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LOW COST ABLATIVE HEAT SHIELDS FOR SPACE SHUTTLES 

By R, E,  Dulak and A, M, Gecka 

Fansteel Inc,-Reflective Laminates Division 

SUMMARY 

Ablative heat shields provide reliable and efficient thermal protection 
for entry vehicles. However, the present high cost and single-mission life of 
the heat shields impose a constraint on their application to reuseable logistic 
vehicles. Therefore, low cost ablative systems must be developed to make them 
feasible for the Space Shuttle. 

Cost reductions can be achieved through the use of materials, tooling and 
methods that provide for ease of fabrication and require fewer man-hours of 
labor. Actual fabrication of full-size panels provides a basis for realistic 
cost estimates of heat shield production. 

This approach was investigated in a study of two ablation material sys- 
tems and a honeycomb panel configuration designated by the National Aeronautics 
and Space Administration. One material was a phenolic/nylon/Microballoon pow- 
der system. The other was a silicone elastomer/Microballoon mixture. Each 
material was prepared to produce nominal panel densities of 15 and 27% lb/ft . 
The ablation materials were applied to 1/4 and 3/8 inch cell size fiberglass 
reinforced phenolic honeycomb cores bonded to fiberglass/epoxy resin face 
sheets. One flat and one curved panel was fabricated from each material com- 
bination for a total of eight panels. Production cost estimates were prepared 
from the cost data and suppliers material prices. 

Fabrication of the honeycomb panels by the one-step cure and primary bond 
method was successful. The ablation materials were mixed and sifted with conven- 
tional equipment. The k inch core was successfully filled with the phenolic/ 
nylon powder system. However, a minimum of 3/8 inch cell size was required for 
application of the elastomeric material. 



INTRODUCTION 

Ablative heat shields have provided thermal protection for reentry sf bak- 
listic missiles and spacecraft from the inception of space flight to the pre- 
sent., The high degree of reliability of ablative systerns was suceessfubly de- 
monstrated in the Gemini and Apsllo programs, Ablative materials are a promis- 
ing approach for Space Shuttles and the National Aeronautics and Space Adminis- 
tration is conducting studies on several candidate materials, 

Because of the sacrificial function of ablative heat shields their useful- 
ness is expended in a single mission. Due to limited production and the special- 
ized nature of the application, their costs are high. Application on reusable 
logistic vehicles would require replacement of the heat shield after each flight. 
Therefore, to be economically feasible, the present high cost of heat shields 
must be greatly reduced. 

Research on low-cost ablative heat shields involves the following steps: 

A. Selection of materials for ease of fabrication while meeting all 
reliability and performance requirements. 

B. Optimization of fabrication methods and processes for the least 
number of operations and the lowest manpower expenditure. 

C. Design of tooling to simplify the fabrication process. 

D. Fabrication of full-size heat shield panels simulating large 
quantity production to arrive at realistic cost estimates. 

The work reported here was undertaken to determine the cost of fabricating 
replaceable ablative heat shield panels and to prepare production cost estimates 
based on actual experience. To meet the objective of this effort, experimental 
subscale-size panels were fabricated during the analytical phase of the program 
for evaluation of the handling characteristics of the ablation materials. Then, 
eight panels were fabricated in support of the manufacturing cost study. Two 
ablation material compositions, each in two densities, were used to fill the 
cells of prefabricated honeycomb panels. These panels were delivered to the 
National Aeronautics and Space Administration, Langley Research Center. 

All panels met the density specifications. However, difficulties in vary- 
ing degrees were encountered with the selected hand-filling methods. Addition- 
al work is recommended to solve the problems or to demonstrate required manu- 
facturing process modifications. 



I. TOOLING 

The tooling used in the manufacture of the ablative heat shield panels 
consisted of one flat and one curved mold each w i " c  a dehchable frame cavity 
and pressure plate (see Figures I and 2)- 

The mold base was fabricated from % inch thick plate, The removable 
frame comprised 2% inch high by 1% inch wide rails bolted and doweled to the 
base plate to form a 24 i 48 inch cavity f s to the final 
dimensions without tr he pressure plate inch thick 
sheet with sufficien fit freely in the All of the 
mold materials were 

Each mold was chanism incor- 
porated in the stand 

Drill bushings ling the at- 
tachment hole patter 

11. HEAT SHIELD FABRICATION 

A. Configurations and Materials 

Two ablative materials systems were used to fabricate the heat shield 
panels. One systemwas a powder composed of phenolic, nylon and Microballoons 
(very small hollow phenolic spheres). The other systemwas an elastomeric com- 
position of liquid silicone resin and Microballoons. 

Each system was fabricated in two densities. Two panels, one flat 
and one curved, were made of each material in each density. Each panel was ap- 
proximately two (2) by four (4) feet by two (2) inches thick. The radius of 
curvature for the curved panels was 24 inches. 

%'he configurations consisted of a full depth non-metallic honeycomb, 
bonded to a non-metallic face sheet and fi'lled with ablative material. The 
honeycomb was bonded to the face sheet before the ablative material was applied 
to allow visual inspection of the bondline. The bond between the honeycomb and 
face sheet provided sufficient strength to support a one (1) psi tensile load 
normal to the bondline at 300°F. 

Provision was made for six (6) panel attachment poirits using a stud- 
nut fastener. Holes were drilled in the face sheet to accept a 4 inch stud. 
The ablative material was cored out to a diameter of 3/4 inch to accomodate the 
nut attachment. Plugs of ablation material were supplied to fill the 3/4 inch 
holes. 

The ablative materials, the constituent proportions for each system, 
and the allowable overall densities for each composition are listed in Table 1. 



Figure  1. 

F i g u r e  2. Mold f o r  Curved P a n e l s  



TABLE I., 

ABLATIVE MATERIAL COMPOSITIONS 

Percent  

3 
13-17 lb/ft Phenolic/nylon BRP-5549 B-stage Phenolic 

(a) 15 

Polypenco 66-D Nylon (b) 15 

BJO-0930 Microballoons (a) 70 

3 
25-30 lb/ft ~henolic/nylon BRP-5549 B-stage Phenolic 5 0 

Polypenco 66-D Nylon 5 0 

3 
13-17 lb/ft Elastomeric Sylgard 182 Silicone resin 

plus hardener (c) 2 0 

BJO-0930 Microballoons 80 

3 
25-30 lb/ft Elastomeric Sylgard 182 Silicone resin 

plus hardener 67 

BJO-0930 Microballoons 33 

(a) Product of Union Carbide 

(b) Product of Polymer Corporation 

(') ~roduct of DOW Corning, mix ratio 
of resin to hardener is 10:l 



The material used for the face sheet was an epoxy impregnated 120 
s t y l e  fiberglass, 'The material designation was Narmco 580/120 produced by Whit- 
taker Corporation, The face sheet was a 3-ply isotropic layup, The warp direct- 
tion of the plies was positioned -60°, 0°, and 4-60' to the longitudinal axis of 
the hea t  shield, 

Two basic types of honeycomb were used in the heat shields - a -5; inch 
cell nylon/phenolic (NP) impregnated fiberglass material and a 3/8 inch cell heat 
resistant phenolic (HRP) impregnated fiberglass material. Both materials are 
products of Hexcel Corporation designated as NP-%-4.0 for the % inch cell mater- 
ial and KRP 3/8-3.2 or HRP-OX3/8-2.7 for the 3/8 inch cell material. The OX sig- 
nifies an "over-expanded" condition while in all cases, the number following the 
fraction signifies the core density in pounds per cubic foot. The honeycomb 
materials selection (e.g. nylon/phenolic vs heat resistant phenolic) was made 
primarily on the basis of material availability at the time of performance of 
work under this contract and did not have any bearing on the fabrication process 
unless otherwise discussed in the report. 

B. Face Sheet to Honeycomb Bonding 

The face sheet and honeycomb core panels for the ablative heat 
shields were assembled by a one-step primary bond and cure process. Excellent 
core to sheet adhesion was obtained and the face sheet quality was good for all 
panels. 

The surfaces of the mold base plate and the disassembled rails were 
cleaned with MEK and coated with RAM 225 release agent. The drill bushing holes 
were filled with plaster and sealed from the bottom side of the plate. The 
epoxy/glass cloth pre-preg was layed up on the plate into an isotropic laminate 
and all air and wrinkles were rubbed out (see Figure 3). 

The lay-up for the first three panels was trimmed to net size by po- 
sitioning the rails and trimming the lay-up to the rail edge. This was intended 
to eliminate any final trimming of the face sheet after cure. The resulting lay- 
up tended to blister or curl up at the edges because of the lack of pressure in 
the open cell areas. Also inaccuracy of the trimming produced uneven facing ed- 
ges. Consequently it was necessary to dress the face sheet edges after cure. 
The net trim of the face sheet lay-up was discontinued and the remaining panels 
were produced with oversize face sheets requiring final trim after honeycomb 
bonding . 

In all cases, the honeycomb core used to produce the heat shield 
panel was trimmed to net size (see Figure 4). The core was positioned onto the 
face sheet lay-up after mounting of the rails on the base place, as shown in 
Figures 5 and 6. A ply of bleeder fabric was layed over the core and the assem- 
bly was Sagged with nylon film sealed to the mold with zinc chromate putty. A 
vacuum pressure of 25 inches Hg was applied and the assembly checked for leaks. 

All panels were cured for 30 minutes at 200°F and 60 minutes at 250- 
260°F. 



Figure 3.  Face Sheet Lay-up P r io r  t o  
Mounting of R a i l s  

Figure 4. Bandsawing of k inch C e l l  Honeycomb 



Figure 5. Honeycomb Positioned onto 
Face Sheet Lay-up 

Figure 6. Curved Panel Honeycomb and 
Face Sheet Ready for Bonding 



STANDARD OVER- EXPANDED 

CELL DESIGN CELL DESIGN 

Figure 7 .  I n t e r lock  Nesting of Honeycomb C e l l s  S p l i c e  Technique 

The f l a t  panels  were cured i n  an a i r  c i r c u l a t i n g  oven using only 
vacuum pressure .  It was necessary t o  cure the  curved panels  i n  an autoc lave  a t  
80 p s i  t o  in su re  a  uniform bond of core  t o  f a c e  shee t .  F i r s t  a t tempts  i n  cur- 
ing of curved panels  using only vacuum pressure  r e s u l t e d  i n  unbonded a reas .  
This was a t t r i b u t e d  t o  the  vacuum pressure  being i n s u f f i c i e n t  t o  remove any non- 
conforming areas  of the  core  curva ture  r e l a t i v e  t o  t h e  mold sur face  curva ture .  

The k inch c e l l  core  used f o r  t h e  curved panels  was obtained from 
the  suppl ie r  hea t  formed i n t o  the  curved condit ion.  The 3/8 inch c e l l  core  f o r  
curved panel app l i ca t ion  was t h e  OX type which conformed t o  the  curved su r face  
of the panel lay-up. 

A l l  k inch c e l l  panels  were of one p iece  core  cons t ruc t ion .  The 
f l a t  3/8 inch c e l l  panels  had a  core s p l i c e  running over the  f u l l  width of t he  
panel approximately eleven (11) inches from one end. The curved 3/8 inch  c e l l  
panels had two core s p l i c e s  running over the  length  of t he  panel.  One s p l i c e  
was located approximately th ree  (3)  inches from one s i d e  and the  o the r  s p l i c e  
ten  (10) inches from t h e  f i r s t .  

The s p l i c e  technique used was an i n t e r l o c k  nes t ing  of the  c e l l  wa l l s  
which were bonded with 3M1357 contac t  adhesive p r i o r  t o  bonding of t h e  core  t o  
face  sk in  ( see  Figure 7) .  This method of s p l i c i n g  was se l ec t ed  because i t  made 
poss ib l e  a  core  s p l i c e  t h a t  did no t  s i g n i f i c a n t l y  reduce the  o r i g i n a l  c e l l  s i z e  
nor r e s u l t  i n  a  s p l i c e  seam of a  ma te r i a l  t h a t  was n o t  of the  a b l a t i v e  composi- 
t i on .  Reduction of c e l l  s i z e  would have been de t r imenta l  t o  the  ma te r i a l  f i l l -  
ing process while  a  conventional core s p l i c i n g  adhesive would introduce a fo r -  
e ign ma te r i a l  i n t o  the  hea t  sh i e ld .  



The c e l l s  of a l l  t he  bonded 

Figure 8. Hobart P lane tary  Mixer 

wi th  a  r a t i o  of 2% r evo lu t ions  of t h  
p l ane t a ry  sp ind le .  A l l  compounds we 
minute of the  p l ane t a ry  sp indle .  

honeycomb panels were p r imed  w i t h  SC1008 
phenolic  r e s i n ,  a product of Monsanto, 
The r e s i n  was d i l u t e d  t o  a s o l i d  concen- 
t r a t i o n  of 35 t o  45 percent  wi th  i sapro-  
phyL a lcohol ,  The c e l l s  were coated by 
pouring the  r e s i n  s o l u t i o n  i n t o  t h e  
c e l l s ,  then i n v e r t i n g  the  panel and a l -  
lowing the  excess  r e s i n  t o  d ra in .  

The panel was then placed in-  
t o  an a i r  c i r c u l a t i n g  oven and the  r e s i n  
coa t ing  d r i ed  a t  170°F f o r  60-90 minutes.  
This  process  s taged the  coa t ing  by r e -  
moving a l l  v o l a t i l e s  and leaving a  "tack- 
f r e e "  uncured res inous  sur face .  

Resin pick-up was nominally 
500 gms f o r  t h e  % inch  c e l l  panels  and 
300 gms f o r  t he  3/8 inch c e l l  pane ls .  

C. Mixing Ablat ive Mate r i a l s  

A l l  four  a b l a t i v e  m a t e r i a l  
systems were mixed i n  a  Hobart Model No. 
M-802 mixer using a  mu l t i - f l u t ed  mixer 
b lade  ( s e e  Figure 8 ) .  This  i s  a  plane-  
t a r y  type of mixing machine and ope ra t e s  

nixing blade t o  one r evo lu t ion  of t h e  
mixed a t  a  r a t e  of 25 r evo lu t ions  pe r  

Mixing the  phenolic/nylon powder systems was accomplished by adding 
the  requi red  propor t ions  of t he  c o n s t i t u e n t  m a t e r i a l s  i n t o  the  Hobart mixer and 
mixing f o r  20 minutes ( s e e  Figure 9 ) .  The a b l a t i v e  compound a f t e r  being thor -  
oughly blended, was then s i f t e d  through a  40 mesh screen  i n  a  Sweco Vibro Energy 
Separa tor ,  Model No. LS24S44, opera t ing  a t  a  speed of 1200 r evo lu t ions  per  min- 
u t e  ( s ee  Figure 10) .  The p a r t i c l e s  of phenolic  which had n o t  been d ispersed  
during the  mixing opera t ion  were broken up a t  t h i s  time. A t  the  end of t h e  
s i f t i n g  ope ra t ion  some p a r t i c l e s  of nylon would n o t  pass  through t h e  40 mesh 
screen.  The s i f t e d  mixture p lus  t h e  remaining nylon p a r t i c l e s  were then r e -  
turned t o  t he  Hobart mixer f o r  a  f i n a l  blending of approximately 15 minutes.  

Mixing the  l i q u i d  s i l i c o n e  r e s i n  and Microballoon systems was ac- 
complished by p lac ing  the  premixed r e s i n  and hardener i n t o  the  Hobart mixing 
conta iner  and then g radua l ly  adding the  s i f t e d  Microballoons whi le  cont inuously 
blending the  mixture.  Af te r  t he  Microballoons were added, thorough blending of 
the  m a t e r i a l s  was performed by mixing f o r  20 minutes. 

The Microballoons requi red  f o r  the  va r ious  a b l a t i v e  compositions 
were d r i ed  i n  an a i r  c i r c u l a t i n g  oven a t  210°F f o r  two (2)  hours,  This s t e p  was 



Figure 9.  Mixing of High-Density 
Phenolic/Nylon Material 

Figure 10. Sweco Separator 



incorporated into the process as a result of tests which indicated a moisture 

presence of moistu 
When dried and sif  
and fluid charac t  
tions and for f i l l  

D,  Fillin 

valuate the 

interest were the 

from 6 x 6 inches t 
charge of ablation 
density was loaded 

produced the requir 

tion. Panels filled without vibration or those compacted at lower pressures had 
a high incidence of voids and, in some cases, had low density. Satisfactory 
cure was obtained under one atmosphere of pressure after completion of the com- 
paction cycle. Shrinkage of the phenolic resin did not result in separation if 
the honeycomb cells were first coated with resin. The bulk factor was manageable 
and reproducible, Therefore the material overfill that can be compacted into 
the cells can be readily determined and uniform density panels, requiring a min- 
imum amount of final surface dressing, can be produced. 

The elastomeric specimens fabricated from k inch cell size honeycomb 
could not be filled without voids. Several techniques were tried including hand 
troweling followed by compaction under pressure up to 200 psi and evacuating tht 
air from the cells prior to filling under pressure. It was concluded the fric- 
tional resistanc for the 2 inch 
cell depth. The 8 inch which was 
filled satisfact ze panels con- 
sisted of hand t 00 psi during the 
first four hours er one atmosphere 
of pressure. The desired density values and hieved. The bulk 
factor was manag rol and elimina- 
ting major panel 

1. 

The k inch cell honeycomb was used to fabricate the low-density 
phenolic/nylon panels. The filling procedure for both panels was the same except 
for the axial rotation of the curved panel into a vertical cell position. 



The r e s i n  coated pane l  was placed on the  mold base plate and the 
r a i l s  were mounted t o  form t he  cav i ty ,  The panel was h e l d  in contac t  with t h e  
base plate by using double-sided adhesive tape around the  panel pe r iphe ry ,  

The pre-mixed and pre-weighed powder m a t e r i a l  was then pouzed d i -  
rectly i n t o  the cells u n t i l  the Lotab panel a rea  was covered, Onemhalf sf t h e  
a r c  a r ea  of the curved panel  was f i l l e d  f i r s t  while  t he  honeyconqb c e l l  columns 
were pos i t ioned  i n  a norniraally v e r t i c a b  p lane ,  The panel  was then r o t a t e d  t o  
p o s i t i o n  the  c e l l  columns of t he  second ha l f  of the  a r ea  i n t o  a  nominally ver -  
t i c a l  p lane  before  f i l l i n g .  The weight of t h e  charge was based on a  f i n a l  panel 
dens i ty  of 15 l b , / f t 3  f o r  both panels .  

Due t o  t he  bulk f a c t o r  and the  e l e c t r o s t a t i c  adherence of t he  ma- 
t e r i a l  t o  t he  c e l l  wa l l s ,  i t  was necessary t o  v i b r a t e  t h e  mold assembly t o  in-  
duce s e t t l i n g  of the  compound. This  was done i n i t i a l l y  on t h e  f l a t  pane l  using 
a  po r t ab l e  pneumatic v i b r a t o r  which operated a t  a  frequency of 4000 v i b r a t i o n s  
per  minute with a  low (approximately .010 inch)  amplitude. This  v i b r a t i o n  tech- 
nique worked t o  a  degree, bu t  was n o t  s u f f i c i e n t  t o  completely s e t t l e  t he  com- 
pound i n t o  the  c e l l s .  Furthermore, t he  procedure was very  slow and, a f t e r  the  
s e t t l i n g  a b i l i t y  was expended, s epa ra t ion  of t he  phenolic  and nylon p a r t i c l e s  
from the  Microballoons was i n i t i a t e d .  

When i t  became evident  t h a t  p a r t i c l e  s epa ra t ion  was beginning t o  
occur ,  t h i s  method of v i b r a t i o n  was discont inued.  The m a t e r i a l  was then f u r t h e r  
s e t t l e d  by a  high amplitude v i b r a t i o n  o r  shock technique, accomplished by j a r -  
r i n g  the  mold i n  a  v e r t i c a l  plane.  The a b l a t i o n  m a t e r i a l  which had e s s e n t i a l l y  
reached a  s tagnat ion  p o i n t  of e n t r y  under low amplitude v i b r a t i o n  r e a d i l y  s e t -  
t l e d  deeper i n t o  the  c e l l s  wi th  no v i s u a l  evidence of p a r t i c l e  s epa ra t ion ,  

F i l l i n g  the  curved panel  was done by using only t h e  shocking tech- 
nique f o r  s e t t l i n g  the  ma te r i a l .  In  t h i s  case ,  i t  was necessary  t o  cover t he  
f i r s t  one-half segment f i l l e d  wi th  a  heavy f a b r i c  b lanket  t o  prevent  u n s e t t l i n g  
of m a t e r i a l  whi le  f i l l i n g  the  second h a l f .  

Af te r  f i l l i n g  t h e  c e l l s  of each panel using v i b r a t i o n ,  some mater- 
i a l  remained above the  c e l l s  due t o  the  r e s i d u a l  bulk f a c t o r .  This  m a t e r i a l  
was spread evenly ac ros s  t h e  c e l l  su r f ace  t o  a  depth of approximately 3/16 inch. 
Two p l i e s  of bleeder  c l o t h  were layed over the  su r f ace  of t he  m a t e r i a l  and the  
p re s su re  p l a t e  was pos i t ioned .  The assembly was sea led  i n  a  vacuum bag. A 
vacuum of 25 inches Hg was appl ied  and t h e  panel  was placed i n t o  t h e  au toc lave ,  

The f i n a l  s t e p  i n  t he  f i l l i n g  procedure was t o  p r e s s u r i z e  t he  bag- 
ged assembly i n  the  au toc lave  a t  100 p s i  t o  compact t he  m a t e r i a l  i n t o  the  c e l l s .  
The pressure  cyc le  cons i s t ed  of a  5-7 p s i  per  minute p re s su re  r i s e  wi th  a  f i n a l  
dwell  a t  100 p s i  f o r  LO minutes.  The pressure  was r e l ea sed  and the  assembly re -  
moved from the  autoclave.  It was then placed i n t o  an a i r  c i r c u l a t i n g  oven while  
remaining under vacuum and the  cure  cyc le  was s t a r t e d .  



The high-densi ty  phenolic/nylon h e a t  s h i e l d s  were a l s o  made 
with k inch c e l l  honeycomb, 

The f i l l i n g  procedure was basically "Lie same as t h a t  descr ibed  
i n  the  preceding s e c t i o n ,  This  a b l a t i v e  composition, a l s o  a  powder system, d i f -  
f e r ed  i n  handl ing c h a r a c t e r i s t i c s  from the  low-density phenolic/nylon m a t e r i a l ,  
While the  low-density phenobic/nylon system was loose  and f l u i d ,  t he  h igher  den- 
s i t y  system had a  s e l f - adhe ren t ,  f ree-s tanding  na tu re .  

When poured on the  honeycomb panel  t he  m a t e r i a l  had a  tendency 
t o  support  i t s e l f  i n  mounds above t h e  c e l l s  ( s e e  Figure 11).  The m a t e r i a l  was 
troweled ac ros s  t he  c e l l  su r f ace  t o  break up t h e  mounds. The r e s i s t a n c e  of t he  
mixture t o  s e t t l i n g  i n t o  the  c e l l s  was g r e a t e r  than f o r  t he  lower d e n s i t y  com- 
p o s i t i o n  apparent ly  due t o  t he  higher  bulk f a c t o r  and e l e c t r o s t a t i c  adherence 
t o  t he  honeycomb c e l l s  ( s ee  Figure 12).  This  m a t e r i a l  c h a r a c t e r i s t i c  combined 
wi th  t h e  g r e a t e r  f r i c t i o n  of t h e  inc l ined  c e l l s i n  t h e  curved panel  i s  be l ieved  
t o  have con t r ibu ted  t o  t he  d i f f e r e n c e  i n  t h e  d e n s i t i e s  of t he  f l a t  and curved 
panels .  The curved panel  dens i ty  i s  approximately 6% l e s s  than t h a t  of t h e  f l a t  
panel ,  whereas t he  d e n s i t i e s  of t he  curved and f l a t  pane ls  of t h e  low-density 
composition a r e  v i r t u a l l y  t he  same. An inc rease  i n  dens i ty  could probably have 
been achieved by f i l l i n g  a  smal le r  s e c t i o n  of t h e  a r c  (1/4 o r  l / 3  of t h e  a r c  
length)  a t  one time in s t ead  of one-half s e c t i o n  of t h e  panel .  

The m a t e r i a l  which did n o t  e n t e r  t he  c e l l s  of t he  f l a t  panel  
was spread evenly ac ros s  t h e  sur face .  Two p l i e s  of bleeder  c l o t h  and t h e  pres- 
su re  p l a t e  were appl ied  over t he  compound and hand p re s su re  was appl ied  t o  t he  
p l a t e .  The b leeder  and p l a t e  were removed f o r  examination of t he  f i l l .  The 
m a t e r i a l  above the  honeycomb had compacted t o  a  depth of ,30 inch above t h e  
c e l l s  ( s e e  Figure 13) .  The bleeder  c l o t h  and p re s su re  p l a t e  were re -appl ied  
and the  assembly was bagged and vacuum drawn, The f l a t  panel assembly was 
then subjec ted  t o  t he  100 p s i  autoclave p r e s s u r i z a t i o n  cyc le  a s  descr ibed  i n  
t he  preceding s e c t i o n ,  a f t e r  which it  was placed i n t o  the  oven f o r  cure.  

The o v e r f i l l  ma te r i a l  on the  curved panel  was spread ac ros s  
t he  c e l l s  (F igure  14) and the  assembly bagged and pressur ized  i n  t he  au toc lave  
i n  the  same manner a s  t h e  f l a t  panel.  Before proceeding t o  cure,  t h e  assembly 
was removed from the  vacuum bag and t h e  r e s u l t s  of p r e s s u r i z a t i o n  were observed 
( see  Figure 15) .  

The m a t e r i a l  remaining above t h e  c e l l s  was i n  a  compacted 
s t a t e  wi th  a  depth of approximately '10 inches.  This  ma te r i a l  was removed and 
weighed t o  determine i f  t h e  m a t e r i a l  i n  t he  c e l l s  was s u f f i c i e n t  t o  produce the  
requi red  dens i ty .  Calcu la t ions  ind ica t ed  t h a t  t h e  dens i ty  would be approximately 
25.6 l b / f t3 .  P a r t  of t he  m a t e r i a l  which had been removed was replaced and spread 
evenly ac ros s  t he  s u r f a c e  of t he  panel.  This  was done so t h a t  s u f f i c i e n t  mater- 
i a l  would be a v a i l a b l e  t o  completely f i l l  t he  honeycomb c e l l s  when the  panel  was 
again compacted during the  f i n a l  vacuum bag cure.  Removal of some of t h e  mater- 
i a l  ( s e e  no te  - Table 2 )  remaining above the  c e l l s  a f t e r  i n i t i a l  compaction 
el iminated the  need f o r  t he  major sur face  dress ing  of t he  curved panel  which was 



Figure 11. Filling of High-Density 
~ h e n o l i c / ~ ~ l o n  Curved Panel 

Figure 12. Same View as Figure 11- 
After Material Settled by Vibration 



Figure 13. High-Density Phenolic/ 
Nylon Flat Panel After Filling 

Figure 14. High-Density Phenolic/ 
Nylon Panel-One-half Section Filled 



zeaui red  on the  f l a t  ~ a n e %  a s  discussed 
in Section I1 F, 

The low-density e l a s to -  
meric  pane ls  were made wi th  3/8 inch c e l l  
honeycomb. The s tandard  c e l l  type  was 
used f o r  t he  f l a t  pane l  and t h e  over-ex- 
panded (OX) 
The panel  wa 

type f i r  t h e  curved panel .  
s  placed on the  mold base 

p l a t e  and the  r a i l s  were mounted t o  form 
t h e  cav i ty .  Unlike t h e  phenolic/nylon 
p a n e l s , i t  was n o t  necessary  t o  adhere t h e  
panel  t o  t h e  base p l a t e  because v i b r a t i o n  
was n o t  requ i r e d  t b  f i l l  t he  c e l l s .  

The pre-mixed a b l a t i v e  
compound was hand troweled and pressed 

Figure 15. High-Density phenolic/  i n t o  t h e  honeycomb c e l l s .  The t o t a l  a r ea  
Nylon Panel Af te r  100 p s i  Cycle of t he  panel  was worked uniformly t o  as- 

s u r e  an even f i l l .  The remaining mixture 
was r o l l e d  evenly ac ros s  t h e  top of t h e  

c e l l s  wi th  a  3 inch diameter r o l l e r .  Or ig ina l  a t tempts  t o  spread the  m a t e r i a l  
using a  template  were unsuccessful  due t o  t he  se l f -adherent  n a t u r e  of t h e  mater- 
i a l .  

The depth of t h e  m a t e r i a l  o v e r f i l l  on t h e  f l a t  pane l  p r i o r  t o  
t he  p r e s s u r i z a t i o n  cyc le  was approximately k inch. For t he  curved panel ,  t he  
o v e r f i l l  was approximately 5/8 inch  deep. The main reason f o r  t h i s  d i f f e r e n c e  
i s  t h a t  t he  f l a t  panel  m a t e r i a l  charge was ca l cu la t ed  on a  b a s i s  of 15 l b / f t 3  
nominal dens i ty  whereas t he  curved panel  was ca l cu la t ed  f o r  t h e  1 7  l b / f t 3  maxi- 
mutn dens i ty .  This  increasewas a  precaut ionary  measure t o  preclude t h e  poss i -  
b i l i t y  of incompletely f i l l e d  c e l l s  because of non-uniform honeycomb expansion. 
The c e l l  shape of t he  OX core  used f o r  t he  curved panel tended t o  be c losed  o r  
"necked-down" when compared wi th  the  s tandard hexagon type c e l l .  I n  some sec- 
t i o n s  the  c e l l s  were overexpanded t o  such a  degree t h a t  t he  open a rea  was ap- 
proximately one-half t he  width of t h e  uniform c e l l s .  These cond i t i ons  r e s u l t e d  
i n  g r e a t e r  r e s i s t a n c e  t o  en t ry  of t he  m a t e r i a l  when compared t o  t he  s tandard  
3/8 inch c e l l  core.  

When f a b r i c a t i n g  the  f l a t  panel ,  t he  o v e r f i l l  m a t e r i a l  was 
r o l l e d  evenly over the  su r f ace ,  two p l i e s  of bleeder  f a b r i c  were app l i ed ,  t he  
assembly bagged wi th  nylon f i l m  and vacuum drawn. Then t h e  assembly was placed 
i n t o  the  au toc lave  and subjected t o  a  10 minute dwell  a t  100 p s i  a f t e r  a  pres-  
s u r i z a t i o n  r a t e  of 5-7 p s i  per  minute. Af te r  completing t h e  p re s su re  cyc le ,  t he  
assembly was removed from the  autoclave and the  bag and b leeder  removed. The 
a b l a t i o n  m a t e r i a l  above the  c e l l s  was observed t o  have p a r t i a l l y  en tered  the  
c e l l s  bu t  i n  an uneven p a t t e r n .  This  v a r i a t i o n  of compaction i s  a t t r i b u t e d  t o  



the non-uniformity of f i l l i n g  by hand troweling. The excess mater ia l  o r ig ina l ly  
% inch deep, was r e - r o l l e d  evenly t o  a d e p t h  s f  approximately 118 inch, The 
bleeder f ab r i c  and the pressure p l a t e  were reapplied and the assembly was then 
bagged and again placed i n  the autoclave, Pressure was applied t o  LOO p s i  and 
the  autoclave temperature ra ised t o  200°F. The panel was subjected t o  t h i s  cy- 
c l e  fo r  four ( 4 )  h0ux-s a f t e r  which i t  was removed from the autoclave, while 
under vacuum, and placed i n  an oven t o  complete the cure cycle,  

Due t o  the r e s i l i ence  s f  the Microballoons i n  t h i s  mater ia l  
system, i t  was necessary t o  i n i t i a t e  cure under pressure t o  assure  re ten t ion  of 
maximum compaction i n  the honeycomb c e l l s .  

The curved panel was processed i n  the same manner as the  f l a t  
panel except the  i n i t i a l  pressure cycle was eliminated and the panel subjected 
d i r ec t l y  t o  the pressure and 200°F cure cycle. 

4. High-density elastomeric system 

The high-density elastomeric heat  sh ie lds  were a l so  made from 
3/8 inch c e l l  honeycomb panels. The standard c e l l  type was used fo r  the f l a t  
panels and the overexpanded (OX) type f o r  the curved panels. The f i l l i n g  pro- 
cedure used f o r  both the f l a t  and curved panels was the same as  t ha t  described 
fo r  the low-density elastomeric panels. 

The f i r s t  panel produced was the f l a t  $onfiguration. The mat- 
e r i a l  charge was based on a nominal density of 27% l b / f t  . The amount of over- 
f i l l  was approximately 1/8 inch deep. Observing the f l a t  panel a f t e r  the cure 
cycle, i t  was noted t h a t  the nominal mater ia l  charge was t o t a l l y  accepted by the 
c e l l s  except f o r  a small area around the panel periphery. 

Based on the same reasoning as was s ta ted  fo r  the low-density 
panels, the mater ia l  charge fo r  the curved panel was increased t o  the maximum 
30 l b / f t 3  density. Despite t h i s  increase i n  mater ia l  charge weight and the con- 
d i t i on  of the over-expanded c e l l s ,  a l l  except approximately 1/8 inch of mater ia l  
entered the c e l l s  by the hand troweling process (see  Figures 16 and 17). 

Both panels were processed a f t e r  f i l l i n g  using the same pro- 
cedure described fo r  the low-density curved panel, t h a t  i s ,  subjected d i r ec t l y  
t o  the pressure/200°F cure cycle. 

E. Curing 

The phenolic/nvlon oanels were cured i n  an a i r  c i rcu la t ing  oven un- 
der a vacuum pressure of 25 inches Hg fo r  16 hours a t  300°F. The i n i t i a l  pa r t  
of the temperature cycle was a stepwise increase and with dwell times as follows: 



Figure 16. Partially Filled High- 
Density Elastomer Panel 

Figure 17, High-Density Elastomer 
Panel After Filling 



The temperature was then increased to 300°F at %OF per minute. The 
panels were cooled to l2O0F maximum prior to releasing the vacuum pressure. 

The first four (4) hours of the cure cycle for the elastomeric pa- 
nels took place in an autoclave at 100 psi and 190-210°F while a vacuum pressure 
of 25 inch Hg was maintained on the panels. After this step, the panels were 
removed from the autoclave under vacuum and transferred to an oven. The balance 
of the cure was continued for 20 hours at 180°F. After completion of cure, the 
panels were colled to 120°F under vacuum. 

F. Final Dressing and Appearance 

All heat shields required surface dressing to some degree. The 
methods of dressing were varied. The amounts of excess material which were re- 
moved by dressing are listed in Tables 2 and 3. 

The obvious characteristic of the low-density phenolic/nylon heat 
shields was the extreme fragility of the cured ablation material. This created 
a problem from both the surface dressing and handling standpoints. The slight- 
est contact of the panel against hard objects tended to break or crush the ma- 
terial. Even though caution was excercised, the top edges of the panel tended 
to chip during the dressing operation. 

Examination of the panels before dressing revealed evidence of ma- 
terial migration during cure. This can be seen in Figure 18. The light areas 
are the phenolic and nylon materials. This condition was apparently caused by 
movement of the overfill material under the bleeder plies and pressure plate 
when vacuum was applied, Concentrations of whitish areas would appear to be the 
result of the separation of the heavier phenolic and nylon material from the Mi- 
croballoons while the material was migrating. There were several areas on both 
the flat and curved panels where the vacuum induced migration resulted in void- 
ed cells along the panel edges and on the cell surfaces. The rivulet appearance 
of the dark area in the center left hand section of the panel shown in Figure 18 
was caused by severe erosion of the material during migration, or by massive air 
flow such as could be present with a leaking vacuum seal (see Figure 19 for 
close-up). The maximum depth of the voids was approximately 1/16 inch. 

Surface dressing of the low-density phenolic/nylon panels was ac- 
complished by shaving off the excess material using a sharp bevel edged putty 
knife. The tool was held at a low angle with the bevel edge away from the sur- 
face and moved slowly while riding on top of the cell surface, As was stated 
earlier, it was difficult to prevent chipping the panel edges when dressing the 



TABLE 2. 

PHENOLIC/NYLON HEAT SHIELD DATA 
TWO ( 2 )  x FOUR ( 4 )  FOOT PANELS 

W t .  (gms) of  
F i n a l  Dens i ty  Net F i n a l  Coated M a t e r i a l  

( l b / f t 3 )  v o l . ( f t 3 )  ~ t .  (gms) Panel  Charge 

t o w  F l a t  13.92 1.333 8,425 3230 5,790 148 447 

Low Curved 14.15 1.282 8,235 329 1 5,790 176 669 

High F l a t  27.32 1.333 16,533 3398 13,640 3 50 155 

High Curved 25.16 1.282 14,642 3315 12,700 100 1273:': 

$:Of t h i s  amount, 550 gms of mix tu re  was d i s c a r d e d  p r i o r  t o  c u r e  because  of  o v e r f i l l .  



TABLE 3. 

LOW Curved. 

High F l a t  

High Curved 

ELASTOMERIC HEAT SHIELD DATA 
TWO ( 2 )  x FOUR ( 4 )  FOOT PANELS 

~ t .  (gms) of  w t .  LOSS (gms) by 
Net F i n a l  Coa ted  M a t e r i a l  ~ i x i n g /  F i n a l  D e  s i t  

P a n e l  Charge 9 v o l . ( f t  ) wt.(gms)  ( l b / f t  ) 



ablative surface.  

which subjected the material to the maxi- 
Figure 18* Phenolic/NylOn Migra- mum influence of the vacuum induced gas 

ion, Low-Density Panel flow. 

Areas of poor edge fill and 
chipping were observed on the curved phenolic/nylon panels. The poor edge fill 
is attributed to the pressure loss in the peripheral area caused by bridging of 
the bleeder fabric and vacuum bag combined with poor initial fill resulting from 
the inclined cell condition. The edge chipping resulted from the slightly un- 
dersize core at some points which produced unsupported ablation materials. The 
chipping occurred during removal of the panel from the mold and the dressing 
operation. 

The amount of overfill material dressed from the flat panel was 
.08 - .10 inch thick. The dressing was accomplished by routing the overfill to 
slightly above the cell surface and then finishing by hand sanding with 120-C 
grit paper. The curved panel was dressed only by hand sanding due to the light 
overfill of material. 

Discoloration of the panels near the edges was observed for all the 
phenolic/nylon heat shields (see Figures 20, 21 and 22). Areas of brown stains 
on the higher density panel were only surface conditions and were removed by 
dressing. The lower density panel discoloration was sub-surface and remained 
after dressing. The exact reason for the di.scoloration of the panels is not 
clear. The appearance would seem to indicate a localized over-heating or an 



2 iu i l re  19. Eroded C e l l  Surface o 

oxida t ion  condi t ion .  However, because of t h e  uniform hea t ing  environment of t he  
c i r c u l a t i n g  a i r  ovens t h e  former i s  the  l e a s t  probable reason. On t h e  o t h e r  
hand bleed-out  of a i r  i n t o  t he  flow passages around t h e  per iphery  o r  vacuum s e a l  

Lon ma- leakage could have provided the  supply of oxygen f o r  ox id iz ing  the  a b l a t '  
t e r i a l s  i f  e i t h e r  of t hese  continued a t  e leva ted  temperatures.  

Both t h e  f l a t  and curved high-densi ty  and f l a t  low-density e l a s t o -  
meric pane ls  accepted n e a r l y  a l l  of the  o v e r f i l l  m a t e r i a l  which remained above 
the  c e l l s  p r i o r  t o  cure .  The only su r f ace  d re s s ing  requi red  was i n  a  small  a r ea  
$ t o  2 inches wide a t  t h e  periphery of t he  panels .  

As mentioned e a r l i e r  i n  Sect ion 11. D. 3 ,  t he  low-density e l a s t o -  
meric curved panel  was overcharged wi th  a  m a t e r i a l  quan t i t y  which was based on 
the  maximum al lowable dens i ty .  Of t h e  5/8 inch m a t e r i a l  o v e r f i l l  p r i o r  t o  cure ,  
approximately inch remained above the  c e l l s  a f t e r  t h e  cure  cyc le .  The reduc- 
t i o n  of t he  o v e r f i l l  i s  a t t r i b u t e d  t o  f u r t h e r  e n t r y  and compaction i n t o  t h e  ho- 
neycomb c e l l s  during the  p r e s s u r i z a t i o n  process .  

Dressing of the  e las t smer ic  pane ls  was done by f i r s t  shaving o f f  
t he  major i ty  of the excess  ma te r i a l  using a  sharp edged t o o l  and then f i n i s h i n g  
t o  t h e  c e l l  su r f ace  by sanding wi th  120-C g r i t  paper. 

Before d re s s ing  of t he  low dens i ty  curved e las tomer ic  panel ,  i t  
was noted t h a t  t h e r e  were seve ra l  a r eas  on the  su r f ace  and along the  panel  edges 
t h a t  appeared t o  be uncured. The ma te r i a l  i n  t hese  a r eas  was s o f t  and could be 
d isp laced  wi th  minimal pressure .  The s o f t  a r eas  were approximately -5; inch  deep 
on the  su r f ace  and one c e l l  deep on the  edges, The su r f ace  a reas  of s o f t  mater- 



roded Corner ( 
Discolora t ion  of High-Dens 

Nylon Panel Af te r  Cure 

Figure 21, Discolora t ion  (upper Lef t )  s f  High- 
Density Phenobic/Nylon Panel Af te r  Cure 



mold and subjected to a second cure cy- 
Figure 22. Discoloration After cle using vacuum pressure only. After 

Dressing of Low-Density the cure cycle, the new material exhi- 
Phenolic/~y lon Panel bited the same soft characteristic as 

was noted after the initial cure. 

At this point experimental samples of material were prepared and 
processed in an attempt to determine the reason for this problem. With emphasis 
placed on the quality of material mixing, several samples were unsuccessfully 
produced when cured at 180°F. However, a cure temperature of 250°F would harden 
the material whereas 180°F would result in a soft surface condition. It is un- 
determined at this time whether the problem is related only to cure temperature 
or to the rate of heating although the latter is suspected as the masking tape 
provided a heat block while the heating of the edges is r due to the heat 
sink of the mold side rails. 

The full size panel was subjected to a seco r with a cure 
cycle of four (4) hours at 250°F and twenty (20) hours at 180°F under vacuum 
pressure. With the exception of one area at the corner of the panel which was 
adjacent to the vacuum outlet, the repair material exhibited a cured condition. 

Two additional problems were observed after curing the ablation ma- 
terial in both curved elastomeric panels, One was the appearance of a dark, 
charred area approximately five (5) inches in diameter, on the ablative surface 
of the low density panel. Directly opposite this area on the face sheet side 
was a smaller area that also appeared charred or scorched. This area is located 
at one of the center attachment holes. It is felt that this condition resulted 



from a minor a i r  l eak  through the  sea led  d r i l l  bushing ho le  i n  t he  mold base 
p l a t e  during cure ,  This leakage caused a eon~inuous f low of oxygen which re- 
s u l t e d  i n  p a r t i a l  combustion of t he  a b l a t i o n  f i ~ a t e r i a l ,  Upon boring o f  the pa- 
n e l  attachment ho le  a t  t h i s  po in t  i t  was observed t h a t  the  a b l a t i o n  m a t e r i a l  
had been burned, The burned area  was ev ident  a s  a  con ica l  shaped void i n  the  
a b l a t i o n  m a t e r i a l ,  The void was approximately 1% inch i n  diameter a t  the  f a c e  
shee t  and tapered over 1% inch i n  he igh t  t o  the  314 inch diameter o f  the a t -  
tachment h c l e ,  As had been observed i n  e a r l i e r  pre-production t e s t i n g ,  t he  
phenolic  Microballoons w i l l  burn a t  temperatures a s  low as  210°F when exposed 
t o  a i r  over a  prolonged period of time. The second problem, observed i n  the  
high dens i ty  pane l ,  was the  crushing of the  honeycomb core  i n  one quadrant of 
the  panel .  The maximum amount of t he  honeycomb c e l l  c o l l a p s e  was % inch. This 
condi t ion  occurred during the  i n i t i a l  au toc lave  pressure /cure  cycle ,  Although 
the ba re  compressive s t r eng th  r a t i n g  f o r  t he  OX type honeycomb core  used i s  160 
p s i  nominal wi th  a  minimum of 105 p s i ,  t he  f i l l e d  panel  co l lapsed  a t  100 p s i  
autoclave pressure .  It i s  f e l t  t h a t  t he  reason f o r  t h i s  f a i l u r e  can be r e l a t e d  
t o  t he  d i s t o r t i o n  of the  overexpanded c e l l s  discussed e a r l i e r  i n  t h i s  s ec t ion .  

The condi t ion  of poor edge f i l l  o r  voided edges was t y p i c a l  of a l l  
t he  e las tomer ic  panels .  The primary reason f o r  t h i s  aga in  was the  apparent  
l o s s  of p re s su re  a t  t he  panel edges due t o  t he  br idging of t he  bleeder  f a b r i c  
and vacuum bag. Since the  manufacturing process  was designed t o  produce n e t  
edges, t hese  voided edge c e l l s  could n o t  be trimmed away. Another f a c t o r  i s  
t h a t  t h e  c u t t i n g  of the  honeycomb panel  r e s u l t e d  i n  only p a r t i a l  c e l l s  i n  some 
a reas  of t he  edges. The reduced c e l l  s i z e  c rea ted  a  higher  r a t i o  of f r i c t i o n a l  
r e s i s t a n c e  t o  c r o s s  s e c t i o n a l  a r ea  which produced the  same problem t h a t  made 
f i l l i n g  of k inch  c e l l  unsa t i s f ac to ry .  

Warpage occured i n  a l l  h e a t  s h i e l d  panels .  The amount of warpage 
depended on t h e  panel  m a t e r i a l  composition and conf igura t ion .  

In  a l l  f l a t  panels ,  t h e  warpage was concave i n  t h e  length  and width 
d i r e c t i o n s  on the  a b l a t i v e  su r f ace  s i d e  of t he  panel except  f o r  t he  high-densi ty  
e las tomer ic  panel .  In  the  l a t t e r  case ,  the  warpage was convex i n  t h e  length  d i -  
r ec t ion .  The warpage, a s  measured from a s t r a i g h t  edge r e s t i n g  on the  panel  ed- 
ges t o  t he  cen te r  of t he  panel  su r f ace ,  was a s  fo l lows:  

Panel ( f l a t )  Width 

Low-Density ~ h e n o l i c / ~ y l o n  ,000 ,108 

High-Density ~ h e n o l i c / ~ y l o n  .037 .Oh8 

Low-Density Elastomeric .012 .015 

High-Density Elastomeric .024 convex -223 



The warpage of the curved panels was observed primarily in the width 
direction, This was apparent as an increase of the 24 inch radius of the panels 
to a some~qhat larger curvature, Warpage in the length direction was noted to be 
concave as described above for the flat panels, The warpage, measured as descri- 
bed above far the length direction and with radius templates for the panel cur- 
vature, was as follows: 

Pane 1 Radius 

Low-Density ~henolic/nylon .OOO 24-25 

High-Density ~henolic/nylon ,024 24-25 

Low-Density Elastomeric .045 24-25 

High-Density Elastomeric .012 25-28 

It is felt that warping of the panels can be attributed to any of 
several different reasons depending on individual panel configuration and mater- 
ials. These are: cure temperature, ablation material thermal expansion and/or 
shrinkage, the presence of a face sheet on one side only, and the honeycomb ma- 
trix type and ribbon direction. However, specific causes could not be establish- 
ed within the scope of this effort. 

Warpage of the elastomeric material is quite sensitive to cure temp- 
erature. In the higher density material, one (1) foot square x two (2) inch 
thick panels cured at 250°F produced as much as 3/16 inch of warpage. By reduc- 
ing the cure temperature, this condition was less severe, but not completely eli- 
minated. The influence of cure temperature was much lower on the low density 
elastomeric composition in which the liquid silicone resin content was only 20 
percent. 

The high shrinkage factor of the phenolic resin with the thermal ex- 
pansion of the nitrogen filled phenolic Microballoons during cure and subsequent 
contraction of the cured material contributed to warping of the phenolic/nylon 
panels. 

G. Drilling Heat Shields and Machining Plugs 

The heat shield attachment holes were located by using the hole pat- 
tern incorporated in the mold base plate. Before drilling, the panels were pla- 
ced in the mold cavity and clamped down to remove any warpage. 

Using a 9/32 inch diameter drill, six (6) pilot holes were drilled 
through each panel. The panel was then removed from the tool. The 3/4 inch 
diameter clearance holes in the ablative compound material were produced in a 
mill using a piloted flat-bottomed end mill, Both the drill and end mill were 
hi-speed steel designs. Abrasion of the ablation material was observed in all 
panels, The high-density phenolic/nylon material produced the worst abrasion 



but it was not severe enough to sjarraat the use of carbide tools, Abrasiveness 
of the low-density phenolic/nybon and elastomeric materials was minimal, 

During the manufacture of the heat shields, a six ( 6 )  inch square 
x two (2) inch thick panel was produced from each of the four (4) material sys- 
tems. The panels were processed in the same manner as the respective full- 
scale heat shields except that the face sheet was excluded. Each panel was 
used t~ fabricate twelve (12) plugs for the attachment holes, six (5 )  for each 
heat shield panel of the same material and density. With the exception of the 
high-density phenolic/nylon panel, all of the 11/16 inch diameter x 2 inch Long 
plugs were machined by means of a diamond hole saw. 

Due to the abrasiveness of the high-density phenolic/nylon material, 
machining by using the diamond hole saw was unsuccessful for this material. The 
diamond cutting surface tended to load with the phenolic and nylon particles 
thereby reducing cutting ability and generating excessive heat. An attempt was 
made to turn the plugs in a lathe using a single point cutting tool. This re- 
sulted in excessive chipping of the material. The plugs were finally produced 
by turning in a lathe and grinding to size with a diamond wheel. Because of 
the single point effect obtained with this method, the diamond cutting surface 
was self-cleaning and functioned satisfactorily. The completed heat shields 
are shown in Figure 23 to 30 inclusive. 

Figure 23. Low-Density PhenoLic/NySon 
Flat Heat Shield-Completed 



Figure 24. Low-Density ~henolic/Nylon 
Curved Heat Shield-Completed 

Figure 25. High-Densi ty Phenolic/Nylon 
Flat Heat Shield-Completed 



Figure 26. High-Densi ty ~henolic/Nylon 
Curved Heat Shield-Completed 

Figure 27. Low-Density Elastomeric 
Flat Heat hield-Completed 



Figure 28. Low-Density Elastomeric Curved Heat Shield 
Completed (indicated attachment hole is 
location of burned ablation material) 

Figure 29, High-Density Elastorneric Flat Heat Shield-Completed 



e 30. High-Density Elastomeric Curved Heat Shield- 
Completed (lined upper left section is 

area of crushed core) 



TIE, COST ANALYSIS AND ESTIMA'CES 

A, Tooling 

The t o o l s  u s e d  i n  the  manufacture s f  heat  s h i e l d s  ( r e f ,  Sect ion 'I) 
were produced a s  subcontracted i tems,  Cost breakdom of the  too l ing  i s  as 
follbows: 

Cost 

Tool Flat Curved 

Mold Plate $ 645.00 $1205.00 

Pressure Plate 25.00 44.00 

Subcontracted Cost $ 670.00 $1249.00 

Cost Per Panel (4 panels) $167.50 $312.25 

B. Analysis of Fabricated Heat Shields 

Tables 4 through 7 present a detailed cost breakdown of material 
and labor costs required to produce the heat shield panels fabricated under 
this contract. 

All costs shown reflect only the deliverable panels and do not in- 
clude materials and labor expended for process development or engineering as- 
sistance in manufacturing. The panel costs include 1) the costs of those ma- 
terials which fall in a minimum order category shown as an amortized cost for 
the applicable number of heat shield units and 2) the cost of material waste 
resulting from trim loss when cutting the required size honeycomb from the as- 
received honeycomb sheet. 

The amortized costs of minimum order materials are as follows: 

Material 

Narmco 500/120 Epoxy prepreg $210.00 4 8 = $26.25 

BRP-5549 Phenolic 29.50 4 = 7.38 

The Narmco 500/120 epoxy prepreg material was used in all eight (8) 
heat shield panels whereas the BRP-5549 phenolic was used only in the four (4) 
phenolic/nylon panels. Amortization units are therefore eight (8) and four (4) 
respectively. 



TABLE 4 .  

COST ANALYSIS - I,OW - DENSITY PHENOLLC/NYLON HEAT SHIELD 

Material 

Narmco 500/120 Epoxy prepreg 

NPk-4.0 Honeycomb 

BRP-5549 Phenolic 

Polypenco 66-D Nylon 

BJO-0930 Microballoons 

SC-1008 Phenolic resin 

Shop aids 

Total Material Cost 

~ost/~anel 

Unit Cost Flat Curved 
P 

(amortized cost) 26.25 26.25 

12.0 ft 
2 

9.73/9.97 116.76 119.64 

(amortized cost) 7.38 7.38 

1.91 1b. 3.99 7.62 7.62 

8.93 lb. 1.21 10.81 10.81 

1.10 lb. 1.37 1.51 1.51 

2.50 2.50 

$172.83 $175.71 

Manufacturing 
Operation 

Elapsed ~ours/Panel 
Flat Curved - 

Labor ~ours/~anel 
Flat - Curved 

Bond honeycomb to face sheet 

Trim face sheet and coat with resin 

Dry microballoons 

Mix ablative compound 

Fill honeycomb panel 

Pressurize and cure 

Dress ablative surface 

Spray coat with resin 

Bore attachment holes 

Machine plugs 

Total Elapsed Hours 

Total Labor Hours 

Tooling Cost 

Total Unit Cost (Excluding Fee) 



COST ANALYSIS -. HIGH .- DENSITY PHENOLIC/NYLOM HEAT SHIELD 

Material Unit Cost 

Narmco 500/120 Prepreg (amortized cost) 

12.0 ft 
2 

NPk-4.0 Honeycomb 9.73/9.97 

BRP-5549 Phenolic (amortized cost) 

Polypenco 66-D Nylon 15.0/14.0 lb. 3.99 

SC- 1008 Phenolic resin 1.10 1.37 

Shop aids 

Total Material Cost 

Manufacturing 
Operation 

Bond honeycomb to face sheet 

Trim face sheet and coat with resin 

Mix ablative compound 

Fill honeycomb panel 

Pressurize and cure 

Dress ablative surface 

Bore attachment holes 

Machine plugs 

Total Elapsed Hours 

Total Labor Hours 

Elapsed ~ours/~anel 
Flat Curved - 

Tooling Cost 

Total Unit Cost (Excluding Fee) 

Flat Curved 
P 

Labor ~ours/~anel 

- Curved Flat 



TABLE 6 .  

COST ANALYSIS - LOW - DENSITY ELASTOMERIC HEAT SHIELD 

Material Unit Cost 
P 

Narmco 500/120 Prepreg 

HRP~/~-3.2 Honeycomb 

HRP-0~3/8-2.7 Honeycomb 

(amortized cost) 

12.0 ft 
2 

8.65 

10.0 ft 
2 

11.68 

Sylgard 182 Silicone resin with 
hardener 2.89/3.30 lb. 5.40 

BJO-0930 Microballoons 11.56/13.26 lb. 1.21 

SC-1008 Phenolic resin .67 lb. 1.37 

Shop aids 

Total Material Cost 

Manufacturing 
Operation 

Bond honeycomb to face sheet 

Trim face sheet and coat with resin 

Dry microballoons 

Mix ablative compound 

Fill honeycomb panel 

Pressurize and cure 

Dress ablative surface 

Bore attachment holes 

Machine plugs 

Total Elapsed Hours 

Total Labor Hours 

Elapsed ~ours/Panel 
Flat Curved 

Tooling Cost 

Total Unit Cost (Excluding Fee) 

Cost/Panel 

Flat Cu- 
p 

26,25 26.25 

103.80 - 
- 116.80 

Labor Hours/Panel 
Flat Curved 



COST ANALYSIS - HIGH - DENSITY ELASTOMERLC HEAT SHIELD 

Material Unit Cost 

Narmco 500/120 Epoxy prepreg (amortized cost) 

HRP3/8-3.2 Honeycomb 12.0 ft 2 8.65 

HRP-OX3/8-2.7 Honeycomb 10.0 ft 
2 

11.68 

Sylgard 182 Silicone resin with 
hardener 20.80/22.30 5.40 

BJO-0930 Microballoons 10.25/11.00 1.21 

SC-1008 Phenolic resin .67 lb. 1.37 

Shop aids 

Total Material Cost 

Manufacturing 
O~eration 

Bond honeycomb to face sheet 

Trim face sheet and coat with resin 

Dry microballoons 

Mix ablative compound 

Fill honeycomb panel 

Pressurize and cure 

Dress ablative surface 

Bore attachment holes 

Machine plugs 

Total Elapsed Hours 

Total Labor Hours 

Elapsed ~ours/Panel 
Flat Curved 

Tooling Cost 

Total Unit Cost(Exc1uding Fee) 

Cos t / ~ a n e l  

Flat Curved - - 
26,25 26,25 

103.80 - 
- 116.80 

Labor Hours/Panel 
Flat Curved - 



C, Cost Estimates - Heat Shield Panels 
The foLZswing %ext and tables define t h e  t o o l i n g  and manufacturing 

approach and estimated unit costs for producing various sizes and quantities 
of heai. shield panels and tooking, 

The panel thiclcness for all heat shields is two (2) inches, Except 
as noted, the heat shields are of a flat configuration. 

Estimated material costs are based on current supplier prices. The 
labor costs are based on experience obtained through manufacture of the panels 
described in Section 11. 

Due to the minimum order purchase for some materials and the varying 
material waste factor depending on the heat shield quantity and size, all of 
the following estimated costs cannot be accurately related to a standard learn- 
ing curve. 

All costs shown for any quantity, heat shield type and configuration 
are estimated on a stand-alone basis. There is no combining of quantities or 
heat shield types for purposes of cost reduction for individual items. 

The tooling used to produce the phenolic/nylon heat shields 
would basically be the same as that described in Section I. The only difference 
would be the incorporation of a pneumatic device to produce the proper vibration 
or shock amplitude and frequency for settling the powder compound. 

Tooling for the elastomeric system would also remain the same 
except for the addition of a male/female filling mold. This tool would be de- 
signed to accept a pre-calculated charge of the elastomeric composition and to 
produce an even distribution and compaction of the material in the mold cavity 
prior to filling the honeycomb cells. 

A separate drill jig would also be required for producing the 
panel hole pattern instead of being a part of the mold base plate as described 
in Section I. 

The cost estimates for the phenolic/nylon panels reflect a 
change from 1 / 4  to 3 / b  inch cell honeycomb. This change was made to facilitate 
core filling and to reduce the cost of the honeycomb material. The filling 
technique, with the exception of the vibration and shock produced by the pneu- 
matic impact device, would remain unchanged. 

Filling the elastomeric panels would be accomplished by a 
totally different approach, As will be discussed in Section IV, the hand trow- 
eling method is undesirable, The new filling technique would distribute, un- 
iformly and without voids, the pre-calculated material charge within the fill- 



ing mold cavity. T h i s  T J Q L I ~ ~  be aceompLisked i n  a h y d r a u l i c  p re s s  hy closing 
the  male punch of t h e  mold onto the  m a t e r i a l  i n  t h e  female c a v i t y ,  F i l l i n g  
would then be accomplished by pos i t i on ing  the  honeycomb panel  i n  an inve r t ed  
a t t i t u d e  onto the m a t e r i a l  and then again c los ing  t h e  mold thereby pushing the  
honeycomb ceEEs i n t o  the  elastorneric compound, Af te r  f i l l i n g ,  t he  panel would 
be removed, pos i t ioned  onto a cur ing  t o o l ,  and cured as requi red  using vacuum 
pressure  only,  

A 1 1  pane ls  would be manufactured wi th  % inch overstock on a l l  
edges and trimmed t o  n e t  dimensions a f t e r  f i l l i n g  and cur ing  the  a b l a t i v e  com- 
pound. 

Except a s  s t a t e d  above, t h e  es t imates  shown i n  Table 8 through 
21 a r e  based on the  same manufacturing approach a s  t h a t  descr ibed i n  Sec t ion  11. 

D. Cost Est imates  - Space S h u t t l e  F l i g h t s  

The fol lowing c o s t s  a r e  shown a s  square footage p r i c e s  f o r  t h e  four  
( 4 )  a b l a t i o n  m a t e r i a l  systems covered i n  t h i s  r epo r t .  Each f l i g h t  i s  consider-  
ed t o  c o n s i s t  of approximately e i g h t  thousand (8,000) square f e e t  of a b l a t i v e  
h e a t  s h i e l d  and a  t o t a l  h e a t  s h i e l d  weight of twenty-five thousand (25,000) 
pounds. 

The square footage p r i c e s  a r e  based on a  p ropor t iona l  average of 
t h e  est imated p r i c e s  f o r  t h e  h e a t  s h i e l d  panels  descr ibed  i n  t h e  previous sec- 
t i o n .  This average i s  der ived by cons ider ing  t h a t  one space s h u t t l e  f l i g h t  w i l l  
c o n s i s t  of h e a t  s h i e l d  panels  of which f i f t y  (50)  percent  a r e  f l a t  ( o r  s l i g h t l y  
curved) wi th  an a rea  of twenty-four (24) square f e e t  per  panel ,  t h i r t y  (30)  
percent  a r e  curved wi th  an a r e a  of f i f t e e n  (15) square f e e t  per  panel ,  and 
twenty (20)  percent  a r e  double-curved wi th  an a r e a  of e i g h t  (8) square f e e t  per  
panel.  Based on t h i s  and a  panel  th ickness  of two ( 2 )  inches t h e  square f o o t  
p r i c e s ,  excluding too l ing ,  a r e  a s  fol lows:  

P r i c e  Per Square Foot 

(Excluding Fee) 

Low-Density ~ h e n o l i c / n y l o n  $ 36.60 $ 31.00 $ 26.50 

High-Density Phenolic/nylon 46.60 39.50 33.80 

Low-Density Elastomeric 36.20 30.70 26.20 

High-Density Elastomeric 62.20 52.80 45.10 

A summary of t he  u n i t  h e a t  s h i e l d  p r i c e s  excluding too l ing  and f e e  
i s  shown i n  Table 22 .  



The c o s t  of t oo l ing  requi red  t o  produce hea t  shieLds f o r  a  space 
s h u t t l e  f l i g h t  i s  aLss based on a  percentage of panels  by s i z e  and conf igu ra t ion  
as  descr ibed above except t h a t  pane ls  which a r e  c l a s s i f i e d  a s  n e a r l y  f l a t  w i l l  
be considered t o  be curved, Therefore,  the  est imated proport ion of t oo l ing  t o  
produce f l a t  panels  is twenty (20) percent ,  l a rge  s i z e  curved panels  i s  t h i r t y  
(30)  percent ,  medium s i z e  curved panels  i s  t h i r t y  (30) percent ,  and doubly- 
curved panels  i s  twenty (20)  percent ,  

Of t he  too l ing  a l loca t ed  by conf igu ra t ions  a s  descr ibed above, i t  i s  
es t imated t h a t  i nd iv idua l  t o o l s  w i l l  be requi red  f o r  f i f t y  (50)  percent  of t he  
f l a t  pane ls ,  seventy (70) percent  of t he  curved panels ,  and one hundred (100) 
percent  of t he  doubly-curved panels .  The t o t a l  t oo l ing  requi red  i s  t abu la t ed  
a s  fol lows:  

Panel Type Percent  of Percent  To ta l  No. 
To ta l  Vehicle Area Indiv idua l  Tools of Tools 

Based on the  above a n a l y s i s ,  t he  c o s t  of t oo l ing  t o  produce h e a t  
s h i e l d s  f o r  a  space s h u t t l e  v e h i c l e  i s  a s  fol lows:  

Type Too l i n g  
Nvlon Elastomeric  Phenolic/Nvlon Elastomeric  

Impact Device and 
Mounting F ix tu re  (26) $2,250.00 - - - - - - - - $ 58,500.00 -------- 

24 f t 2  F l a t  Mold (34) 715.00 $1,080.00 24,310.00 $36,720.00 

2 
24 f t  Curved Mold (70) 1,305.00 2,000.00 91,350.00 140,000.00 

2 
15 f t  Curved Mold (112) b,070.00 1,720.00 119,840.00 192,640.00 

2 
8  f t  Doubly-curved 

Mold (200) 2,690.00 3,770.00 538,000.00 754,000.00 

Trim and D r i l l  
F ix tu re s  (416) 409.00 409.00 

To ta l  Tooling Cost f o r  Phenolic/  
Nylon System $1,002,144.00 

To ta l  Tooling Cost f o r  Elastomeric System $1,293,504,00 



Mater ia l  Cost Per Panel 

TABLE 8, 

ESTIMATE - TWO ( 2 )  x FOVR ( 4 )  FOOT LOW-DENSITY 
PHENOLIC/NYLON HEAT SHIELD 

To ta l  Manufacturing Cost 
Per Panel (Excluding Fee) 

Subcontracted Tooling 
Cost Per Panel 

To ta l  Unit S e l l i n g  P r i ce  
( ~ x c l u d i n ~  Fee) 

TABLE 9. 

ESTIMATE - TWO (2)  x FOUR (4)  FOOT HIGH-DENSITY 
PHENOLIC/NYLON HEAT SHIELD 

F l a t  Panel Curved Panel 

Mater ia l  Cost Per Panel $ 188.38 $ 130.51 $ 188.38 $ 1 3 0 . 5 1  

To ta l  Manufacturing Cost 
Per Panel (Excluding Fee) 439.02 285.40 482.74 313.21 

Subcontracted Tooling 
Cost Per Panel 

To ta l  Unit S e l l i n g  P r i ce  
(Excluding Fee) $ 518.62 $ 307.75 $578 .74  $ 3 4 6 . 9 1  



TABLE L O ,  

BSTLmTE -. TWO (2) x FOUR (4) FOOT EOW-DENSITY 
EL,ASTOMERLC HEAT SHIELD 

F l a t  Panel Curved Fane1 

Material Cost Per Panel $ 158.14 $ 109.25 $ 158.14 $ 109.25 

Total Manufacturing Cost 
Per Panel (Excluding Fee) 401.20 243.37 423.05 256.73 

Subcontracted Tooling 
Cost Per Panel 

Total Unit Selling Price 
(Excluding Fee) $ 463.20 $ 259.52 $ 647.75 $ 297.91 

TABLE 11. 

ESTIMATE - TWO (2) x FOUR (4) FOOT HIGH-DENSITY 
ELASTOMERIC HEAT SHIELD 

Flat Panel Curved Panel 

Material Cost Per Panel $ 290.02 $ 233.47 $ 290.02 $ 233.47 

Total Manufacturing Cost 
Per Panel (Excluding ~ e e )  555.50 388.71 577.35 402.07 

Subcontracted Tooling 
Cost Per Panel 

Total Unit Selling Price 
(Excluding ~ee) $ 617.50 $ 404.86 $ 802.05 $ 443.25 



TABLE 12, 

ESTIMTE -. THREE ( 3 )  x FIVE (5 )  FOOT LOW-DENSITY 
PHENOLIC/NYLON HEAT SHIELD CURVED PANELS 

Mater ia l  Cost Per Panel 

Tota l  Manufacturing Cost 
Per Panel (Excluding Fee) 

Subcontracted Tooling 
Cost Per Panel 

To ta l  Unit Se l l ing  P r i c e  
t ~ x c l u d i n g  Fee) 

TABLE 13. 

ESTIMATE - THREE (3)  x FIVE (5)  FOOT HIGH-DENSITY 
PHENOLIC/NYLON HEAT SHIELD CURVED PANELS 

Mater ia l  Cost Per Panel 

Tota l  Manufacturing Cost 
Per Panel (Excluding Fee) 

Subcontracted Tooling 
Cost Per Panel 

Tota l  Unit Se l l ing  P r i ce  
(Excluding Fee) 



TABLE b 4 ,  

ESTIMATE - THREE ( 3 )  x FIVE (5) FOOT LOW-DENSITY 
ELASTOMER16 HEAT SHIELD CURVED PANELS 

Material Cost Per Panel 

Total Manufacturing Cost 
Per Panel (Excluding ~ e e )  

Subcontracted Tooling 
Cost Per Panel 

Total Unit Selling Price 
(~xcluding Fee) 

TABLE 15. 

ESTIMATE - THREE (3) x FIVE (5) FOOT HIGH-DENSITY 
ELASTOMERIC HEAT SHIELD CURVED PANELS 

Material Cost Per Panel 

Total Manufacturing Cost 
Per Panel (Excluding Fee) 

Subcontracted Tooling 
Cost Per Panel 

Total Unit Selling Price 
(Excluding Fee) 



TABLE 16. 

ESTIMATE - FOUR (4) x SIX (6) FOOT LOW-DENSITY 
PHENOLIC/NYLON HEAT SHIELD FLAT OR 

SLIGHTLY CURVED PANELS 

Material Cost Per Panel 

Total Manufacturing Cost 
Per Panel (Excluding ~ee) 

Subcontracted Tooling 
Cost Per Panel 

Total Unit Selling Price 
(Excluding Fee) 

TABLE 17. 

ESTIMATE - FOUR (4) x SIX (6) FOOT HIGH-DENSITY 
PHENOLIC/NYLON HEAT SHIELD FLAT OR 

SLIGHTLY CURVED PANELS 

Material Cost Per Panel 

Total Manufacturing Cost 
Per Panel (Excluding ~ee) 

Subcontracted Tooling 
Cost Per Panel 

Total Unit Selling Price 
(Excluding Fee) 



TABLE 18. 

ESTIMATE - FOUR ( 4 )  x SIX ( 6 )  FOOT LOW-DENSITY 
ELASTOMERIC HEAT SHIELD FLAT OR 

SLIGHTLY CURVED PANELS 

M a t e r i a l  C o s t  P e r  P a n e l  

T o t a l  M a n u f a c t u r i n g  C o s t  
P e r  P a n e l  ( E x c l u d i n g  F e e )  

S u b c o n t r a c t e d  T o o l i n g  
C o s t  P e r  P a n e l  

T o t a l  Unit S e l l i n g  P r i c e  
( E x c l u d i n g  Fee )  

TABLE 19. 

ESTIMATE - FOUR ( 4 )  x SIX ( 6 )  FOOT HIGH-DENSITY 
ELASTOMERIC HEAT SHIELD FLAT OR 

SLIGHTLY CURVED PANELS 

Material C o s t  P e r  P a n e l  

T o t a l  M a n u f a c t u r i n g  C o s t  
P e r  P a n e l  ( E x c l u d i n g  F e e )  

S u b c o n t r a c t e d  T o o l i n g  
C o s t  P e r  P a n e l  

T o t a l  Unit S e l l i n g  P r i c e  
( E x c l u d i n g  Fee )  



TABLE 20, 

ESTLMTE -. TWO (2) x FOUR (4) FOOT DOUBLE-CURVATURE 
HIGH-DENSITY PMENOLIC/NYLON HEAT SHIELD 

Material  Cost Per Panel 

Total  Manufacturing Cost 
Per Panel (Excluding Fee) 

Subcontracted Tooling 
Cost Per Panel 

Tota l  Unit S e l l i n g  P r i c e  
(Excluding Fee) 

TABLE 21.  

ESTIMATE - TWO (2 )  x FOUR (4 )  FOOT DOUBLE-CURVATURE 
HIGH-DENSITY ELASTOMERIC HEAT SHIELD 

Mater ia l  Cost Per Panel $1112.13 $ 410.26 $ 317.27 

Tota l  Manufacturing Cost 
Per Panel (Excluding Fee) 

Subcontracted Tooling 
Cost Per Panel 

Tota l  Unit S e l l i n g  P r i ce  
(Excluding Fee 



TABLE 2 2 ,  

S M f A R V  - UNIT SELLING PRICES (EXCLUDING 
TOOLING AND FEE) OF HEAT SHIELD PMELS 

cost ($/ft2) 

~henol ic /Nylon  Elas  tomeric 
Pane Z Low- High- Low- High- 

2 '  x 4 '  x 2" F l a t  1 $ 61.92 $ 75.11 $ 63.53 $ 78.20 
10 47.14 54.88 50.15 69.44 

100 29.55 35.68 30.42 48.59 

2 '  x 4 '  x 2" Curved 1 72.25 81.82 81.42 92.99 
10 52.15 60.34 52.88 72.17 

100 32.75 39.15 32.09 50.26 

3 '  x 5 '  x 2" Curved 1 116.94 129.64 120.82 156.26 
10 38.15 45.24 39.06 58.75 

100 23.81 30.44 24.09 41.78 

4 '  x 6 '  x 2" F l a t  o r  1 85.88 95.15 83.89 119.65 
S l i g h t l y  Curved 10 30.78 37.16 30.72 51.38 

100 21.60 27.52 21.08 39.76 

2 '  x 4 '  x 2" Double- 1 
Curvature 10 

100 

Costs t o  cover 8000 f t  1 F l i g h t  36.60 46.60 36.20 62.20 
of Vehicle 10 F l i g h t s  31.00 39.50 30.70 52.80 

LOO F l i g h t s  26.50 33.80 26.20 45.10 



I V  , CONCLUSIONS AND RECOrnENDATIONS 

The fabrication cost of replaceable ablative heat shield panels was de- 
termined from actual experience sf producing eight evaluation panels, Produc- 
tion cost estimates were prepared by applying l e a rn ing  curve factors ts the 
labor expenditures and obtaining material prices from suppliers, Tooling es- 
timates include recommended improvements and changes in the manufacturing meth- 
ods, To increase the confidence in the estimated production costs, a pilot Lot 
of panels should be manufactured and corresponding adjustments made in the es- 
timates. 

Fabricating the face sheet and honeycomb panels by the labor saving one- 
step cure and primary bond was successful for both the 1/4 and 3/8 inch cell 
size core. 

Mixing and sifting the ablation materials was successfully accomplished 
with commercially available equipment. 

Filling the % inch cell size honeycomb with the powder materials was 
successfully accomplished by bulk loading and panel vibration. To effect fur- 
ther labor savings through reduced filling time, 3/8 inch cell size honeycomb 
is recommended for future production. 

The hand troweling method of filling the elastomeric ablation materials 
into honeycomb cells was unsatisfactory. The k inch cell core could not be 
filled without residual voids. Although experimental 3/8 inch cell size panels 
were successfully filled, the operation is tedious and a reliable void-free 
fill cannot be assured. A change is recommended to the method of material pre- 
compaction in a female mold and pressing the honeycomb into the material in a 
hydraulic press. 

As a result of poor edge filling, a change is recommended to fabricate 
the panels with % inch overstock on all edges which would be trimmed off after 
completion of the panel cure. 

Warpage was experienced on all evaluation panels. This condition was 
caused mainly by shrinkage of the ablation material and the differential ther- 
mal expansion and contraction of the panel constituents. In an attempt to eli- 
minate panel warpage, additional research is recommended to determine the opti- 
mum compaction pressure and cure temperature of the ablation material. Bonding 
the face sheet to the honeycomb after filling and curing the ablation material 
should also be investigated. This would eliminate the condition of one surface 
of the panel being placed in lateral restraint with the attendant warpage forces 
during processing of the ablation material. A corollary benefit would be the 
simple means of visual inspection of the honeycomb filling. However, a problem 
area would be the necessity to qualify the bond strength of the face sheet to the 
core. 

As a cost reduction item, the study of the feasibility of % inch cell 
size honeycomb is recommended for both types of ablation materials, This would 
reduce the filling time and void incidence. The unknown at this time is the 
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