ROKE

« IRPROVED THERMAL SHOCK RESISTANCE.

» NONE

» LOW OIMENSIONAL CHANGE AFTER FIRING.
« I¥PROVED THERMAL SHOCK RESISTANCE.
« IXPROVED THERWAL EXPANSION MATCH.

o EXPANSION MATCHES MULLITE MCF.

« NONE

o EXCELLENT THERMAL SHOCX RESISTANCE
AXD WATERPROOFING.

» REQUIRES ONE OR TwO COATING APPLICATIONS
CONMPARED TO FOUR FOR THE M25A7,

« NONE

o NOKE

« WPROVED THERWAL CYCUING RESISTANCE
AND LIQUID WATERPROOFING.

o INPROVED THERYAL SHOCK RESISTANCE AND
LiQUID WATERPROOFING.

o IMPROVED THERWAL SHOCK RESISTANCE AND
LIQUID WATERPROOFING

» IRPROVED THERMAL SHOCK RESISTANCE AND
WATERPROOFING.

« GOOD THERWAL SHOCK RESISTANCE.
« REHEALS CRACKS

» SMOOTH, WATERPROGFING COATING.
» GOOD TYETAL SHOCK RESISTANCE.

« DDES NOT BLISTER.
o SMOOTH, YATERPROCF COATING.

« BETTER EXPANSION MATCH.
« IRPROVED THERWAL SHOCK RESISTANCE
AND YATERPROOFING.

« NONE
« NONE

« WATERPROOF

o DOES NOT REQUIRE HIGH TEMPERATURE
PROCESSING. .

« CAN BE EASILY APPLIED,

« LIGHTER THAN INORGANIC COATINGS.

« WATERPROOFING EASILY ACHIEVED.

« SHOWS PROMISE FOR CRACK STOPPING
N THE COATING.

« HOLD KCF TOGETHER IF CRACKS PROPAGATE
INTO THE HCF.

« SHOWS PROMISE FOR CRACK STOPPING.

« IMPROVED THERMAL CYCLING RESISTANCE FDII

‘1 DIFFICULT TC FABRICATE.

« NONE

o« NO IMPROVEMENT IN THERMAL CYCLING RESIST-
ANCE. '

« NO IMPROVEMENT IN THERMAL CYCLING
RESISTANCE.

« KO IXPROVEMENT (N THERMAL CYCLING
RESISTANCE,

« ND IMPROVEMENT IN THERRAL CYCLING RESIST-
ANCE OR REDUC TION OF SEALER REQUIRED FOR
LIQUID WATERPROOFING.

o« NONE

« NO IMPROVENENT.

« NONE

» NO IMPROVEMENT IN THERWAL CYCLING.

o NOIMPROVEMENT IN THERMAL CYCLING.

« MUST BE FIRED RAPIOLY TO PREVENT OXIDATION
OF PIGMENT.

« XO IMPROVENENT 18 THERMAL CYCLING.

« NOIMPROVEMENT I THERMAL CYCLING OR
LIQUID WATERPROCFING.
» INCREASED COATING WESCHT.

o COST PROHIBITIVE,

o NONE

« DEPOSITION OF COATING HARD TO CONTROL.
« CRACXING ASSOCIATED WITH APPLICATION.

« EXPANSION CCEFFICIENT TOO LOW COMPARED
TOHCF.

« TENDS TO BUISTER sMEN FIREQ TQO RAPIDLY.

« EXPANSION COEFFICIENT TOO LOW
COMPARED TO HCF.

» HIGHER SOF TENING POINT THAN BOROSILICATE
GLASS. :

» DOESH'T HEAL CRACKS AS WELL AS THE BORO-
SILICATE GLASSES.

» REQUIRES TWO APPLICATIONS TO FORM A
WATERPROOF COATING.

« NONWATERPROOF

« NOT COST EFFECTIVEL

» NONWATERPROOF

» NOT COST EFFECTIVE

« FOIL DELAMINATED ON ENTRY CYCLING.
« NOT COST EFFECTIVE.

« ¥UST BE REAPPLIED AFTER EACH ENTRY CYCLE.

« DIFFICULT TO APPLY TO JOINT AREAS.

o INCREASE COATING WEIGHT 0.6 L8 FTh
o NOT COST EFFECTIVE.
« NOT ZERODYNANICALLY SMOOTH SURFACE.

« NOT EASILY SEALED FOR LIQUID WATERPROOFING.

SMAL L SPECIMENS.

FIGURE 4-1

SUMMARY OF EARLY COATING DEVELOPMENTS
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one-step sysfem is illustrated in Figures 4-2 and 4-3, Rather than having three . “)
discret;.e Iayers, the one-step coating has a single layer of uniformily distributed
pigment particles in a glass matrix. The pigment particle size is maintained at

larger than 325 mesh- to prevent excessive oxidation of the non-oxide pigments such

as Mosiz, B,S1, SiC.

SEAL COATING (7)

} EMITTANCE COATING (A)

BASE COATING (M5)

-
PHASE | .
HCF
457-1340
FIGURE 4-2
M25A7 COATED PHASE | MULLITE HCF (120X)
4.2 SCALE-UP TO FULL-SIZE TILES - Coating improvements listed in Figure 4-1
were applied to 6 by 6 by 2-inch and 3-inch Mod IIT A HCF tiles for evaluation in
the quartz lamp faciiity. The early work was conducted on 2-inch thick Mod III .
material and later work was on 3-inch thick Mod III A tiles. Figure 4-4 summarizes =
o/

the early work on 6 by 6 by 2-inch Mod I and Mod III A tiles,

4-4
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FIGURE 4-3

Mo7 COATED MOD HIA MULLITE HCF (100X)
TESTED 20 CYCLES AT 25000F IN TORCH

The tiles, equipment and test setup are shown in the following figures, The three
basic configufations of tést tiles are shown in Figure 4-5, HCF tiles were usually
2 or 3-inch thick and were coated on 5 sides or on>1 surface only, as pictured.
These tiles were bonded with RIV-560 silicone adhesive to titanium with a 1/4-inch
thick silicone spongcilayer for strain isolation. A "Data Trak' Controller

(Figure 4-6) programmed the power input to the quartz lamps shown in Figures 4-7

and 4-8. The surface temperatures on the specimen and the bondline temperatures

' ‘

4-5
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COATING
NO. OF CYCLES

COATING LB/FT2 AT 2300°F COMMENTS
M523A7 0.190 30 (wp)* Slight blistering on coating after
(top only) 10 cycles, single small crack noted

P Y on one edge (uncoated) after 10 cycles,
M523P7 0.200 30 (wp) Few secondary bubbles in glass after
(top only) 20 cycles. No cracks noted.
M523A7 0.185 30 Slight blistering on coating after
(5 sides) (wp-20 cyc 5 cycles. No cracks noted.

s s SWP-25 cyc) .
M523A7056 0.218 30 (wp) No blistering, slight crack on
(top only) one side (uncoated)
M523A7056 0.200 30 (wp) ~ Slight crack on edge and top of
(5 sides) tile, No blistering.
M523A7 0.180 30 (wp) Moderate blistering. No cracks.
(5 sides)
MMpP7 0.145 30 (wp) No blisters, no cracks.

'(wp) = waterproof

FIGURE 4-4
FULL SCALE COATING IMPROVEMENT TEST RESULTS

Note: All HCF tiles were bonded to titanium (.03-inch) plate with RTV-560
silicone adhesive and a 1/4-inch thick strain isolation silicone
sponge insert, :

were plotted as a function of time on the recorder (Figure 4-9). The same time/
temperéture entry profile (Section 5.2) used in the low #ressure tests which
describes the predicted surface temperature history on one area of the Shuttle
Orbiter was used. Figures 4~10, 4-11, and 4-12 show the HCF tile in place in ‘the
quartz lamp test fixture before, during and after testing, respectively. Glass
sealed 6 by 6-inch HCF tiles have been cycled up to 100 times using this facility.
The standard M523A7 coating which uses a phosphate bonded chromium oxide (A)
emittance coating tends to blister to various degrees as a result of heating

4-6
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FIGURE 4-6
QUARTZ LAMP CONTROLLER BANK
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FIGURE 4-8

REAR VIEW OF QUARTZ LAMP BANK
SHOWING WATER-COOLED REFLECTOR
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FIGURE 4-7

FRONT VIEW OF QUARTZ LAMP

BANK SHOWING ELEMENTS
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FIGURE 4-9
QUARTZ LAMP RECORDER BANK
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FIGURE 4-10

HCF SPECIMEN “‘IN PLACE" IN FRONT OF QUARTZ LAMP BANKS
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HCF TILE “‘IN PLACE"” DURING HEAT-UP PHASE OF TEST
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(Insulation Removed)

4572377 Biaiaizs

FIGURE 4-12
HCF TILE AFTER TEST WITH INSULATION PARTIALLY REMOVED
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above 2300°F. The M52 P7 coatings, with a silicate bonded chromium oxide (P)

3

emittance coating, showed a marked improvement in blister reduction. fhe M523A7
did not blister using a different borosilicate glass, but two coats were required
to waterproof the tiles, The MMpP7 coated tile did not blister or crack and Qas
tested to a total of 100 cycles in the quartz lamps without failure or loss of
waterproofing.

The next step.was to scale-up the most improved coatings to 3 and 3.5-inch
thick tiles. Early attempts to increase HCF tile thickness resulted in tile
failure which occurred in two basic modes: The first mode was cracking or
delamination of the basic HCF material due‘to strength and density gradients
through. the tile thickness and the second mode was'cracking ofAthe coating on
tﬁe top and sides of the tile due to the high thermal stresses in the coating.

Typical locations of these cracks are shown in Figure 4-13. Poor strength HCF

tends to propagate cracks which initiate in the coating. The cracks arising in

the coating are mainly a result of the stresses induced by thermal gradients across
the tile thickness. Slots, méchined in the coating, stop cracks and provide stress
relieving mechanisms for the ccating. Tiles have been tested with slots cut on the
sides in parallel and orthogonal grid patte?ns. Cracks did not propagate across
the slots but, in some cases, did run along the slots in the HCF material. The
overall cracking was greatly reduced by the slots.

Further scale-up work included the coating of full-size tiles which were
bonded to a copper support plate and to a titanium 1/2-size panel. The copper
support plate, shown in Figure 4-14, was tested in the graphite heater facility
shown in Figure 4-15, The specimens, positioned face-down on top of the heater
elements are shown in Figure 4-15. The test results (for the titanium 1/2-size

panel), shown in Figure 4-16, show the relative stability of coatings in - a low

- pressure (10-torr air) environment. The MoSiZ/Borosilicate (Mo7) and Sic/

aluminosilicate coatings did not blister or react at 2300°F, The MMp Pcr7P7OO

4-11
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HCF CRACKS - LOW STRENGTH HCF MATERIAL

/COAHNG CRACKS

: DELAMINATION CRACKS —

HCF RELATED FAILURE

—
DIRECTION OF

PREFERRED FIBER
ORIENTATION

FIGURE 4-13
THERMAL-MECHANICAL FAILURE MODES OF COATED HCF TILES

coating (baseline) did exhibit slight blistering. The P700 coating was applied

to increase the coating emittance; however, it produced highe? surface temperature

during plasma arc testing (which is related to the degree of surface catalycity).
Full.size tiles with the B-7 coating were also tested in low pressure

(10-torr) at 2300°F to 2500°F without forming blisters. This was done after it

‘was discovered that the Mo7, Ms76 and MMchr7 ccétings.blistered. However, it was:

found that for the B-7 coating, a boron silicide/glass mixture tended to hydrate

after a few test cycles in air. A summary of the full-scale coating developments

. is presented in Figure 4-17,

4-12
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FIGURE 4-14
FULL SIZE TEST TILES BONDED TO COPPER SUPPORT PANEL

. .
‘ 487-2573
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.FIGURE 4-15
FULL SIZE PANELS IN POSITION ABOVE THE GRAPHITE HEATER
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‘ TEST COMMENTS (EXAMINED AFTER:
1 CYCLE AT 70% AREA 2P)
TILENO. COATING (L CYCLE AT 30% AREA 2P)

(4 CYCLES AT 100% AREA 2P)*

B-67-2 MMS450-1 NO CHANGE, NOT W/P**

(DUMMY TILE) | 5 SIDES COATED

409-1 MM Per7Pr0p EMITTANCE OVERCOATING SPALLED EXTENSIVELY. ¥/? WHERE

5 SIDES COATED

P70 DID NOT SPALL. SOME BLISTERS ON TOP. NOT W/P ON
SPALLED AREA

409-3

MMp SiC/1t7

. 5 SIDES COATED

COATING W/P. NO REACTION OR BLISTERING

425-1

2 §ic/117
(1 COAT)
5 SIDES COATED

COATING W/P. NO REACTION OR BLISTERING

422

2 Mo Sip/7740
(1 COAT)

(UNCOATED ON ONE END)

COATED W/P. NO REACTION OR BLISTERING

445-1

MM, SiC/1717
5 SIDES COATED

COATING W/P. NO REACTION OR BLISTERING

445-2

2 8iC/1m7
{1 COAT)
5 SIDES COATED

NO CHANGE AFTER 4 — 2300°F CYCLES. NO REACTION OR BLISTERING

445-3

2 Mo Siy/7740
(1 COAT)
5 SIDES COATED

COATING W/P. NO REACTION OR BLISTERING

*70% — 1500°F Tyay

90% — 2000°F Tyax

**W/P - WATERPROOF

487 - 2529

100% - 2300°F Tyax

FIGURE 4-16

TEST RESULTS ON TITANIUM 1/2 SIZE
AREA 2P PANEL WITH 2.88 IN. THICK HCF

4-15
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"] COATED. (MOD IiA, MOD V)

*| APPLIED TO 6 BY 6 BY 3 TO
%l 3.5-INCH TILES, 5 SIDES COATED.
| (oD 1A)

FINAL REPORT MDC E0647
3
COATING HCF TILE SIZE COMMENTS
M25A7 i} APPLIED TO FULL SIZE o TESTED 50 CYCLES UP TO 2500°F IN QUARTZ LAMPS.
‘2| TILES 12 BY 12 BY 1.5 - INCH o ORIGINAL COATING APPLIED TO PHASE | MATERIAL.
o FOUR STEP APPLICATION. 7
NS,3A7 | APPLIED TO 6 BY 6 BY 2-INCH o ELIMINATED INTERMEDIATE COATING, LIGHTER WEIGHT.
A TILES (MOD 1) e COATING BLISTERED DURING PROCESSING.
% o PREFIRED FIBERS IN BASE COAT TO REDUCE PERMANENT EXPANSION.
M593P7 | APPLIED TO 6 BY 6 BY 2-INCH o REDUCED SEALER COATING BLISTERING.
& (MoD 1) :
MMP7 i APPLIED TOG6 BY 6 BY 2-INCH. |  ELIMINATE PERMANENT EXPANSION IN BASE COAT.
3| AND 3 T03.5-INCH THICK o TESTED 100 CYCLES IN QUARTZ LAMPS(6''x6"'x2"") AT 2300°F.
| TILES. (MOD 1, MOD 1IA) o BLISTERS AT LOW PRESSURE AT 25000F.
= o THICKER TILES CRACK ON SIDES.
Mo7, Mo76  “{ APPLIED TG 6 BY 6 BY 3 70 o ONE-STEP COATING.
] 3.5-INCH TILES. (MOD IlIA, MOD V)| « HEALS CRACKS DURING ENTRY.
% o TESTED 20 CYCLES UP TO 2500°F IN QUARTZ LAMPS.
£ o BLISTERS AT LOW PRESSURE AT 2500°F.
4 o THICKER TILES CRACK ON SIDES.
B? ~*] APPLIED TO 6 BY 6 BY 3 TO o ONE-STEP COATING.
= 3.5-INCH TILES, 5 SIDES o HEALS CRACKS DURING ENTRY.
3 o TESTED 20 CYCLES UP TO 2500°F IN QUARTZ LAMPS.

o DOES NOT BLISTER AT LOW PRESSURE AT 2500°F.
o THICKER TILES CRACK ON SIDES.
o COATING HYDRATES.

o ONE-STEP COATING, FIRE AT 2500°F

e TESTED 6 CYCLES UP TO 2300°F IN QUARTZ LAMPS.
o DOES NOT BLISTER AT LOW PRESSURE AT 2500°F.

o THICKER TILES CRACK ON SIDES.

o COATING BLOATS WHEN TESTED AT 2500°F IN AIR.

457 -2564

%

FIGURE 4-17

SUMMARY OF FULL SCALE COATING DEVELOPMENT
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5.0 COATING PROPERTIES

Both mechanical and thermal properties were determinéd to assist in analysis
and thereby aid in the improvement of thg various vitreous coating systems.

Again, as in the work with the HCF materials, new test methods had to be
developed and tested before they could be used to actually determine the coating's
mechanical properties. Thgse methods and the test results will be discussed in
this section.

The thermal properties, or the properties after exposure to thermal environ-
ments, were determined in two phases; The developmental phase in which new
coating candidates were applied to small (2 by 2-inch), and a scale-up phase in
which the‘new coatings, showing the improvements were applied to 6 by 6 by 3-inch
HCF tiles. The specimens were tested at reduced pressure, and through a simulated
time/temperature profile. ngples were evaluated for smochness, cracks, blisters
and bloating, and liquid-water proofness.

Emittance and thermal expansion measurements were made over the expected
environmental spectra as a further aid in the analyses which were made on the

coating systems.

5.1 MECHANICAL PROPERTIES - One goal of this program was to develop methods

for accurately determining coating mechanical properties. Previous mechanical
property tests of coating, reported in Keference (b), utilized coated HCF dog-bone

shaped specimens. Strain gages, bonded to the coating, were used to determine

‘elastic modulus. Since strain gages could not be used above 500°F it was impossi-

ble to measure elevated temperature strains. In this program, flexure specimens

s +ogt

were coated, and the flexure data were then used tc¢ estimate room and elevated

temperature properties of the coating. Tests reported in this section were con-

ducted at MDAC-W using the M25A7 coating. Properties were measured to 1500°F.
5-1 .
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Test Methods — The coating mechanical property test specimen geometry is

illustrated in Figure 5-1. Specimens consisted of HCF bars coated on two sides
and loaded in flexure. The flexure test setup is illustrated in Figure 5-2. The
four point graphite load fixture had an overall span length of 2.500 inches and
applied loads were separéfed by 0.833 inch. Loads and reéctions were applied
through 0.25-inch diameter pins. Crosshead travel was recorded during the flexure
tests to detefmine specimen deflection. At the low loads used (less than é—lb)
no correction for deflection of the load train was necessary.

All tests were conducted in the elevated temperature fixture shown in
Figure 5-2 mounted on zn Instron test machine. Specimens were loaded'to failure at
a loading rate of approxim#tely 0.05 inch/minute. Load rods are closely fitted
to guide bushingé in the yoke to insure good alignment. The yoke and guide

bushings are water cooled for dimensional stability.

Heating was provided by radiation from electrically heated graphite bars. The
furnace was purged with argon for 2 hours prior to heating the specimens to tﬁe test
temperature. Heat was applied slowly (approximately 30 minutes) and the temperature
was held approximately 20 minutes before applying loads. A chromel-alumel thermo-~
couple, imbedded in a small block of HCF clamped to the 1§ading fixture, was used to

measure temperature.

0.833" —=|
0.125” o = |
, |‘ % — 2.500" ' @?
[ 4.007 ' | > o3rsm
-  FIGURE 5-1
® .- COATING MECHANICAL PROPERTY SPECIMENS
52 -
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FIGURE 5-2
COATING TEST SETUP
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Test Results - Results of flexure tests are presented in Figure 5-3. All

specimens were tested in the "as fabricated" condition and all specimens were loaded
to failure. Specimen geometry, ultimate strength, and elastic modulps are listed
for each specimen tested.

The tensile strength and modulus of elasticityvof the coating were computed
from the test data using linear-elastic beam theory. Thickness of coating on each
specimen was measured. It was not possible to tell during fhe test if the first
surface to faii was in tension or compression. However, previous tests of coated
tension and compression specimens, reported in Reference (b), indicated the compres-
sive strength to be much larger than the tensile strength. Coating strengths were,
therefore, assumed to be tensile. |

The coating elastic modulus was assumed to be the same in teﬁsion and compres-
sion and much greater than the HCF modulus. The coating modulus was determined from
the flexure specimen load deflection curve. Calc;lations indicated that HCF shear
deflections were a significant part of total specimen deflections. Deflections due
to shear were therefore calculated and subtracted from measured deflections to deter-
mine modulus.,

Coating tensile strength and elastic modulus are plotted in Figures 5-4 and

5-5. Also shown are results of tests conducted during the Reference (b) program. A

computer program entitled "General Least Squares Analysis" was used to fit the curves.

5.2 THERMAL PROPZRTIES - Va;ious coatings in different phases of development
were exposgd to ghe expected shuttle thermal environment, then surface character-
istics such as smoothness, etc., were evaluated. Selected coatings were applied
to full sized tiles and were then further tested. Other necessary properties such
as emittence of high temperature, and thermal expansion characteristics were also

determined; these are discussed in this section along with the thermai exposure

results.

5
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TEST ULTIMATE | ELASTIC
, t
TEMPERATURE SPEg'(;“E" Yol y (“f:) STRENGTH | HODULUS
CF) : Ny Ny | oany - LB/ LB/

ROOM 12 0132 | 0014 | 0012 | 0367 2378 13.1 x 108
TEMPERATURE 2 0124 | 0012 | oo5 | 0368 2276 6.6 x 10°
1 0133 | ooz | 0014 | 0366 1939 | 82x108
) 10 0134 | 0009 | 0.13 | 03n2 2080 . 6.6 x 106
9 029 | 0010 | o011 -] 0.365 1815 28.5 x 105
2 0127 | o010 | o010 | 0367 2290 10.4 x 106
AVERAGE - - - - 2130 12.2 x 10
1 0.123 | 0010 | o010 | 0358 6202 13.5 x 105
%0 8 0.142 | o010 | 0012 | 03n 1954 10.1 x 108
15 0435 | 0012 | 0.013 | 0.368 1807 9.5x 100
AVERAGE - - - - 3321 1.0 x 18

3 0129 | 0015 | 0012 | 0369 2836 -
1200 5 0.3 | 0010 | 0012 | 0.368 4268 6.6 x 108
2 0.130 | 0.012 | 0.013 | 0.369 3076 8.0x 108
AVERAGE - - - - 3393 7.3x10°
4 0034 | 0013 | 0014 | 0367 1214 1.0x 100
1500 6 0.135 | 0.014 | 0012 | 0370 1627 1.7x 108
25 0.131 | 0010 | oot0 | 0367 1943 2.5 x 108
AVERAGE - - - - 1595 1.7 x 168

FIGURE 5-3

4872527 COATING MECHANICAL PROPERTY TEST RESULTS

line least squares curves to the test results. The large scatter in test resuits
is typical of brittle ceramics.

Low-Pressure, High-Temperature Testing - This work was conducted in two

phases: the developmental phase in which new coatings were applied to 2 by 2 by
2-inch HCF test specimens, and the scale-up phase in which the new coatings showing
the improvements were applied to 6 by 6 by 3-inch or 3.5-inch thick HCF tiles. The
specimens were tested in the graphite heater facility at 2300°F and at 2500°F max-
imum temperature and at 10-torr air pressure. The:test chamber and g%aphite neater
assembly are shown in Figure 5-6. The time/temperature profiles used for these

tests are shown in Figure 5-7.

S 5s
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ENVIRONMENTAL TEST CHAMBER AND SUPPORT FIXTURE

The developmental and full-scale test specimens were bonded to a water-cooled

copper plate which holds the specimens in position above a columbium susceptor

panel. The susceptor panel is, in turn, heated by the graphite resistance heating

elements which are kept in a vacuum. The time/temperature profile was controlled

according to Space Shuttle requirements.

A test panel shown in Figure 5-8, containing the 2 by 2-inch development test

specimens, was used to determine the high-temperature, low pressure stability of

the new one-step coatings compared with our standard MMchr7 coating. The basic

function of the test was to determine what constitutents, either pigment or glass,

5-8
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FIGURE 5~7

TEMPERATURE ~ TIME PROFILES FOR
SHUTTLE ENTRY SIMULATION

would be wvolatile and would cause blistering at 2500°F, 10-torr air conditionms.
The following one-step coatings were tested: SiC, MoSiz, ZrBz, WSiZ, and B.ASi
pigments in conjunciiion with borosilicate and aluminosilicate glasses. Silica
(Sioz) was added to the one-step coatings to reduce blistering at low pressure and
high‘tempe-ratures. Testing on the MMchr7 and Mo7 coé.tings at low pressure and

' high temperature had resulted in blistering of the coatings at 2500°F. Also, the

5-9

MCDONNELL DOUGILAS ASTRONAUTICS COMPANY = EAST



4 AUGUST 1972

IMPROVED RSI .
FINAL REPORT ' MDC E0647

&

s

FIGURE 5-8
DEVELOPMENTAL COATING SPECIMENS FOR LOW PRESSURE TESTING

487-2872

ability of the coatings to remain liquid waterproof during the test was a major

test criterion in selection of an improved coating. The developmental specimens

were then heated on a total of six cycles to peak temperatures of 2300°, 2400°,
and 2500°F under 10-torr air pressure conditions. The coatings were inspected
after each cycle for oxidation, cracking, blistering, and retention of liquid water-

proofing. The coating formulations showing the most promise were as follows:

PIGMENT ' GLASS ' OTHER
a. B4Si ' ' Borosilicate A
b. B6Si o Borosilicate
5-10
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‘c. _B4Si ' .‘Bordsilicate SiO2 (reduce blisters)

d. SiC (fired @ 2300°F) Aluminosilicate

e. SiC (fired @ 2500°F)  Aluminosilicate

f. SiC (fired @ 2300°F) Aluminosilicate - PbO (flux)

g WSi2 _ ' Borosilicate

The earlier MoSizkborosilicate glass mixtures énd the MMchr7 baseline
coating both blistered af;er 2500°F exposure at 10 torr, although the latter
did not blister severely and remained waterproof. Thé SiC/Aluminosilicate
glass coatings were fired at 2500°F to achieve liquid waterproof coatings
because firing at 2300°F did not result in a waterproof coating. The additioﬁ
of flux, lead oxide (Pb0O) to this coating provided a waterproof coating after
firing at 2300°F. During testing at 2500°F (low pressure), the SiCl7 coatings
which were fired at 2300°F became liquid waterproof. These coatings thereafter
remained smooth and waterprooi during test. The BASi and BGSi/glass mixtures
exhibited some discoloration, but did not blister or lose liquid waterproofing .
during testing. The WSiz/glass coating performed in a similar manner.

After the low-pressure testing, the specimens with the most promising coatings
were subjected to oxyacetylene torch testing in air at 2300° and 2500°F
for 5-minute cycles to determine the effect of high-temperature exposure at
one atmosphere on the coatings. The Basi/glass coatings remained waterproof
throughout the testing. The SiC/glass coatings which had been fired at 2300°F
lost their liquid waterproofing ability and bégan to bloat. The SiC/glass
coatings which had been fired at 2500°F did not bloat, but the coating
delaminated from the HCF. Overall, the Sest coating composition was the
BQSi/SiOZ/77AO mixture, designated B-7, which exhibited little change through
the torch testing. The WSizlglass coating oxidized extensively and was

eliminated. The B-7 coating and modifications of the MoSiz/glass and SiC/
T I R |
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glass coatings (to reduce blistering and bloating) will be scaled up as a » n :;

future developmental activity.

Emittance Measurement - The total nbrmal';pectral emittance of coated and
uncoated Mod IIIA mullite HCF was measured using a push-pull apparatus (shown in
'Figurg 5—3) hgatgd by an Astrq tubg furnace. |

The tétal normal emittance of coated HCF was meashred_by é method fhat is
based upon the comparison of the energy emitted by the test specimen and a black-
body caﬁity at the same temperatﬁre. The specimen is mounted at the rear of a
heated cavity on the end of a pushrod. In this posiﬁion, the specimen cén be
moved to any-location within'the cavity up to the aperture. The emitted energy
is detected by a fast response thermopile. The energy received when the thermo-
pile "sees" the black-body cavity (specimen at initial position) is considered as
1.0 and as zéro when the field of viewris closed (specimen at final position). The
specimen is moved rapidlj to the aperture and is "seen'" by the thermopile. This
action corresponds to the time. interval AT and is typically 0.2 second. Specimen
-cooling then begins as it radiates to the water—copled sight port. It is important .
to account for specimen cooling effects since the ratio of emitted energy from
the specimen in the two locations is used_as the basis for the emittance deter-
mination (Figure 5-10). This cooling effect can be estimated by.extrapolating
the cooling curve through the AT time span. Except for specimens'where cooling
is very rapid, the error introduced in emittance determinations is typically
+ 0.02 emittance units.

The Médél 2570C Astro furnace is.resistance heated using a graphite tube as
the heating element. Two components make up thé bgshrod mechanism: a stainléss
steel rod.with a water cooling tube through the centeg and a coated gréphite rod.
One end of the graphite rod is machined to form a sample holder. A stainiess steel

-‘ stud is used to connect the two parts of the pushrod mechanism, and s’éaling rings are }
5-12
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GAS | / _ |
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THERMOPILE W/// /////// 7 Ji
sHiELd ! ///// X . [
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provided around the pushrod and under the cover plate to enable furnace depressur-
izationm.

The emittance of All the new coatings was .not measured, however, the emittance
as a functipn of temperature of the SiCl7, MiSi2

estimated from test data on the M25A7 coating, Figure 5-11 and from data on the

and MMchr7 coatings can be closely

overcoatings for the M5A7 coating containing the emittance of pigments (MoSiz, sic,
Co-Fe-Cr oxide mixture).

The emittances of these surface overcoatings as a function of test temperature
are shown in Figure 5-12 and is compared with uncoated HCF material. The emittance
of boron silicide pigments was not measured, but the emittance of this maté;ial is
estimated to be in excess of 0.8.

Note that the SiC and MoSi, pigments have greater emittance values at lower

2
température-than the standard M25A7. The M25A7 emittance should be equivalent to
that of theﬂMMchr7 sysﬁem because both utilize a chromic oxide pigment. The inor-
ganic bonded P-700 pigment (Co-Cr-Fe oxide) used as an overcoating increases the
emittance from 0.78 to O.82_§henvapplied to the M25A7 or MMchr7'

Although the nonoxide pigments possess high emittance at lower temperature,
elevated temperatures result in a marked decrease in emittance due to oxidation.
The current one-step coatings are'mixtufes of glass and nonoxide pigments; the glass
provides oxidation protection for the pigment and the high emittance is maintained
at higher temperatures. As an example, the SiC pigmented coating without glass'
protection shows a degradation of emittance, but the SiC/17 glass mixture retains
its original emittance and is an improvgment over the standard coating. From these
éata, the predicted zmittance data for the temperature range of 2000° to 2500°F for
the new coatings are given in Figure 5-13.

Coating Thermal Expansion Measurement - The linear thermal expansion as a

function of temperature of the various coatings and the Mod IIIA mullite HCF from

5-14
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COATING : ‘ (TOTAL NORMAL EMITTANCE)
L 2000°F 2500°F
M25A7 ‘ : o073 0.80
MM,P ., 7* . . 073 030
WMoP ¢,7P70p (OVERCOATED)® ' 082 0.82
Mo7 (MOLYBDENUM DISILICIDE PIGMENT)* 0.88 0.84
$iC17 (SILICON CARBIDE PIGMENT)* 0.88 0.88
B7 (BORON SILICIDE PIGMENT)* GREATER THAN 0.80

*PREDICTED FROM FIGURES 3-26 AND 3-27

487-2565 FIGURE 5-13
ACTUAL AND PREDICTED EMITTANCES FOR HCF COATINGS

room temperature to 2500°F‘and back to room tempefature was measured using a modi-
fied Astro tube furace. This apparatué can provide expansion measurements from
500°F to 5000°F. The expansion of 3 by 0;25 by 0.25-inch test specimens was measured
optically using a calibrated telescope to 6bserve the change in distance between
two slots which were machined in the baré; the ekﬁansion was determined‘by dividing
the expansién or contraction by the distance between the slots.

The thermal expansion of a coating should closely match the expansion of the
HCF material to reduce stresses between the coating and the HCF. A'comparison of
the thermal expansion coefficients of the.various coétingé developed is presented
in Figure 5-14. ©Note that the Mod IITA material exhibited very little dimensional
change after the'ZSOOdF test exposure. The thermal expansion of the Mod IIIA in
both orthogonal directions of fiber orientation is plotted in Figure 5-15. The
expansion in the X-Y plane of thg HCF material could possibly be attributed to
grain growth in the mullite fibers. The thermal expansion of thé mullite fiber
hased M5 base coating was deQeloped to matéh closely *that of the HCF and is plotted
as a function of temperature in Figure 5-16. A large permanent expanéion which
occurred in this coating ;t 2200°F was decreased by altering the binder used in the
base coating.

5-16
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By comparison, the thermal expansion as a function of temperature of the MMp
base coating is also shown in Figure 5-16. This binder change was found to be more |
effective in stabilizing the base coating than was prefiring the mullite fibers (at

2300°F) used in the M5 composition.

The thermal expansion as-a function of temperature for the one-step coétings
is a function of the glass phase which is also the major phase of the coating
(see Figure 5-17). The SiC, MoSi2 or BQSi pigment particles.are uniformly
distributed throﬁghout the glass matrix. These coatings; therefore, soften at
1250°F to 1700°F and valid expansion data can be measured only below 1250°F.
Considering the three most promising one-step coaﬁings, the SiCl7 compogition

most closely matches the thermal expansion of the HCF. The Mo7 coating, with a

higher expansion coefficient,would present the greatest mismatch with the HCF.

MATERIAL a X105 oF _ COMMENTS
HCF (MOD 111A)
PARALLEL TO FIBER ORIENTATION © 3.2 (2500°F) @ 0.6% PERMANENT
EXPANSION AFTER TEST
PERPENDICULAR TO FIBER ORIENTATION 3.0 (2300°F)  0.5% PERMANENT

CONTRACTION AFTER TEST

BASE COATINGS:

M5 (MULLITE FIBERS + ALUMINA CEMENT) , 3.2 (2200°F) 2.2% PERMANENT
: ' EXPANSION AFTER TEST
MV (MULLITE FIBERS + MULLITE FILLER + PHOSPHATE 3.1 (2400°F) NEGLIGIBLE CHANGE
BINDER) AFTER TEST.

ONE-STEP COATINGS

Mo7 (MoSi, + BOROSILICATE GLASS) 6.7 (1250°F) COATING SOFTENED AT
1700°F, 1.3% PERMANENT

: ‘ CONTRACTION AFTER TEST.
SiC17 (SiC + ALUMINOSILICATE GLASS) 2.2 (1500°F) COATING SOFTENED AT 1700°F.
1.2% PERMANENT CONTRACT!ON
: ‘ ~ AFTER TEST.
B-7 (BORON SILICIDE + SILICA-+ BOROSILICATE GLASS) - 2.0 (1250°F) COATING SOFTENED AT 1500°F.

: SPECIMEN WARPED.

1) MAX. TEMPERATURES USED TO CALCULATE .
b FIGURE 5-14

THERMAL EXPANSION COEFFICIENTS OF HCF AND COATING "ATERIALS
5-17
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‘ FIGURE 5-16
COMPARISON OF THERMAL EXPANSION OF M5 BASE COAT WITH MMp BASE.COAT
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6.0 REINFORCEMENT

The objective of reinforcing HCF is to hold the material together in case of
cracking. The approach taken was to emplace a reliable, continuous, high strength
filament. Although reinforcement may adlso increase the ultimate strength of the
HCF material, this was not the gdal of our effort.

6.l_ MATERIALS CONSIDERED - Astroquartz* (SiOz) and Zircar#*# (ZrOZ) threads,

which have breaking strengths of approximately 20 pounds and 4 pounds, respectively,
were considered for reinforcement materiais Because of their oxidation fesistance,
temperature resistance, and availability in thread form. Small test samples of
these threads in HCF were fabricated and heat treated to 2150°F. Both the SiOz'and
ZrO2 threads became brittle and lost all appreciable strength when fired to 2150°F. "
Columbium, platinum, nickel-chromium, and Kovar wires were then considered as -

HCF reinforcements; however, only Cb and nichrome specimens were fabricated.

6.2 CERAMIC THREAD REINFORCEMENT - Figure 6-1 shows thé fixture used to hold

the silica thread in place during the felting operation. The threads were strung

‘with 3/4-inch spacings in three orthogonal directions. Using conventional felting

techniques, the HCF slufry was poured through the fixture. The felt formed around
the reiﬁforcement threads into a continuous block without voids. The block of
material was cured before removing the sides and top of the mold. The block was
then fired at 2150°F in 16 hours. Figure 6-2 shows the HCF block reinforced.with
the threads before machining.

The material used to construct the supporting frame tooling was commercial
acrylic sheet, The box frame was constructed of 1/4-inch thick acrylic sheets,
3 inches wide and 7-1/2 inches long, to form the four sides of the frame. One-

eighth-inch holes were drilied on three-quarter-inch centerlines laterally and

longitudinally, to allow insertion of the thread in two axes. Positioning in the

* 'J. P. Stevens Co.
*%k Union Carbide

. : o B 6-1

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST



MDC Eua47

4 AUGUST 1972

IMPROVED RS
FINAL REPORT

™

" =) v
..,_..»_wm\% Y

‘ﬁ.&\?‘. »%b\ s
o 0 mw;}.
, A 3 ,.. ¢\h«% 5

Ganiis

-1

FIGURE 6
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| " FIGURE 6-2 |
ASTOQUARTZ 3-D REINFORCED HCF AFTER REMOVAL FROM TOOL
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assembly of the four sides was accomplished by 3/16-inch diameter acrylic dowels.

Fiber tension provided mechanical fasteniﬁg of the mold., A series of 1/2-inch wide,

- 1/4-inch thick acrylic bars with 1/8-inch holes in 3/4-inch centers drilled through

the 1/2-inch width provided a gfid support for the fibers in the Z axis.
The box frame was assembled and Dacron polyester thread was used in a trial
fabrication. The fiber insertion or "string up" method used was an 8-inch long

needle passed back and forth through the holes provided, The fibers were first

‘pulled through the two sides parallel tc the locator dowels (to be feferred to as

the X axis) to provide mechanical assembly of the four frame (or box) sides. Next,

"the fiber was strung through the two sides perpendicular to the X axis. The 1/4 by

1/2-inch ac;ylic bars were progressively added as thread was inserted in the Z axis,
resulting in a cubic lattice. Notches were provided in the box sides of the X axis
to locate the Z axis support bars. The assembly method des;ribed above was chosen
because it provided simple disassembly of the completed specimen by cutting exterior
loops without potential damage to the compieted HCF composite. The actﬁal Astro-
quartz thread (#300;4/4) specimen was fabricated as outlined above.

Preliminéry cost estimates indicated that an additional 20 manhours would be
required to produce.one cubic foot of silica thread reinforced HCF compared to
unreinforced material. This included only the time'required for threading the
reinforcement through the tool on 3/4-inch ceﬁters. Tooling, planning, and other
related costs were not included."

6.3 NICHROME WIRE REINFORCEMENTS - The first wire reinforcement concept

evaluated used reinforcement only across the thickness. It waé felt that this
reidforceﬁent would providé support if delaminations should occur in the weéker
HCF plane (parallel to the moldline).
Initial ;pecimens were fabricated using nichrome wire inserted in predrilled
holes in fired HCF. It was found that pulling the wires into position with a small
6-3
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force could easily cut through HCF. It was thought that vibration might céuse this :}
cutting in service. An alternate method was devised to hold ;he reinforcement
wires using 99-percent alumina tubes. These tubes provide a wire path during
insertion and élso a béaring surface to prevent cutting (Figure 6~3).  The ceramic
bearing concept was dropped becaﬁse coating application was difficult and the alumina
tubes tended to work loose during thérmal cycling.'

Using a 3-D orthogonal array of 0.010-inch diameter nichrome wires, two felts
were fabricated, one using the RSB-2 biﬁder system and a second using precursor
silicone‘binder. In both cases it was found that the wires could be easily pulled
out of the part. It was thought that if these wires were to provide reliable
retention of large, cracked pieces of HCF, the wires should be welded at their
intersections to ﬁrevent possible pullout. Radiographs were taken in two directions
of 3-D wire reinf&rced HCF to detect aﬁy possible voids which might be present due
to the wire reinforcements. No voids were detected, as shéwn in Figure 6-4. It
was concluded that sound HCF felts can be fabricated with 3-D wire reinforcements .
using our present felting processes,

3-D Welded Nichrcme Wire Reinforcement Concept - One 3-D reinforced HCF

specimen was fabricated using 0.030-inch diameter nichrome wire. The nichrome
trusswork was 7 by 7 by l/ZQinch and the wires were spaced on 3/4-inch centers.
Each intersection of wires was welded. Figure 6-5 shows the.lé.Z 1b/ft3 tile,
including the weight of the support pads. The silicone-precuréor technique was
used to form this reinforced HCF block. Thé part was cured at 150°F for 2 hours
and then firéd for 2 hours at 1500°F. The part was trimmed to final dimension
and coated with a high emittance ceramic. Figure 6-6 shows that no voidé in the

HCF are detectable by X-ray.

e 6-4 . -
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TWO VIEW X-RAYS OF 3-D WIRE REINFORCED HCF SHOWING VOID-FREE TEXTURE

6.4 COLUMBIUM WIRE REINFORCEMENI - Three columbium wire arrays were fabri-
cated to reinforge HCF. Coated columbium was selectéd as the best candiciate wire
material because it most closely matchés the thermal expansion of HCF and is

~usable to 2500°F.

Partial Depth Columbium Wire Array — A layer cf packaged insulation

{Hastelloy X metal fcil and Microquartz insulation) ‘was included in the partial
depth columbium wire grid design. Figure 6-7 shows the columbium wire reinforce- .

ment, the insulation package, and the substructure. The attachment'points of the
6-6
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FIGURE 6-5
3-D NICHROME WIRE REINFORCED HCF
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0.030 IN..DIAMETER NICHROME WIRE

HCF
FIGURE 66
X-RAY OF NICHROME WIRE REINFORCED HCF
Improved RSI '

columbium reinforcement extended through the packagec_l insulation and were mechan-
ically attached to the primary structure. In order to prevent high temperature
oxidation of the columbium alloy (Cb-752) wire structure, a coating was applied
A fused slurry silicide coating (60 Si-20Cr-20Fe) was applied by dipping; it

was fired in an argon atmosphere in a graphite furnace at 2600°F for one houf.
The coating obtained was the desired thickness 3 +G.5 mils per side, but. the
columbium base metal -;temaining was so embrittled that the wife structure could

not be handled without breaking some wires. Two broken pieces of wire, one 15

— : - —~  6-8
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mils in diametef and the othef 40 mils in diaﬁeter; were submitted for metallo-
graphic crbss—sectioning‘in an attempt to determine the cause for embrittlement.
Photomicrograﬁhs are shown in Figures 6-8 and 6-9. There are many indications
of carbides which are much more predominant than would be expected in wire
products as supplied by the manufacturer. Oxides and nitrides are not as
easily identified as carbides by visual observation, but are suspected of being
major contributors to the embrittlement which was experienced due to poor

atmospheric control during diffusion coating.

Full Depth Columbium Wire Array - An oxidation protective coating was applied

to this array by Sylvania. The array had a fuil depth (thickness) HCF compared
with the first columbium array which had a half-thickness reinforced HCF. 1In the
first array, a space was provided below thevafray for efficient thermal insulation.

A one-inch spacing was used in making the second array using 0.032-inch
diameter columbium wire. Thé bracing and legs were made from 0.04—ihch diameter
coluﬁbium wire. The legs were welded to columbium pads which were 0.063 by 1.375
inches in diameter. Each pad contained a 0,312-inch diameter hold which was pro-
vided for mechanical attachment to thg airfréme structure.

All intersections of wires were weldea;- Welding of this second array was
more simply done because the larger diameter wires were used. .The wires in the
first array were 0.015-inch in diameter. The oxidafion protéctive coating was
applied by the fused slurrf silicide.process and was composed of 60 percent Si,

20 percent Cr, and 20 percent Fe. No émbrittlement problems, such as had occurred
on the first array were observed.

The array was visnally inspected and appeared to be free of excess coating;
iﬁ was quite smooth and uniform in color. "All welds were tight before and after
coating. The array was filled with mullite HCF and then dried and fired in the

normal manner for HCF. The results of filling the array were excellent. See
T T 6-10
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EMBRITTLED, COATED COLUMBIUMWIRE :
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CROSS SECTION OF 40 MIL DIAMETER,
*EMBRITTLED, COATED COLUMBIUM WIRE
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Figure 6-10. A complete visual and X-ray ihspection revealed no veids, cracks,

' or inclusions. Hov)ever, during repair of a defect in the coating on the columbium
wire array, the HCF block developed a crack, probably due to the wire rapidly con-
ducting the heat to the interior and causing'intérnal stfesses and the cracking.
The type of localized heating used to effect the repair is not representative of
an actual Shuttle use. |

Modified Columbium Wire Arfay - A columbium wire array of modified design was

fabricated as.shown in Figure 6-11. The objective of this design was to opfimize

6 IN. ' .~

"FIGURE 6-10 ‘&'
FULL DEPTH COLUMBIUM WIRE REINFORCED HCF AFTER
FIVE CYCLES AT 23009F /25000F

ﬁ‘ 4572566
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FIGURE 6-11
MODIFIED COLUMBIUM WIRE ARRAY
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the reinforcement by eliminating some unnecessary trusses and supports, while better
distributing the loads at the attachment points.

6.5 THERMAL RESPONSE TO FULL-DEPTH COLUMBIUM WIRE REINFORCED HCF SPECIMEN -

The full-depth columbium wire reinforced HCF specimen was exposed to five thermal
cycles. The fifst four cycles peaked at 2300°F and the last at 2500°F (Figurés
6-12 and 6~13). The specimen was inspected betwé;n_and during test cycles for
crack propagation and growth. The crack inducéd during processing did not grow

and no further cracks were observed. It may be concluded that the columbium wires

‘successfully reinforced the specimen by inhibiting crack growth,

In an attempt to measure the magnitude of "“heat storts" due to the wire rein-
forgements, one chromel-alumel thermocouple was placed on the bottom surface of
the culumbium fastener foot ;nd another was placed on the cold face of the HCF
specimen in an area away from the wires. As shown in Figures 6-12 and 6-13, the
foot was cooler than the HCF in both thev2300°F and 2500°F cases. These results
were probably due to cooling from the 0.060-inch tﬁick titanium face plate to which
the reinforcement pads were bolted and to small heat conduction paths from the hot
HCF tile to the attachment pads. From this test, ;ﬁe conclusion was drawn that
the "heat short" consideration in our reinforced HCF concept is ﬁegligible. This
is in agreement with earlier'calcﬁlations’Which:indicated a "heat short" of under
one percent.

6.6_ STRENGTHENED AND REINFORCED HCF - As an outgrowth of the reinforced HCF

concept, an approach was conceived which could save considerable HCF thermal pro-
tection system weight.

This concept, shown in Figure 6-14, uses a truss system which transfers air

~pressure loads to three attachment points. The trusses are welded to the finer

diameter wires which form the standard reinforcements. An early model using 0.035-
inch diameter stainless wire is shown in Figure 6-15.

6-15
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EARLY MODEL OF WIRE TRUSS STRENGTHENING SYSTEM.
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. The weight reduction is achieved by trading HCF very efficient low density

L

insulation between the reinforced HCF tile and the airframe.

6.7 SUMMARY OF REINFORCEMENT ACCOMPLISHMENTS - The accomplishments and

conclusions from the reinforcement effort are summarized below:

(o}

Metal wires are the best reinforcement material; SiO2 and Zr02<threads

became brittle.

Columbium (Cb-752) wires are better than nickel-chromium and pla;inum
because of thermal expansion compatibility with HCF and temperature
resistance.

Wire reinforced HCF wﬁs felted, dried, and fired in the conventional

manner with no difficulty.

A simplified welded array of wires with load distribution attachment

points has evolved. -
Reinforcement inhibited separation of cracked HCF during five thermal
cycles.
The "heat short" consideration in wire reinforcement was proven to be
negligible.during thermal cycling.

o

6-20
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7.0 CONCLUSIONS AND RECCMMENDATIONS

. The following conclusions and recommendations are based on the work performed
in this program and the related work in References (a) and (b) of Section 8.
7.1 Strength - Improvements can be made in the strengﬁh of mullite HCF
material by control of tlie processirg variables, with values of up to'250-lb/in2
in tension péssible for l6—lb/ft3 material. Strength and. modulus of elasticity
are depeﬁdent on density. The strepgth of HCF is anisotropic because of the
preferred orientation of the fibers. | |
7.2 Density - Average density can be controlled to 15 il—lb/ft3 from felt
to felt, and + 1 PCF within a single tile by forﬁulation‘and processing control.
Eaéh new fiber type and diameter, filler and binder material processes differently.
Various bleﬁding times and speeds, and: resulting viscosities, are examples of the

types of parameters which must be adjusted and then controlled to produce good

quality felts, Also, various organic processing aids can be added to control the

N

quality and uniformity of the final products.

7.3 Thermal Performance - Thermal performance efficiency can be improved on

the order of 20 percent by substituting about 20 percent of smaller diameter, less
than 2-y fibers for standard-6-u diameter fibers. |
Our Mod V composition, which is an 80-20 mixture of mullite and silica fibers,
offers the thermal performance improvement described above and possible higher
strength, compared to our Mod IIIA material. This i; based on laboratory size
felts.
‘Small diameter (1.6-y) aluminosilicate fibers (SKX type) have shown to be
efficient in thermal performance when tested in an iHCF type formulation; however,
. they are not és temperature resistant as mullite fibers. |
Small diameter (2.5-p) mullite has also recently been produced by B&W, and
3 evaluated by us to a limited degree. Thése fibers should also be efficient thermal

insulators. . 7-1
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Mixtures of fibers, such As silica and mullite, and combinations of fine and

medium diameter mullite fibers, are areas in which RSI could be further improved.

7.4 Coatings - A smoother inorganic surface coating can be obtained by first

filling the HCF surface irregulafities and then overspraying. The surface density
of the coating can be decreased to 0.13-1b/ft2 by eliminating one layer of the
coating. This system still remains waterproof ana reusable but its strain to
failure could nof 5e increased.

The following areas are suggested for future work on coatings:

° Develop a low modulus reusable inorganic coating that is sealed from
liquid water with an organic coating that would be refurbished after
entry; The inorganic coating would provide handling abrasion resistance
when the organié coating is absent, This would eliminate the high
modulus glass seal coating that is a shortcoming of that type coating
system.

Develop an. inorganic glassy sealed coéting that is self-healing. This

would provide waterproofing of cracked coating upon cool-down, The

present coating systems‘tﬁat provide this feature,.blister at reduced
- pressure and at temperatures aroun& 2500°F. .

Evaluate organic coatings that provide liquid waterproofing of the

gaps in the RSI tiles and that can be-refurbished after diffefent

temperature exposures.up to 2500°F.

Evaluate organic impregnants which provide waterproofing for several

flights by pyrolysis/condensation mechanisms.

— = 722
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7.5 Reinforcements - Metal wires are an effective means of preventing the-

.; sepération of cracked pieces of HCF and do not cause appreciabtle heat shorts.
Reinforced HCF can be made void free, by standard felting techniques. An increase
~ in density of l.5—lb/ft3 resulted from the use of a coated columbium wire reinforce—
ment.
fhis reinforcement effort led to the concept of_strengthening HCF by including
metallic trusses in the HCF.. When Comﬁiﬁéd with the use of efficient low-density
insulation, these trusses could save up to 50 percent of the weight of an unfeinfofced

RSI thermal protection system.

7-3
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