P = s 81

NASA CR-111800
N7-350%3

Final Report

LOW~COST ABLATIVE HEAT SHIELDS
FOR SPACE SHUTTLES

By Huel H. Chandler

Distribution of this report is provided in
the interest of information exchange. Re~
sponsibility for the contents resides in
the author or organization that prepared it.

FOR U.S. GOVERNMENT AGENCIES AND THEIR CONTRACTORS ONLY

Prepared under Contract No. NAS1-9946 by
MARTIN MARIETTA CORPORATION
Denver, Colorado 80201

for

NATIONAL AERQNAUTICS AND SPACE ADMINISTRATION



NASA CR-111800

Final Report

LOW-COST ABLATIVE HEAT SHIELDS
FOR SPACE SHUTTLES

By Huel H. Chandler

Distribution of this report is provided in
the interest of information exchange. Re-
sponsibility for the contents resides in
the author or organization that prepared it.

FOR U.S. GOVERNMENT AGENCIES AND THEIR CONTRACTORS ONLY

Prepared under Contract No. NAS1-9946 by
MARTIN MARIETTA CORPORATION
Denver, Colorado 80201
for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION



FOREWORD
This report is submitted in accordance with Part IV-C-8 of the statement of
work for Contract NAS1-9946.

The report is the result of a team effort in close cooperation with the
NASA Technical Monitor, Mr. Claud Pittman. The Martin Marietta Corporation ef-
fort was managed by Mr. Daniel V. Sallis and directed by Mr. Huel H. Chandler.
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Final Report

LOW-COST ABLATIVE HEAT SHIELDS
FOR SPACE SHUTTLES

By Huel H. Chandler
Martin Marietta Corporation

SUMMARY

This report presents the results of a study performed under Contract NAS1-9946
to determine the cost of fabricating replaceable ablative heat shield panels.
Curved and flat, 2x4-ft panels were fabricated from four ablative compositions
using processes developed under this study. Time studies were conducted to esti-
mate the cost of fabricating panels of various configurations and lot sizes,
based on one, 10, and 100 flights. Panel costs varied from a high of $296.66 per
square foot for a double-contoured, 2x4-ft panel made of 677 silicone resin and
33% phenolic Microballoons to a low of $48.96 per square foot for 4x6-ft panels
composed of 907 Microballoons and 107 silicone resin. Table 1 list the cumulative
average cost for a space shuttle vehicle using all nylon-phenolic or all elas-
tomeric ablative panels. Figure 1 depicts the cost breakdown determined in this

study.
TABLE 1
AVERAGE VEHICLE COST PER SQUARE FOOT FOR ABLATIVE PANELS
No. of flights | Nylon-phenolic Elastomeric
1 $125.86 $147.07
10 $ 78.26 $ 90.13
100 $ 58.85 70.50
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Figure 1,- Cost Breakdown for Low-Density,
2x4-ft, Flat, Elastomeric Ablative Panel



INTRODUCTION

Ablative heat shields provide the most reliable thermal protection system
for entry vehicles. Experience has shown that flight safety can be best achieved
by using ablative panels, rather than coated refractory-metal TPS panels. Thus,
ablative materials will play an important role in the thermal protection system
for the Space Shuttle, Present estimates are that they could be used over 10
to 20% of the surface of the orbiter (figs. 2 and 3). But to be economically
feasible, the high cost of ablative heat shields must be reduced significantly.

The study described in this report was conducted to establish a relistic cost
estimate of ablative panels based on actual fabrication times of typical panels,
From these, times and material usage cost estimates were made using normal esti-
mating procedures so that the results would respresent a valid production cost,
and in effect, an actual quote. The following ground rules were used to estab-
lish the cost estimates.

1., The ablative panel design has already been fixed in a previous development
phase, and the same process procedures used to fabricate the test panels
will be used for the production panels.

2. Manufacturing processes will be improved during the production run, but no
automation will be included.

3. All costs are based on August 1970 labor rates for forward pricing. No
economic adjustments are added to reflect future costs,

4, Panel costs are exclusive of travel, computer, overtime, and any contract
data requirements.

5, All costs are exclusive of any fee or profit.

6. Only all nylon-phenolic or all elastomeric ablative panels will be used on
. the vehicle.

7. The production rate used to establish tooling and shipping costs is omne
vehicle per month.

8. The panel distribution assumed for a typical vehicle is listed in Table 2.
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TABLE 2
PANEL DISTRIBUTION IN SQUARE FEET PER VEHICLE

Panel configuration |High-density ablator | Low-density ablator
2x4-ft flat 800 800

3x5-ft flat 600 600

4x6-ft flat 600 600

2x4-ft sing]e—curved* 1000 1000

2x4-ft double-curved 2000 -

*Requires over-expanded honeycomb core.

The author wishes to acknowledge the assistance of Mr. Claud Pittman of
NASA-Langley, who served as Technical Monitor for this study effort.



PROCESS STUDIES

Given the four ablative compositions, it was necessary to develop a process
for each in order to fabricate the large 2x4-ft panels. Each composition had a
different bulk density and packing ability, as well as unique mixing require-
ments. Because only limited experience with processing the particular composi-
tions existed when the contract was awarded, a series of process investigations
was conducted before fabricating the panels to assure that:

1) The densities of the fabricated panels would fall within specified
ranges;
2) The panels would be free of major defects;
3) The panels would be structurally sound.
In addition, we wanted the fabrication technique to be as simple as possible

and require minimum tooling, yet not affect the quality of the final panels.
Ease of fabrication denotes operations with the following characteristics:

1) Not requiring high skill levels; A

2) Not requiring time-consuming steps;
3) Suitable for volume production;
4) Readily controllable;

5) Lending themselves to automation.

Face Sheet-to-Core Bonding

The bond strength between the face sheet and the core was required to be
1 psi or greater at 300°F. Primary bonding of the face sheet to the core was
thought to be the most desirable method because the face sheets could be cured
while being bonded. This would save the time required to bond the face sheets
and eliminate the cost of expensive adhesive films. The face sheet selected
was two plies of 181 glass cloth impregnated with Hexcel F-161 high-temperature
epoxy resin. The procedure for bonding and curing the face sheets to the core
is detailed in Appendix A and summarized below:

1) Blow core clean with clean dry nitrogen; »
2) Vapor-degrease core;

3) Place face sheet prepreg on tooling;

4) Place core over prepreg;

5) Vacuum-bag assembly (see fig. 4);

6) Cure for 1 hr at 325°F under full vacuum pressure;

7) Allow panel to cool to 150°F or less before removing vacuum pres—
sure.
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The core selected for the panels was Hexcel's 3/8-in. hexagonal glass
phenolic honeycomb (HRP 3/8-FGll), weighing 2.2 1b/ft3. The core, as made, has
a maximum width of 18 in. and had to be spliced to achieve the 24 in. required.®
Preformed core (24~in. radius) was used for the curved panels because it is less
expensive than the overexpanded core or flex~core that could have been used.

Bond strength.- Five tensile test specimens were prepared to verify the
strength requirement. The core with face sheets was bonded to 1.85-in.-square
aluminum blocks with Epon 934 adhesive. The specimens were soaked for 1 hr at
300°F and pulled at 300°F with a hand scale. None of the specimens failed at a
tensile strength lower than 6.2 psi, the limit of the test equipment. TFigure 5
depicts a test specimen.

Face-sheet cell venting.- 1t was necessary to drill a hole through the face
sheet opening at each core cell to allow air to be vented when the ablator was
packed into the cells. Because the face sheets were translucent it was easy to
locate the center of each cell through the face sheet. We chose carbide drills
instead of hardened steel drills to save time in sharpening and replacing the
drills and to minimize delamination at the periphery of the hole. The drilling
was done quickest by using a hand-held small Dumore grinder (fig. 6), rather
than a drill press or conventional hand-held drill motor. The hole diameter was
selected to be 0.0625 in. Drill breakage was experienced, accompanied by an
enlarged and frayed hole. An analysis revealed that the drill was catching on
the fiberglass and screwing through the face sheet rather than cutting cleanly
through it. A relief groove was machined into the drill to correct the problem,
but the groove weakened the drill and resulted in breakage. This was solved by
shortening the drill to only a one-fourth twist length, which prevented the sud-
den pulling down of the drill. Figure 7 depicts the drill that was used.

Open-weave face sheet.- The porous face sheet that was investigated (fig. 8)
consisted of two plies of an open-weave (17 mesh) fiberglass cloth. These plies
were impregnated with phenolic varnish and primary-bonded to the core. The open
weave eliminated the need for drilling holes through the face sheet. The even
distribution of these numerous small holes over the cell should lower the pos-
sibility of entrapping air next to the face sheet when filling the ablator. If
face sheet porosity is undesirable, the openings can be sealed off with a spray
coating after curing the panels. Although the open-weave face sheet has dis~
tinct advantages over the standard glass fabric laminate, it was not incorpo-
rated into large panel fabrication because the development occurred too late in
the program to procure the necessary materials.

An analysis of the time study conducted for 2x4-ft elastomeric panels re-
sulted in cell venting representing 34% of the panel subassembly labor times,
and 127 of the total direct manufacturing labor. Since 58% of the total cost
of this panel is manufacturing cost (fig. 1), the impact would be approxi-
mately 7% of the total cost. Applying this factor to the production cost of

#In actual flight panels, this splice would have to be eliminated.



Figure 6.- Hand-Held Grinder Used for Cell Venting
®
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100 flights, the average cost per square foot of a 4x6~ft panel would appear to
be reduced from $48.96 to $45.53. However, this is not necessarily true be-
cause learning curves used for 100 flights assume charges such as these for
cost reduction.

Filler Pretreatment

Three of the ablator compositions contain phenolic Microballoons. Micro-
balloon drying will be discussed in this general section, rather than for each
specific composition. Phenolic Microballoons contain moisture that should be
removed before coating with the matrix resins. Because the Microballoons will
oxidize if heated in air at a relatively low temperature, they should be dried
under a vacuum to quicken the drying time and prevent combustion. The drying
was accomplished by heating the material in a Patterson Kelly twian-shell solids
processor (fig. 9) for 2 hr at 180°F under full vacuum while rotating the proc-
essor. The vacuum in the processor also allowed the Microballoons to fall
freely and broke up any conglomerates that were present. "Thus, Microballoon
screening is not necessary. In order to prevent Microballoon breakage the in-
tensifier bar was not used during the drying operation.

Core Filling

Filling the core with ablative materials is the most time-consuming opera-
tion and the one most likely to cause defects in the ablator. The filling
method selected must assure a uniform density over the entire panel. It must
be economical and be least subject to operator errors. The conventional cell
filling method is to gun each cell individually. However, this method was not
investigated because it is considered too time-consuming for high production.
Instead, the final method selected for all but the high-density elastomeric
composition was to pneumatically tamp and vibrate the ablative materials into
the core under vacuum. The high-density elastomeric mix, which has good flow
characteristics, was squeegeed into the cells under vacuum plus a light pneu-
matic tamp, and vibrated to ensure uniform demsity.

The introduction of the ablative material into the core depends on the vis-
cosity of the material and/or the coefficient of friction between the ablator
and the cell walls. If the material does not flow readily, then the force ap-
plied to the ablator transfers to the cell walls rather than forcing the abla-
tor material down into the core (see fig. 10). As the height of the core in-
creases and the cell size decreases, the problem of core filling increases.

The difficulty manifests itself in the form of voids near the face sheet and/or
a density variation from the front to the back of the panel. Perhaps the most
economical method is to lay the ablative material in a tray and press the core
into the mixture; this was the first method studied. The two low-density mix-
tures were used for the experiment because they were expected to be the most
difficult to load. Four different pressure-application methods were tried.

The results were as follows:

11



Figure 9.

tions

Figure 10.- Force Transfer along Cell Walls
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Method Remarks

Hand pressure The core moved unevenly into the ablator.

Vacuum bag The core did not move down far enough. The vacuum
bag pressed against the exposed core and wedged be-
tween the core and around the edges of the tray.
The bag had to be rearranged after the panel had
travelled only a short distance into the material.

Autoclave After applying the vacuum bag, the panel was placed
in an autoclave and the pressure was increased in
increments of 1 atmosphere up to 5 atmospheres.

The panel was inspected after each pressure in-
crease. At 5 atmospheres, the panels bottomed out
at the required depth, but when cured, the density
varied from the front face to the back face.

Hydraulic press Pressing the panel into the ablative mixture re-
quired pressures in excess of 100 psi to bottom out.
This method would only be satisfactory for flat
panels.

The vacuum bag and autoclave methods were repeated with the core cell walls
wet-coated. A silicone resin was used for the elastomeric ablators and phenolic
varnish was used for the nylon-phenolic composition. It was thought that the
wet coat would tend to lubricate the cell walls; however, no noticeable differ-
ence was noted between a wet coated and dry core.

The next loading procedure attempted, pressing the ablator into the core,
was more or less the reverse of the above methods. A picture frame holder was
placed over the core; a sliding trap door was placed next to the core. Ablative
material was evenly distributed in the container over the core. Then the trap
door was removed and the material was hand-pressed into the core. Next, the pane:
was vacuum-bagged and the pressure in the autoclave was raised to 5 atmospheres.

Loading by this method was generally satisfactory for the low-density
elastomeric system; however, the nylon-phenolic system had a spring-back and
the loading method produced density variations and voids. The autoclave pres-—
surization or isostatic loading appeared to be too sensitive to unknown vari-
ables to guarantee a sound panel.

While the material was being pressed into the core, it appeared that it had
to be vibrated to overcome the tendency of the material to "hangup" on the cell
walls, so a pneumatic vibrator tool was tried (see fig. 11). The panels were
loosely filled with ablative material, and % in. of excess material was loaded
on top. Then the vacuum was applied and the material was tamped into the cells.
Additional material was added and tamped until full packing wag achieved. The
density of the cured panels was within the required range and did not vary from
front to back.

13



Figure 11.- Pneumatic Vibrator Used to Pack Ablative Material
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Panels were also made from the two high-density compositions. The elasto-
meric material had sufficient flow and could be squeegeed into the cells. How-
ever, vibration tamping was incorporated to ensure uniform density through the
panel. The nylon-phenolic mixture, loaded using vibration packing, was cured
to the desired density, and there was no apparent soft material near the face
sheet. Vibration packing was selected as the method for the large panels. The
next step would have been to use vibration while pressure was applied isostat~
icly in the autoclave. However, high tooling costs prevented the investigation
of this method at this time.

Tooling

The desired tooling concept was one that was simple, yet produced the de-
sired quality of product. Simple aluminum caul sheets were designed with a
wooden picture frame edge member to prevent the core from being distorted by
side pressures during the vacuum-bagging. The inside dimensions of the frame
during the face sheet bonding were set at 24x48 in. After all the face sheets
were bonded, the frame was opened 1 in. to allow for an excess of 0.5 in. of
ablator material around the periphery. The excess material, which was later
trimmed, gave a better edge to the panels. Teflon film was used on all contact
surfaces to prevent the panels from adhering to the tooling. The vacuum bag
was made from nylon film and sealed with vacuum tape. Coarse fiberglass tool-
ing cloth was used as the bleeder cloth. To prevent deflection of the frame
under pressure, the frame was pinned to the aluminum caul sheets. The six re-
quired attachment holes were precut into the core and plugged with 0.75-in.-
diameter Teflon rods that were tapped for a No. 6 machine screw. Pilot holes
were drilled through . the face sheet at the six attachment hole locations.
These pilot holes, which were later enlarged to specified drawing dimensions,
were also used to locate the edge of the panel. The caul sheet was spot-faced
to accept the screw heads. Figure 12 depicts the tooling that was used.

Panel Machining

While the panels were curing, it was necessary to have an excess of abla-
tive material over the core to accommodate shrinkage. The excess was later
machined off to the core level or panel thickness. Experience has shown that
the material can most easily be removed by cutting rather than grinding.
Planing the excessive material was demonstrated to be satisfactory. Final
finishing of the panel was done by hand sanding. All edges were cut with a
carbidé;tipped band saw. Because the attachment holes were premolded into the
panels, no hole machining was required. The plugs were rough cut from small
6x6-in. cured panels and ground to dimensions in a lathe with a tool post
grinder. Turning was not used since a standard lathe cutting tool tends to
tear the core and break the bond between the core and the ablator.

15
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Mixing Development

Each of the four compositions required a different mixing procedure to pro-
duce a compactable mixture. Each composition is discussed below.

90% phenolic Microballoons, 10%Z elastomeric resin.- This composition was
investigated first since it was expected to give the most difficulty in evenly
distributing the resin as a coating over the Microballoons. The first mixing
procedure that was tried was to mix the resin and catalyst in a Hobart 2-quart
planetary mixer and then slowly add the catalyzed resin to the Microballoons,
which were in the mixer. An examination revealed that the resin was not evenly
dispersed after 30 minutes of mixing. Next, a series of mixtures was prepared
with heptane-thinned resin. (We worked with.pure '"paint grade" heptane because
impure heptane retards the curing of silicone resins.) The heptane-to-resin
ratios were 1 to 1, 2 to 1, and 3 to 1, by weight. After mixing, the material
was spread out on trays and dried under vacuum to flash off the heptane. The
resin in all mixtures appeared to be well dispersed.

When making large batches of the ablative material, a 1l:1 heptane-to-resin
ratio was used to reduce the mixing time and aid the dispersion of the resin.
The ablator was mixed in the Ross planetary mixer (fig. 13), which has the ca-
pability of mixing under a vacuum. The mixing procedure was as follows. The
resin, catalyst, and heptane were first blended in a Hobart mixer. Then half
of this blended material was added to the dried Microballoons, and these ingre-
dients were mixed for 5 minutes in the Ross mixer. Then the rest of the resin
was added and mixed for an additional 25 minutes. Next, the mixing chamber was
evacuated to full vacuum, and the mixing was continued for 1 hr to flash off
the heptane. (If the chamber is heated, this flashoff time can be reduced.)
This mixture was used to make 12x12x2-in. verification panels.

Prior to f£filling, the core was spray coated with DC-1200 primer. After
curing the primer for 2 hr at room temperature, catalyzed Sylgard 181 resin
thinned with 157 heptane was sprayed into the core using a pressurized spray
gun. The pot pressure and atomizing pressure were 20 psi and 40 psi, respec-—
tively. An excess wet coat was applied. The coating was allowed to drain down
into the core for 30 minutes, and then the panel was inverted and the excess
resin was allowed to drain off for 2 hr. After the panel was filled, cured,
and machined to size, the density measured 13.9 1b/ft3, close to that of the
first experimental panels.

15% nylon powder, 157 phenolic powder, 707 phenolic Microballoons.— This
mixture was the most difficult to prepare and produced the most fragile compo-
sition. The material, as mixed dry, has a bulk density of about 7 1b/ft3 and
must be compressed to about twice this value in the core. When pressure is re-
leased after compression, the material springs back because there is no inher-
ent tack to hold it together. In addition, the repose angle is shallow, which
makes it difficult to keep the material near the edges in place during the
loading operation. However, the most serious drawback is that, under vacuum
bag pressure, the material becomes a hard, low-density substance with no dis-
cernable flowability. This makes it difficult to compact the material into the
cells. In addition, the material shrinks away from the cell walls while curing.

17
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Figure 13.~ Ross Planetary Mixer




To overcome as many of these difficulties as possible, flowability and tack
had to be incorporated. The loading mixture was blended under vacuum in the
twin-shell blender for 30 minutes to eliminate the segregation caused by den-
sity differences between the Microballoons and the phenolic and nylon resins.
The dry mix was transferred to a planetary mixer, where methyl alcohol was
added. It was necessary to retain the alcohol in the mixture during loading
and flash it off under vacuum while the panels were being cured. Mixtures
using methyl alcohol in amounts by weight of 5% to 100% of the weight of Micro-
balloons were prepared to establish the required amount of alcohol. Thirty per-
cent was the minimum amount of alcohol that would yield a mixture of the de-
sired flowability and tack.

Before the alcohol addition procedure, various attempts were made to solv-
ate the phenolic resin and add it in a liquid state to give additional tack to
the mix. However, the dry phenolic powder specified was in the '"B" stage and
could not be completely dissolved. The resultant ablator was not uniform; how-
ever, cured samples exhibited superior strength over the other "dry" mixes.

The phenolic resin that dissolved in alcohol was decanted off and used in a
test panel. The mixing, packing, and appearance of this panel was superior to
that of previous panels.

In another procedure, phenolic varnish (SC-1008), diluted with 50% methyl
alcohol, was used in place of the dry phenolic resin in the system. Again, a
stronger and more uniform panel could be made. However, replacing the phenolic
powder with a phenolic varnish was considered to be a deviation from the speci-
fied materials, and this procedure was not pursued further.

SC-1008 phenolic wvarnish sprayed into the core was used for the wet coat
for all panels.

50% nylon, 50% phenolic.- The powder packed well in the dry state and no
solvent was required. The only problem encountered with this material was that
both the phenolic and nylon powders contained conglomerates that manifested
themselves in the cured ablator as large, dark phenolic blotches and white
blotches of nylon. Running the intensifier bar in the twin-shell blender while
mixing the powders reduced the number and size of the conglomerates, but was
ingufficient to produce a homogeneous mixture. As a result, the materials were
screened through a 40-mesh sieve before being mixed in the twin-shell blender.
The core was then wet—coated in the same manner as the 157 nylon, 157 phenolic,
70%Z Microballoon composition.

677 elastomeric resin, 33% phenolic Microballoons.- This mixture exhibited
good flow and had enough resin to be mixed directly. The resin and catalyst
were first mixed in a Hobart planetary mixer; then the phenolic Microballoons
were slowly added. The mixture heated up rapidly during mixing due to its
high viscosity; however, reducing the mix time still gave a homogeneous mix-
ture. This material could easily be squeegeed and vibrated into the cells
under vacuum and could be compacted in one bagging operation. The composition
showed a tendency to be up to 3 1b/£t3 over the required density. However,
when care was taken to apply minimum local down-pressure during the squeegee
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and vibration operation, and when a bleeder cloth was used to absorb the excess
resin that was expelled from the panel during curing, the density of the panels
was kept within the required range. Bleeder cloths are necessary to distribute
the vacuum over the large panels and also to vent the air from the cells
through the face sheet. The final composition of the panel is estimated to
contain between 60 and 657 resin after cure. With the high resin content of
the mixture, a wet coating of the core was not considered necessary, and only
DC-1200 primer was applied to promote bonding. Warpage was noted in the exper-
imental panel.

Because of the warpage, a test was made to determine if the resin could be
cured and set at a lower temperature than the specified 250°F. The preliminary
curing temperature was set at 175°F, which is about the lowest temperature that
will polymerize the resin. Because phenolic Microballoons tend to inhibit the
cure of the Sylgard resin, the curing temperature must be higher than that for
the resin without a filler. The panel was cured at 175°F for 24 hr and then
held at 250°F for the required 16 hr. Panel warpage was reduced. This cure
cycle was then established for the full-scale panels, and fabrication was begun.

A warpage of 1.5 in. due to residual strains occurred in the long direction
of the flat panels, but the curved panel did not exhibit this severe warpage.
In order to establish whether the problem was due to differential thermal ex-~
pansion or shrinkage during the curing process, the panel was reheated to 250°F.
It regained its shape, which indicated the problem was due to differential ther-
mal expansion. The ablator was set at the elevated temperature. On cooling,
it contracted more than the face sheet, resulting in a concave warpage. Because
the core ribbon direction was across the panel, the core was stiffer in this
direction and deflection was restricted. The warpage of the curved panel,
which was fabricated first, was low because the panel's moment of inertia was
much greater than that of the flat panel due to the effective thickness increase
resulting from curvature.

An attempt was made to determine if the warped panel could be straightened.
The panel was heated to 250°F and loaded so that a reverse 0.5-in. bow would be
introduced into the panel during cooldown. After about 5 minutes the panel
failed at the midpoint.

In order to produce a flat panel, three approaches were analyzed. The first
was to mold the panel on curved tooling so that on cooling down the panel would
be in a relatively flat state. However, the locked-in residual strains would
still be present. The second approach was to continue the lower 175°F cure for
a much longer time and not incorporate the 250°F cure. However, some warpage
would probably be present. The third approach, and the one used for the flat
panel, was to fill the core with ablative material without using a face sheet,
cure and machine the panel to the required thickness, and bond a cured face
sheet to it. This procedure produced a flat, strain-free panel.

Bonding the face sheet to the filled cure was accomplished with A-4000 sil-

icone contact adhesive. To assure even bonding pressure, the bond was allowed
to set with the panel vacuum~bagged. The bond strength was found to be greater
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than 1 psi at 300°F.

this technique:
duction panels.

Visual inspection of the face sheet bond is ruled out by
it will be necessary to rely on ultrasonic inspection on pro-

Figures 14 through 18 are flow diagrams of the processes developed to fab-
ricate the ablative panels.

Honeycomb
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Figure 14.- Core/Face Sheet Assembly
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LARGE PANEL FABRICATION

Eight 24x48x2-in. ablative panels and six attachment hole plugs. for each
panel were fabricated. The panels were manufactured according to processes
developed during the development phase. Figures 19 and 20 depict the panels.

A curved panel and a flat panel were made from each of the four ablative
compositions. During their fabrication, the actual times of each step in the
operation were recorded. These times form the basis on which the production
costs given later in this report are projected. The recorded times are item—
ized in Appendix A, The four ablative compositions, densities, and curing
conditions are summarized below.

Formulation Density range Cure

15% phenolic resin powder 13 to 17 1b/ft3 300°F for 16 hr
15% nylon powder
70% Microballoons

50% phenolic resin powder 25 to 30 1b/ft3 300°F for 16 hr
50% nylon powder
10% silicone resin 13 to 17 1b/ft3 250°F for 16 hr
90% Microballoons
67% silicone resin 25 to 30 1b/ft3 250°F for 16 hr

33% Microballoons

Each panel was reinforced with 3/8-in.-cell, 2.2-1b/ft3 phenolic glass
honeycomb. A face sheet consisting of two plies of 181 fiberglass cloth im-
pregnated with a high-temperature epoxy resin was bonded to the core. Listed
below are the panel densities for each of the eight panels. These densities
were determined after final machining.

Density, 1b/ft3
Ablator Flat panel Curved panel
Low-density silicone 13.9 13.6
High-density silicone 29.9 28.6
Low-density nylon-phenolic 13.2 13.8
High-density nylon-phenolic 26.5 ‘ 27.6

Core Subassembly

Five flat panels and five curved panels were prepared. The honeycomb was
received to the correct thickness, but was too long and too wide. The core
was placed on the bonding tool and the edges were cut to size using a dough
knife cutter. The cut core was then replaced in the bonding tool for a dimen-
sional check. Next, the attachment holes were located and cut at the six
locations using a l-~in.-diameter punch-type rubber cutter. The core was blown
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Note: A1l dimensions in inches.‘ ‘\\;\\
»

Attachment point (typical)

Maximum weight of face
sheet = 0.18 1b/ft2

Fuli-depth, nonmetalic moneycomb,
cell size not to exceed 0.5 in.

{(a) Flat panel

Attachment points (typical)

-0.750

Maximum weight of face
sheet 0.18 Tb/ft2

{b) Single-curvature panel

N

(c) Cylindical plug

Figure 19.- Panel Details
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clean with dry nitrogen and vapor-degreased with trichlorethylene. To pro-
tect the core from contamination until use, it was wrapped in kraft paper.

The bonding fixture was cleaned with solvent and 1-mil Teflon film was
placed against the caul sheet. Teflon tape was applied to the wooden side
frames of the tool. After the face sheet prepreg was removed from cold stor-
age (40°F) and allowed to warm to room temperature, two 25x49-in. sheets were
cut for each panel. This allowed for an overhang of 0.5 in. on each side of
the panel, which provided support for the edges of the panels. The unprotected
faces of the prepregs were placed together and rolled smooth. Then the pro-
tective film was stripped from one side of the sheets and the two sheets were
placed against the Teflon release material. Next, the sheets were rolled
smooth against the tool and the protective film was stripped from the other
side. The side frame of the tool was then positioned over the edges of the
face sheet. After the protective paper was removed from the core, the core
was positioned on top of the face sheets and the assembly was vacuum-bagged.

A bleeder cloth was placed over the tool to prevent the bag from being torn
and to distribute the vacuum pressure evenly. The material was then cured at
325°F for 1.5 hr. Afterward, the assembly was allowed to cool to 150°F before
removing the vacuum and the core from the tool. The bonded assembly is shown
in figure 21.

The finished subassemblies were inspected and wrapped in kraft paper for
storage.

Cell venting was done with a hand-held 1/16-in.~diameter modified drill
(fig. 6). After drilling, the panels were blown clean with filtered air and
rewrapped in paper.

All times reported for the subassembly operations are the average times for
all the panels.

Tool Modification

After all face sheets were bonded, the side frames of the tools were opened
from inside dimensions of 24x48 in. to 25 by 49 in. so the edges of the panels
could be packed better. Partial cells next to the side frames were very dif-
ficult to fill. The faces of the caul sheets were spot—-faced 1/2 in. diameter
by 1/8 in. deep to accommodate the screw heads that held the Teflon attach-
ment hole plugs in place on the subassembly (fig. 22). For all panels, a layer
of coarse tooling fiberglass cloth was placed against the caul sheet and passed
under the side frames to provide a venting passage as the . cells were filled.
During the panel packing, only a transparent vacuum bag film was used on top of
the panels. However, on the last packing cycle, and during the curing cycle, a
layer of fiberglass tooling cloth was placed between the film and the panel to
distribute the vacuum and serve as a bleeder cloth.
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Panel Fabrication

All panels except the high-density silicone ablator panels were fabricated
by the processes developed. The processes worked as expected. As previously
described, the flat high-density silicone ablator panel warped. The process
times given for this panel are those for the warped panel. We found that it
took just as long to make the panel with the secondary-bonded face sheet as it
did to make the primary-bonded panel: the bonding operation took as long as
the vent-hole drilling operation.

Panel Filling

Preliminary £filling of all panels was done in the same way. First, the
edges next to the side frame and around the Teflon inserts were hand-filled
and packed with ablative material to assure that the hard-to-fill zones re- ,
ceived sufficient material (see fig. 23). Next, the loading frame was placed
over the core and filled level with ablative material (fig. 24). The trap
door on the frame was then removed and the ablative material was pressed into
the core. Finally, the panel was bagged and the material was vibrated into
the cells. When the high-density silicone panels were made, both vibration
and squeegeeing were used to load the material (see fig. 25).]

The bulk density and packing characteristics of the four materials varied
considerably and required that the filling operation be repeated in some cases.
The list below shows the number of filling operations required for each com-
position.

No. of filling

Composition operations
Low-density silicone 2
High-density silicone 1
Low-density nylon-phenolic 3
High-density nylon-phenolic 2

When filling the curved high-density silicone panel, we noticed that the
material did not pack as expected. An analysis showed that the bottom bleeder
cloth was being sealed off by the tool side frame. This prevented the en-
trapped air in the cells from being released. The bleeder cloth was changed
from 181 to 482 fiberglass cloth. The bottom bleeder cloth was extended under
the side frame of the tool, so that it would connect to the top bleeder cloth
completely around the periphery of the frame.

The processing time recorded for this panel reflect this problem. Even
though these times may not be typical of this composition, they indicate the
delay that can be expected to occur when manufacturing ablative materials, and
were purposely left in the cost analysis.
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The low—-density nylon-phenolic panel was as difficult to fabricate as ex-
pected. The time difference encountered in filling the curved panel (818 min-
utes, vs 742 minutes for filling the flat panel) was a result of the material
falling off the edges when the loading frame was removed (see Appendix A).

Panel Curing

Three of the four compositions were held at a temperature lower than the
final cure temperature to reduce panel warpage and to reduce the tendency of
the panel to cure on the outer surfaces before the center starts curing. The
fourth composition, that of the low density elastomeric formulation, was not
held at a lower temperature as the Microballoons were expected to retard polym-—
erization sufficiently long so that the entire thickness of the panel would be
uniformly heated prior to cure. Both the low and high density nylon phenolic
composition were held at 180°F to obtain flow and wetting out of the phenolic
resin. The low density composition was held at 180°F for 3.hr prior to the 16
hr cure at 300°F. The high density nylon phenolic composition was held for 16
hr at 180°F in order to prevent panel warpage. Final cure was 16 hr at 300°F.
The high density elastomeric panels were held at 175°F for 24 hr to reduce
panel warpage before being raised to 250°F for 16 hr, the final cure.

Panel Machining

All panels were machined in the same way —-- planed and then finish sanded.
There was no apparent trouble with any of the compositions. As would be ex-
pected, the curved panels required more machining time than the flat panels.

Panel Finishing

After being machined, the panels should be coated with a protective mate-
rial to prevent contamination. A spray-coating operation was incorporated into
the time study. The low-density nylon-phenolic composition that had been found
to be relatively weak was given a phenolic coating to improve its handling
quality. This cqating required a cure cycle. All other panels were priced
with a room temperature-type coating. The elastomeric panels were spray coated
with DC 92-009 dispersion. The high density nylon phenolic panels were priced
using a urethane varnish even though the actual panels were not coated during
this contract. Times were derived from the elastomeric spray operation.

Equipment Usage
Table 3 gives the usage time for all large equipment used to fabricate and
finish each of the types of panels. This table reflects a single batch for

each composition. The relative size of the equipment has not been included be-
cause it depends on the rate and lot size.
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TABLE 3
EQUIPMENT USAGE TIMES*

Composition
Low- High-
density | density Low-density High-density
Equipment silicone [ silicone | nylon-phenolic | nylon-phenolic
Oven face-sheet bonding 240 240 240 240
Solid processor 210 210 255 45
Screening —-- - 126 113
Planetary mixer 20 30 -—- -—-
Vacuum mixer 95 --- 30 -
Small wet-coat mixer 20 --- -—- ---
Spray booth 70 35 35 35
Oven 1440 2880 | 1440 \ 2880
Protective spray-coat booth 30 30 30 30
Oven coating cure --- —— 300 -

*Times are in minutes and are complete turn-around times.

Repair Procedures

It was necessary to repair the panel edges that had been damaged during
machining and subsequent handling. The damaged areas were wet coated with the
respective catalyzed resins before the panels were patched. The elastomeric
panels were patched with GE 652 silicone resin and phenolic Microballoons. The
nylon-phenolic panels were patched with Epox 828/DTA; ground up ablative mate-
rial was used as the filler. This filler was obtained from the excess ablative
material that had been machined from the tops of the panels.

PRODUCTION COST ESTIMATES

Existing Martin Marietta cost-estimating procedures were used with the
labor studies shown in Appendix B to compute the costs of the various ablative
panels. Material costs were quoted by vendors on the basis of the total lot
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size for each material. Standard industrially accepted factors were applied to
the time studies to convert them into production run costs. All necessary sup-
porting activities were also included.

The labor times shown in Appendix A formed the basis for the cost estimates.
The eight large ablative panels were fabricated by engineers and Plastics Lab-
oratory technicians who were experienced in this work. To correlate their ac-
tual times into those expected from production labor, a 25% increase was ap-
plied for motivation and skill levels. The times shown on the MPPs reflect
this increase.

The direct manufacturing, labor, tooling, and shipping charges shown in
Appendix B were computed as follows:

1) Production runs of one lot were based on a 95% cumulative average
learning curve. Lots of 10 and 100 were given 927 and 907 learn-
ing curves, respectively;

2) Based on previous experience and that gained in this study program,
a 257 increase in manufacturing labor was added to account for
scrap and rework;

3) Tooling costs were established from the lot size and assumed flight
rate of one per month;

4) Laboratory personnel were assumed to have the same experience as
factory labor in fabricating the tenth panel;

5) Shipping estimates were based on using one nonreturnable container
for each 25 panels.

Quality charges were based on charges experienced for similar products and
were modified to reflect specific materials and processes. The Quality Test
costs provide for 1007 radiographic inspection of the production panels.

Engineering charges include estimated costs for drafting, specification
maintenance, and process liaison. We assumed that development was completed
and that Class 1 drawings were available.

Manufacturing support operations, such as supervision, in-scope design
changes, production control, and industrial engineering, were also included in
the estimate.

Labor and overhead charges were applied using the Division's September 1970
rates for each department involved. G&A rates were applied to the above
charges and direct material costs. Equipment amortization is included in the
overhead charges. Note that the total charges given in tables 4 through 11 do
not include overtime, travel, computer time, contract data requirements, and
fee or profit. Lots are the total number of panels released at a time to the
manufacturing shop.
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TABLE 13 COST OF ONE PANEL AND 10 PANELS

Material |One Panel | 10 Panels
2x4-ft Flat panel A $ 5 920 $22 940
B 5 590 21 380
o 5 850 22 760
D 5 660 21 890
4x6-ft Flat panel A | 8970 | 38520
B 7 920 33 730
o 8 830 37 300
D 8 010 34 460
3x5-ft Flat panel A 6 770 25 270
B 6 120 23 010
C 6 680 24 130
D 6 290 23 560
2x4-ft Single curvature A 10 740 33 460
B 9 280 23 360
C 10 290 28 910
D 8 390 22 620
2x4-ft Double curvature A 18 100 40 950
B 15 590 30 840
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TABLE 12 TOOLING COST (any material)

2x4-ft Flat panel
3x5-ft Flat panel
4x6-ft Flat panel
2x4-ft Single curvature

2x4-ft Double curvature

One Panel | 10 Panels
$ 960 |$§ 1 330
1 510 2 110
3 760 5 280
4 720 6 600
9 210 12 880




Table 14 lists the material costs for one, 10, and 100 flights, respec-
tively. These costs include scrap, overage, and out-of-shelf-life factors.

TABLE 14
MATERIAL COSTS FOR VARIOQUS NUMBERS OF FLIGHTS
Flight composition One flight |10 flights { 100 flights
Elastomeric $216 511 |[$2 006 473 | $19 374 624
Nylon phenolic 145 360 1 299 979 12 200 442

Table 15 summarizes the cost breakdown for a 2x4-ft, low-density, elasto—
meric Space Shuttle panel.

TABLE 15
-~ COST BREAKDOWN FOR A TYPICAL
2x4-FT FLAT PANEL

Material 15%
Engineering 8%
Tooling 4%
Manufacturing 58%
Quality Control 11%
Test 4%
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QUALITY ASSURANCE

This plan defines the quality assurance program and outlines the detailed
controls that would be applied during procurement, fabrication, testing, and
delivery of hardware.

Organization

A Quality Control representative, responsible to Martin Marietta's quality
director will be assigned to the program and will report to the Program Manager.
He would direct all Quality activities defined herein, and will be responsible
for assuring that all deliverable articles meet contractual and engineering re-
quirements.

Inspection Requirements

Control of procured materials.— The Quality Control representative will re-
view purchase requisitions before their release to ensure that the supplier is
an approved source and that quality standards and technical requirements are
documented in the contract with the supplier. He will inspect all incoming
materials for damage, proper documentation, and compliance with purchase order
requirements. Materials that have been inspected and identified as to inspec-
tion status, part number, lot or batch number, and shelf life requirements will
be placed in storage until required for issue. Special environmental require-
ments, such as temperature and humidity control, will be strictly enforced.

Chemical analyses and physical tests, when required to determine conform-
ance to specifications, will be conducted in the Quality Laboratory.

Fabrication Inspection

Quality will review the manufacturing process plan and specify the in-
process inspection requirements to be met when applying the ablative materials.
Quality will provide in-line inspection of preparation, layup, cure, and dimen-
sional checks. The results of these in-line inspections will be documented.

Nondestructive Testing

The Quality Laboratory will perform 100% X-ray inspection to detect any
voids present in the ablative material. Acceptance criteria will be established
for final acceptance of the deliverable panels. Destructive testing, as re-
quired, will be done concurrently with hardware fabrication. The results of
these tests will be documented.
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Batch Control

Materials and compounds with limited storage lifes will be strictly con-
trolled to ensure that.the prescribed batches are properly mixed. Batch samples
will be identified and submitted for laboratory evaluation. Any compounds whose
shelf life has expired will be rejected.

Material Review

All nonconforming material will be positively identified and segregated to
ensure that all deliverable hardware meets engineering and contractual require-
ments. The Quality Control representative will review each instance of non-
conformance and prescribe one of the following dispositions:

1) Rework - Incomplete items will be corrected in accordance with
drawing requirements;

2) Scrap - Items that are not reworkable or are uneconomical to repair
will be recommended for scrap.

Inspection, Testing, and Measuring Equipment

All inspection gages and measuring and test equipment necessary to deter-
mine conformance with specifications, drawings, and contract requirements will
be properly selected, evaluated, maintained, and controlled. All equipment
will be calibrated using standards traceable to the National Bureau of Stand-
ards.

Government-Furnished Property
Materials furnished by the Govermment will be inspected for transit damage,
inventoried for identification, and verified for configuration status and quan-
tity.
Quality Documentation
Quality will maintain records of all inspections, tests, and nonconformance
data accumulated during the period of performance. Records will be made avail-
able to designated NASA representatives for review.
Shipping Inspection
Before being shipped, each article will be inspected for condition, config-

uration, and proper packaging to ensure completeness of hardware and to prevent
degradation of the quality of the article.
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CONCLUSIONS

The low-density elastomeric panels were the least expensive for 100
flights.

The low-density nylon-phenolic composition had the highest manufacturing
cost, mainly because of the difficulty in packing the material into the
honeycomb matrix.

The cost of ablative heat shield panels can be significantly reduced by
the time the Space Shuttle is fabricated. The large volume of a single
configuration is effective in reducing cost due to-appropriate learning.

Large lot sizes will have an additional effect of reducing panel cost.

The most expensive panel was the high-density elastomeric composition in
the 2x4-ft double curvature. The average cost for one flight was $296.66
per square foot. However, this cost reflects tooling problems in fabri-
cating the single curvature 2x4-ft panel.

The least expensive panel was the 4x6-ft, 90% Microballoon - 10% silicone
resin panel in lots of 100 for 100 flights. The cumulative average cost of
these panels was $48.96 per square foot.

Panel edges were susceptible to chipping and had to be repaired.



RECOMMENDATIONS

The following recommendations are based on the experience gained in the per-

formance of this contract:

1.

After being machined, the large panels were difficult to handle. To prevent
damaging an edge, the final panel design should include an edge member.

An investigation should be conducted to determine if a liquid phenolic resin
could be substituted for the dry resin in the low-density nylon-phenolic
system without affecting ablation performance. The mechanical strength and
ease of packing are increased by this substitution.

An ablation test in which partial oxygen pressure and ablator temperature
are simulated for a typical flight should be made on the two low-density
systems. Because phenolic Microballoons can burn at a very low temperature,
this will show whether burning would continue after a vehicle has reentered
the atmosphere.

Because of the high thermal expansion of the high-density elastomeric sys-
tem, the panels will experience high thermal strains. A rigorous thermal
strain analysis of the panel should be made. Particular attention should be
given to the attachment points.

The highest cost and most manufacturing difficulty are associated with load-
ing the core. A study should be made to either eliminate the core or in-
crease its cell size.

A core splice was necessary to make a 24-in. wide panel. This splice can

not be permitted on flight panels because it inhibits filling the core and
because the ablation rate of the adhesive is higher than that of the rest

of the panel. Special tooling should be set up to manufacture the core to
the required width.

Martin Marietta Corporation

Denver, Colorado, October 2, 1970
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NASA CR-111800

National Aeronautics and Space Administration
FINAL REPORT, LOW-COST ABLATIVE HEAT SHIELDS FOR
SPACE SHUTTLES.

Huel H. Chandler. October 1970.

(NASA CONTRACIOR REPORT)

This report presents the results of a study to de-
termine the cost of fabricating replaceable abla-
tive heat shield panels for Space Shuttles. Curved
and flat 2x4-ft panels were fabricated from four
ablative compositions using processes developed
under this study. Time studies were conducted to
estimate the cost of fabricating panels of various
configurations and lot sizes, based on one, 10,

and 100 flights. Panel costs varied from a high of
$296.66 per square foot for a double~contoured,
2x4~ft panel made of 677% silicone resin and 33%
phenolic microballoons to a low of $48.96 per
square foot for a 4x6-ft panel composed of 90% mi-
croballoons and 107% silicone resin.
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National Aeronautics and Space Administration
FINAL REPORT, LOW-COST ABLATIVE HEAT SHIELDS FOR
SPACE SHUTTLES.

Huel H. Chandler. October 1970.

(NASA CONTRACTOR REPORT)

This report presents the results of a study to de-
‘termine the cost of fabricating replaceable abla-
tive heat shield panels for Space Shuttles. Curved
and flat 2x4-ft panels were fabricated from four
ablative compositions using processes developed
under this study. Time studies were conducted to
estimate the cost of fabricating panels of various
configurations and lot sizes, based on one, 10,

and 100 flights. Panel costs varied from a high of
$296.66 per square foot for a double-contoured,
2x4—~ft panel made of 677 silicone resin and 33%
phenolic microballoons to a low of $48.96 per
square foot for a 4x6-ft panel composed of 907 mi-
croballoons and 107 silicone resin.
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