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FINAL REPORT - PHASE II SUPPLEMENT

Refurbishment Cost Study of the
Thermal Protection System of a Space Shuttle Vehicle

By D. W. Haas & V. M. Gerler - McDonnell Douglas Astronautics Company - East
SUMMARY

This report contains the results of Task II of the subject study which was
an extension of the Task I, Phase II, effort documented in NASA CR-112034,
dated 1 April 1972. The purpose of the Task II effort was to identify the
labor costs and techniques associated with the maintenance of a bonded-on abla-
tor thermal protection system (TPS) concept, suitable for Space Shuttle appli-
cation, in a manner similar to that done for TPS concepts tested during Task I.
E[ The objectives and scope of the extension work were identical with that per-

! formed previously, except as noted herein. For purposes of brevity, many of
the detailed aspects of the overall test program are not repeated in this docu-
ment; the reader is therefore, referred to the basic report for more complete
information. Only those aspects of the Task I effort which are needed to sub-
stantiate the Task II effort have been repeated.

i The baseline approach to TPS attachment proposed by MDAC for the Space
Shuttle Orbiter involves bonding reusable surface insulation (RSI) and/or abla-
tors to the structural skin of the vehicle. The RSI and/or ablators in the
, form of either flat or contoured panels can be bonded to the skin of the pri-
b mary structure directly or by way of an intermediate silicone foam rubber pad.
The use of foam rubber pads permits the use of buckling skins and protruding
head rivets on the primary structure, minimizing structural weight and fabrica-
tion costs.. In the case of the RSI, the foam rubber pad serves as a required
strain isolator. For purposes of comparison, test data were obtained for an
installation with and without the use of a strain isolator. During Task I, the
! refurbishment aspects of a bonded-on RSI concept (without a strain isolator)
were examined experimentally along with several externally removable panel con-
cepts employing both ablator and RSI TPS. The various concepts are compared in
v this report.

The two most important aspects of the Task II effort were to:

| (1) determine the scheduled and unscheduled maintenance costs and tech-
; niques of the bonded-on ablator TPS concept and

P (2) establish an inspection and certification plan to verify ablator
K panel-to-substructure bond integrity.

Scheduled maintenance, as defined here, would involve 100 percent removal and
replacement of TPS panels associated with vehicle maintainability after the
vehicle has experienced its normal flight environment. Unscheduled maintenance,



on the other hand, involves partial removal and replacement of the TPS panels
prior to flight-environment exposure. Those activities, which would affect
unscheduled maintenance include, but are not necessarily limited to, handling,
transportation, prelaunch operations, and aborts. It was not the intention of
this study to cite or analyze all the possibilities which might occur in the
maintenance of a vehicle's TPS, but rather to give enough basic information
concerning refurbishment so that the reader can understand his own particular
situations and formulate estimates of similar or related systems.

In verifying bond integrity, consideration was given to state-of-the-art
nondestructive evaluation (NDE) methods assuming:

(1) that access to the unprotected side of the vehicle structure could be-

achieved and

(2) that access to the unprotected side of the vehicle structure could
not be achieved.

Static bonding tests were conducted to determine task duration and productive
times involved in verifying bond integrity as one approach to NDE inspection.

Scheduled removal and replacement task duration time and manpower require-
ments of the bonded-on ablator TPS concept in comparison with the TPS concepts
investigated during Task I are provided in table 1.

TABLE 1
SCHEDULED REMOVAL AND REPLACEMENT COMPARISON

TASK DURATION | ACTIVE PRODUCTIVE
TPS ATTACH CONCEPT TINE TINE
HRAMZ (HR/FTD) | MHRMZ (MHR/FT2)
ABLATOR KEY/KEYWAY _ 0.492(0.046) 0.753(0.070)
ABLATOR PI-STRAP 0.516(0.048) 1.001(0.093)
ABLATOR MULTIPLE FASTENER 0.527(0.049) 1.173(0.109)
HCF KEY/KEYWAY 0.764(0.071) 1.248(0.116)
ABLATOR BOND-ON (WITHOUT STRAIN ISOLATOR) | (1) 2.063(0.191) 4.406(0.409)
(2) 2.894(0.346) 6.043(0.561)
ABLATOR BOND-ON (WITH STRAIN ISOLATOR) (1) 2.911(0.270) 6.032(0.561)
(2) 4.200(0,390) 8.576(0.797)
HCF BOND-ON (WITHOUT STRAIN ISOLATOR) (1) 6.370 (0.592) 10.954(1.018)

(1) DENOTES “‘NON-WATER-BREAK' FREE SURFACE
(2) DENOTES “WATER-BREAK'' FREE SURFACE

These data represent a situation based on the assumption that the TPS has
gone through an entry environment which has rendered the heat shield assembly
not reusable, necessitating 100 percent replacement. In each concept noted,
the data are representative of the largest size panel tested. The term "water-—
break" and "nonwater-break" free surface refers to the degree of cleanliness of
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the skin of the primary structure prior to bonding on the heat shield material.
Detail aspects of the subject are contained in the main text. 1In the case of
the ablator multiple fastener attach concept, the support panel, under
scheduled maintenance conditions, would remain on the wvehicle. Access to
internal equipment in this instance would not be possible unless the support
panel was removed. In both the ablator pi-strap (so named for its 7 shape)
and ablator and HCF key/keyway attach concepts, both the heat shield and the
support panel would come off the vehicle at the same time. The time required
to remove the heat shield from the support panel in these latter concepts is
not included, since this function would probably take place at a later time
and possibly at a different location. Either new or reconditioned TPS compon-
ents would be used for replacement in all cases. It should be noted that the
ablator key/keyway attach concept values are based on extrapolation of test
data, since this configuration was not tested in Task I of the program. Also,
values shown for the HCF direct bond approach were taken to be equal to one-
third of those shown for the unscheduled HCF direct bond approach.

Unscheduled removal and replacement task duration and manpower require-—
ments of the bonded-on ablator TPS concept in comparison with the other TPS
concepts investigated during Task I are provided in table 2..

TABLE:2
UNSCHEDULED REMOVAL AND REPLACEMENT COMPARISON

TASK DURATION ACTIVE PRODUCTIVE

TPS ATTACH CONCEPT TIME TIME

| HRME HR/FTD) | MHR/M? MHR/FTD)
ABLATOR MULTIPLE FASTENER : 0.549(0.051) 1.237(0.115)
ABLATOR PI-STRAP 0.667(0.062) ~ 1.410(0.131)
ABLATOR KEY/KEYWAY 1.4740.137) 2.152(0.200)
HCF KEY/KEYWAY ~3.411(0.317) 5.800(0.539)
ABLATOR BOND-ON (WITHOUT STRAIN ISOLATOR) (1) 2.594(0.241) 5.662(0.526)
i} (2) 3.583(0.333) 7.616(0.708)
ABLATOR BOND-ON (WITH STRAIN ISOLATOR) (1) 3.556(0.331) 7.499(0.697)
(2) 5.092(0.474) 10.536(0.979)
HCF DIRECT BOND (1) 19.110(1.776) 32.861(3.054)

(1) DENOTES ““NON-WATER-BREAK'' FREE SURFACE
(2) DENOTES “WATER-BREAK'' FREE SURFACE

These data represent situations in which a random TPS panel would be re-
moved and replaced prior to flight for one, or a combination, of the following
reasons:



damage has occurred to the basic heat shield and/or support panel
access to internal insulation or equipment is required
damage has occurred to TPS support structure.

The data cited above give the requirements for removing and replacing a
selected heat shield assembly surrounded by similar components of the same
design. The primary difference between the scheduled and unscheduled situa-
tions lies in the boundary conditions between panels at the time of removal and/
or replacement. In the case of the scheduled removal and replacement exercise,
successive removal of the panels is made easier by the elimination of one or
more edge constraints of the previously removed panel. On the other hand, dur-
ing the unscheduled maintenance situation, panels must be removed or fitted in
place between adjacent panels (with all four edges of the panel coming into
play). Values shown for the unscheduled ablator direct bond approach are '
approximately 25 percent higher than those shown for the scheduled ablator
direct bond approach.

As in the case of the TPS concepts investigated during Task I, the bonded-
on ablator concept was analyzed for a representative Space Shuttle configuration.
This analysis was parametric in nature and was based on the use life of a single
vehicle having a 100-flight life. That is, various use-life estimates of the
heat shield material and percentages of the vehicle TPS area refurbished during
scheduled and unscheduled maintenance were assumed.

The results of the analysis show that average $/flight to refurbish a vehi-
cle employing a bonded-on ablator TPS can range anywhere from approximately
$88,600 to $127,800. Correspondingly, results of the Task I effort show that
the bonded-on RSI TPS concept can range anywhere from approximately $14,800 to
$50,000 per flight. From the analysis it is evident that of the variables con-
sidered, heat shield material use-life is by far the most significant. Current
state-of-the-art ablators have, for the most part, a use-life of one flight.
However, if the ablator material does not experience temperatures above 672°K
(750°F) it is assumed that its use-life could be extended to 100 flights. The
current goal in the development of RSI is to have a use-life of at least 100
flights. )

Comparison of the bonded-on TPS concepts with the extermally removable
panel concepts, investigated in Task I, shows a marked distinction. Analysis
of these latter TPS concepts, for the same vehicle configuration, shows the
maintenance labor costs to vary from $3,000 to $17,000 per flight. Thus, it
is clear from a maintenance labor point of view that the externally removable
TPS concept is more cost effective than the bonded-on TPS approach.

During the course of the Task II effort, various types of nondestructive
evaluation (NDE) techniques for establishing bond integrity were assessed,

including X-ray, acoustics, microwave, ultrasonics, acoustic emission,holography,
and proof loading. With the exception of X-ray, all other techniques provide
some promise of establishing bond integrity. However, none of these methods

has been developed to the extent that it provides an absolutely positive NDE
approach. The most reliable method to date involves proof or static testing.

K
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Since even this approach has some significant limitations, bond integrity veri-
fication currently represents a major NDE problem for the Space Shuttle TPS.
Therefore, much more extensive work must be done in this area on the part of
industry and the government to come up with a totally reliable technique(s) for
bond inspection.

Because of the above limitations, the quality assurance plan included in this
report is limited to external access bond verification by tensile testing of
process control coupons fabricated in parallel with the bonded-on ablator
panels. This, coupled with carefully executed and fully documented material
and process control, is considered to be the only available bond quality assur-
ance approach at this time. The in-process control method of bond certifica-
tion implements traceability and qualification of raw materials, proven state-
of-the-art fabrication, and bonding techniques.

INTRODUCTION

This document presents the results of Task II of NASA Contract NAS 1-10990
(Phase II) of the "Refurbishment Cost Study of the Thermal Protection System of
a Space Shuttle Vehicle'" performed for the National Aeronautics and Space Admin-
istration - Langley Research Center (NASA-LRC) by the McDonnell Douglas Astro-
nautics Company - East (MDAC-E), St. Louis, Missouri. The results of Task I
are reported in NASA CR-112034, dated 1 April 1972.

The proposed baseline TPS for the NASA Space Shuttle Orbiter consists of
a reusable surface insulation (RSI) and/or ablator material bonded directly to
the skin of the primary structure. During Task I the refurbishment aspects of
a bonded-on RSI concept were examined experimentally on a full-scale mockup,
along with several externally removable panel concepts employing both ablator
and RSI TPS. To complete the data base, the contract was extended to determine
the operational costs and problems associated with the maintenance of a bonded-
on ablator concept. This document presents the results of that investigation
and compares them with the results obtained in Task I.

The test program conducted in Task II was similar to that performed in
Task I. Specifically Task II consisted of designing an aluminum sheet-stringer
structure to which various size ablator panels are bonded with a silicone
adhesive, fabricating required components for use on a full scale mockup,
monitoring specific maintenance task functions simulating operational procedures,
and evaluating these maintenance functions from both cost and technique stand-
points.

A critical parameter with the bonded-on ablator concept is verification of
bond integrity. Thus, a plan was generated for inspection and certification of
the ablative TPS after bonding to insure acceptable bond integrity. Considera-
tion was given to state-of-the-art nondestructive evaluation (NDE) methods
assuming



(1) access to the unprotective side of the aluminum structure could be
achieved and '

(2) that access to the unprotected side of the aluminum structure could
not be achieved.

In addition static bonding tests were conducted to verify bond integrity and

estimates made as to the number and cost of such tests for an actual Space
Shuttle TPS.

Mr. D. W. Haas, Study Manager, was responsible for overall technical
direction of the study. In support of the study manager, other members of the
McDonnell Douglas engineering staff included V. M. Gerler (Deputy Study Manager),

F. R. LeTrello, M. J. Snyder, W. Bennett, R. Fleck, W. E. Wehrend, and
J. R. Cadieux.

Mr. G. C. Olsen, of the Materials Division, Langley Research Center,
Hampton, Virginia, was the NASA Technical Monitor for the study.

The units used for the physical quantities defined in this report are

given in both the International System of Units (SI) and U. S. customary units.
Factors relating the units of these systems are given in reference 33.

OBJECTIVES AND SCOPE

The individual objectives of Task II were to:

design an aluminum sheet-stringer structure to which ablator panels
are bonded

design ablator panels using the same materials and ablator composi-
tion used in Task I

select a material for adhesively bonding the ablator panels to the
aluminum structure

manufacture the aluminum structure and ablator panels

develop a '"Maintenance Task Schedule'" in the same manner as those
prepared in Phase I (NAS 1-10093)

develop a Test Plan including:

a plan for adhesively bonding the ablator panels to the
aluminum substructure

a plan for filling the joints between edges of adjacent panels
after bonding

Fanranas: |
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a plan for inspection and certification of the ablative TPS after
bonding to insure acceptable bond integrity

a plan for removing the ablator panels from the aluminum struc-
ture, including cleaning the aluminum

implement the Test Plan on the NASA-~LRC mockup, using the same docu-
mentation procedures employed in Task I

The experimental test program reported in Task I, Phase II, of NASA
CR-112034 served as the baseline approach for the work performed during Task II.
The test program was limited to the investigation of bonded-on ablator pamels.
The term ablator panel as applied herein refers to the combination of an elasto-
meric material in a phenolic glass honeycomb core. Ablator panel sizes were
limited to approximately 56 by 142 centimeters (22 by 56 inches), and 56 by 71
centimeters (22 by 28 inches). The aluminum substructure was flat and measured
approximately 152 by 178 centimeters (60 by 70 inches). Skin gauges and stiff-
ener spacing were consistent with those proposed by MDAC for the Space Shuttle
Orbiter Vehicle.

In general, the test program consisted of investigating various refurbish-
ment activities, concluded by a final layup of the test panels on the mockup
for display purposes. Individual tests covered initial installation of the
ablator panels on. the aluminum substructure, performance of static tests to
verify bond integrity, removal of the ablator panels after charring under a
simulated thermal enviromment, cleaning and reconditioning the skin of the
substructure, and reapplication of new ablator panels to the substructure. The
ultimate objective of each test was to assess the individual maintenance task
functions in terms of number of manhours, elapsed time, equipment, and tech-
niques required to perform a specific refurbishment activity.

TPS ATTACH CONCEPT

The baseline approach to TPS attachment proposed by MDAC for the Space
Shuttle Orbiter involves bonding RSI and/or ablators to the structural skin of
the vehicle, as shown in figure 1. The RSI and/or ablators in the form of flat
or contoured panels are bonded to the skin of the primary structure, either
directly or by way of an intermediate silicone sponge pad. The use of the
silicone sponge permits the use of buckling skins and protruding head rivets on
the primary structure, minimizing structural weight and fabrication costs. In
the case of RSI, the silicone sponge serves as a required strain isolator. Both
the direct bond and intermediate silicone sponge approach were investigated in
this study. The use of the silicone sponge is currently considered as Shuttle
baseline TPS by MDAC and is described in detail in subsequent text.

Prior to bonding, vehicle skins are thoroughly cleaned to provide a "water-
break'" free surface which cannot be allowed to oxidize between final cleaning
and the first bonding operation. The term 'water-break" free surface implies a

true wetting of the surface in which the water forms a film on the surface with-
out any breaks in the film or formation of beads, After the vehicle surface is



ABLATOR PANEL

STRAIN ISOLATOR

PRIMARY STRUCTURE BOND LINE

FIGURE 1 DIRECT BOND-ON ATTACH CONCEPT

cleaned, a thin coating of silicone primer is brushed or spray applied to the
structural skin. The primer is allowed to hydrolize for a period of time (time
depending on the relative humidity and temperature in the application area).
For the adhesive bond to be reliably effected, acceptable humidity and tempera-
ture conditions must be maintained to assure proper prime hydrolysis.

After acceptable cure, a thin layer of silicone adhesive is applied to the
primed surface with an automatic mixer/application head, which proportions and
(air-free) mixes the two components of the adhesive immediately prior to appli-
cation. Once the adhesive is applied to a given work area, the silicone sponge
is installed and held in position under a uniform pressure for a minimum of 24
hours to allow the adhesive to cure. The load can be applied mechanically or
by using differential atmospheric pressure.

Once the silicone sponge is securely bonded to the skin of the vehicle,
the same process of adhesive application is repeated to the outer moldline of the
silicone sponge for subsequent application of the ablator panels. After ablator
panel installation, a uniform pressure is then reapplied and held for the same
period of time as in the case of the silicone sponge installation. A vehicle
as large as the Space Shuttle Orbiter presents obvious manufacturing problems,
in that TPS installation will require extensive multilevel work stands. These
must enable placement of panels, as well as application of contact pressure
during adhesive cure.

ol
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Other operational adhesive bonding systems which could affect installation
and replacement times are described below. It should be noted, however, that
such bonding systems are not commercially available at this time. Further
development of such systems would have to be accomplished before they become
applicable for Space Shuttle use. One option considers a calendered adhesive
that would be bought in film form, cut to shape, applied, and cured. Such a
film silicone material must be capable of storage for extended periods, must
not cure or set up in storage, and must cure at room-temperature. This probably
means that the material has a limited shelf-life and a requirement for storage
at temperatures below 25°K (0°F). Benefits of such a system would be ease of
adhesive application, better control of adhesive thickness (with resulting lower
weight), and increased confidence in meeting TPS target weight. Another bonding

. option would be a composite adhesive/silicone sponge system. In this concept,

the silicone sponge would be procured with the required adhesive already applied
to one or both surfaces of the material. The adhesive/sponge system combination
would use either a pressure-sensitive adhesive or an adhesive that can be stored
for periods of time without curing. Benefits of this concept are that the two
bonds (structure-to-sponge and sponge-to-ablator panel) can be effected at one
time, adhesive thickness and weight can be accurately controlled, and fewer
operations to affect final bond are required.

One of the most critical problems surrounding TPS design and related main-
tenance concerns joints and seals between adjacent panels. In this area, incom-
patibilities exist. On the one hand, gaps between panels must be provided to
allow for normal panel expansion and contraction under environmental extremes.
Yet these same gaps have to be minimized, if not eliminated, to prevent the in-
flow of hot boundary layer gases and water. In the case of ablative TPS, the
problem is approached either by installing preformed elastomeric gaskets be-
tween panel edges or by caulking the gap with a silicone elastomeric—-type
material.

MOCKUP CONFIGURATION

The full-scale mockup, shown in figure 2, used during Task I was also
used in Task II for attaching the panel support assembly (described in the next
section) while testing the direct bond-on ablator TPS concept. The direct bond-
on ablator panel support assembly was bolted to the transverse hat section
panel support beams of the mockup. As shown in the figure, tubular links, in a
post arrangement, support these beams and position the TPS panels at the mold-
line some distance from the basic mockup structure.

All test data, recorded in Appendix A, obtained during the program were
taken with the mockup positioned to simulate the bottom surface of a Space
Shuttle vehicle. Thus, all maintenance tasks were performed in an overhead
position. It was assumed that working in an overhead position would be more



FIGURE 2 MOCKUP CONFIGURATION

working on either the sides or top surface of the vehicle. Test results. there-
fore would be representative of the worst working conditions. However, if per-

sonnel are not allowed to walk on vehicle surfaces (i.e., top surface of wings)

but forced to work in a prone position from platforms extending across the sur-

face, the test data obtained may be somewhat optimistic. No manipulation of

the test data was made to account for this set of possible circumstances.

TPS DESIGN

The design effort associated with the direct bonded-on ablator TPS concept
consisted of preparing drawings defining all of the specific components to be
manufactured, and methods of attaching the assemblies to the mockup configura-
tion. The specific drawings generated include:
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TITLE FIGURE NO.

Ablator/Panel Support Installation Assembly (64T020014) 3
Ablator Panel Support Assembly (64T020015) 4
Ablator Panel Assembly (64T020016) 5
Pi-Strap Ablator Panel Retainer (64T020017) 6
Strain Isolator (64T020018) 7
Static Test Fitting (64T020019) 8
Metallic/Ablator Panel Support Assembly (64T020020) 9

Ablator/Panel Support Installation Assembly (64T020014)

The general arrangement selected, as well as the specific instructions for
attaching the ablator panel assemblies and the panel support assembly to the
mockup configuration, are defined in figure 3. As illustrated, the two differ-
ent size ablator panels, and the panel support assembly, were located on one
end (right side) of the mockup. Four of the large pi-strap attach ablator
panel assemblies installed in Task I were removed from this area and replaced
with the panel support assembly (64T020014), to which the direct bond-on abla-
tor panels were installed. After completion of the various maintenance tasks
associated with the refurbishment tests, one of the pi-strap attach panels was
reinstalled adjacent to the panel support assembly. Two wood moldings (figure

6) were attached for supporting the panel along the edge adjacent to the panel
support assembly.

The panel support assembly (figure 4) was attached to the mockup by
bolting it to hat section beams, with twenty-four AN3-3A bolts. The ablator
panel assemblies were then bonded to the panel support assembly with RTV 560
adhesive. As shown in figure 3, two large and two small ablator panels were
initially bonded to the panel support assembly. Section B-B shows that one of
the large panels was bonded to a silicone sponge strain isolator, which had been
previously bonded to the panel support assembly. The second set of ablator
panels were bonded on (after the first set had been charred and removed) by

interchanging the large panel (that was bonded to the strain isolator) with two
small panels. )

The 0.46-centimeter (0.18-inch) wide gaps between the ablator panels were
filled with RTV-88 (General Electric) silicone compound. RTV-88, defined in
more detail in the "Ablator Panel Fabrication" section, is a two~part, room-
temperature~curing, dimethyl silicone compound. ‘

1



O T W— Y
S 77/7] 127 ]

E
28

47020008 - 1007 RLL §47020007- 1001 REX 647020003100/ RER
Cr REPAIR PANGL ATEY ProSTRAR ADLATOR PANEL ASSY

AALATOR PAMEL A3SY

S

— { E
mmny PR N o | S | E | H— | E—— ) ——

o |l ==

470r000E REF

7 Fanee SurromT ASSY
| | _
) E ‘ E ) :
!
| / le-]
soes mex A \
rigwee sy 005 B
Tror000r-1003 REF 6470200 - 1005 earozooss 1007
6470200071003 RE SainToR A R3Sy S SoiaToR FAnes A3ST
PO~ Svirime rsrecy oty ( yy il
oo Asiaran e 2 weoo ow 1003 0As  |sdvosoore - ia0s
2 kren ow i3
47020003 -/003 REF T
S crans aaiaror mamer A5SY
A P '
Pawse AT TeH AREA ROTATED 30°
g N
64T0200/8-200/ — 13
STRAIN 130LAYOR 647020020 - 1004
SuPPORT PANEL ASSY u/né FPOSITION
+ 2
R < N e [e7
®= rsos owia |scaew o
] v aso-r0e | waswen o .
647020009 REF 24 ANI-3A soLr | akd
£06E memmen B 3
7 (64 7020020-1001{SuPmIRT FaN: 4S5 4|59
IR veer Fovrod o
Lr_, 1 rsotaror = _m
[\ roriv 4 10RD OF 55 LB. TO THE FITTINGS AS INDICATED e iro20017 - 20ollpanes aEramER o589
. Cowcave £ CONVEX CONDITION OF THE CAULKING SERD SHALL NOT EXCEED [ Jesrozoore - roarleacarse pants ass lcs18s
$.030 WITH RESPECT 70 THE QUTER SURFACES OF THE AGLATOR PANELS. 2 | ¢ [6¢7020016-100S racarak Payit Astr| le3 13|
7. SURFACE MISMRTCH 8€ TWEEN ABLATOR PANELS SHAUL NaT 2 Pret €3, 2
e z ke7ozoos 1oe: oesaroe emee 2] @l .
-~ [arvcc morenres cams wirn mrv-as. ! =
250 048 WOLE (24 PLACES) et PLETION OF STAT, - wore & REMOVE ALL 7003|700/ H
MATE WiTH 647020015 S RFTER COMPLETION OF STATIC TEST sk wore ¢ mevo R oy prve ST o el T T
Pt FYEBOLTS AND FITTINGS (REPAIR ABLATOR FPER ADMENDMENT / oo | o ot o e weetanmw |
AN v6o r0t waswer XD
5 Eren wean TO MEMO @ TRS/FRL/18 15 REQUIRED). T v TR -
[N\ nreiy 61080 OF 38 8. To THE EXEBOLTS AS INOICATED. e % A ("
— 1
3. -100/ ASSY DEFINES THE INITIAL INSTALLATION OF THE TEST PANELS ABLATOR/ FPANEL !
WHILE ~1003 RSSY DEFINES THE FINAL INSTRLLATION REQUIREMENTS. % SurPPORY INSTA. AT10M]
L\BOND WiTH RTV $60 PER MEMO % TRS/CRU/ET ANDJOR MRINTENANCE STALLAT/
TASK SCHEDULE REQUIREMENTS . - 70034 / ASSY
. reR 7 B ore] ot
I MARKING PER 75, 16001 7 . | o |64 7020014
woTes: 76301
o orv mgan

) e

T ] 7 7 7




Al

1hF

y

1.87 Core Din

647020016 REF

\SLEOI-!-BS INSERT REF

FULL S1ZE€
TYP & FLACES

©qrozoora- 200/
STATIC JEST FITIING
£Q0 Qi - 1004

4 REQO On - 1003

l.— 1.87 CORE DIA

647020016 REF

647020018 REF

e

B el
s =
Fuil SIZE

rve ¢ PLACES

{
\ 647020020 REF

47020003 - 1001 REF

PISTRAP ABLAYOR PANEL ASSY

A

LA

647020009 wEx
£D6E MEMEER

647020003 -1003 REF
P1-STRAS ABLATOR PANEL ASSY

)

rute s

/— &47020020 XEF

/ 647020016 1001, -1005 REF

— 647020076 - /003 ,-1007 REF

AN -10R4D SCRS
8 e

647020017-2001)

PANEL RETAMER
2 rea

—

47020004
wer verfe

Y

fut

[#

FIGURE 3 ABLATOR/PANEL SUPPORT INSTALLATION ASSEMBLY
(All Dimensions in Inches)






_ FAs109708 erver men 600
var eer
< £ ® _ ooneer F
005 MATE wITH - R0DS =W
~z007men oo ser oo e co0s mer ﬁ'
& o g g ] ™ g 2 o = = =
+ + + + d Y ST MR AR O L]
250 01A - 12 HOLES K\ T TN
i roaris oot
T eeos
5200200058 eer
+ + + 4 26 <00 \lb
y ] L
- . 2009 res
. \l
3 K 4 -+ 250 DIA - 12 HOLES ' !
M520059 L3 PLATENUT ' \
|| s
l  — L— MS20426A03-3 RivET |
e mton P
i

B

* -> + + >r

@

. . - . Poare (o

ITE

3

+ + + + Piare @/ D
2 re0D
S L S
n__ as 1097046 R10ET ; . i MR i ol w”_(
\
_ v.00 s.20 _ “eo o FLusn wewrsioe CL 10010 _>w SY rcw L sr e

. { Scad /e 88 =

{

| " Loso sroex - "

)07 ™ ; i 37 TYE e
X5

-
oousti
< ZEWV e SKIN “ 8 SKIN Lt
L i J @ cuawver
L P _ S

(vasi97s0s -5 River
b/ - %/ 5853 REQD

-

-- - = NIRIT - T 1
64702005 -2005 90° w
mMATL 040 2024-0 , r FoL T 150 REF
8% .06 .Aw; $
90°
+ + -+ + o+ + + + o+ o+ + + + + teondt + o+ + + +t ot + o oo eer
N
2 (s 201061-43 | PearENUT £3
2 (M52/059-¢3 | meRTENUT 3
> L2005 5 Trors | sAim [o52 x.80- 3.7 {fare-73 aicind |00 Aok cno.73 o]
RN =2 IS} g Teors | cwammel 7 N
maxe ..u.a nwi‘w%mn.x e z e inTe (25 22.2 70,0 20ze 73 mciAD [00-A 25ws cono. 73 uw_uw
wor Amaosze -20: .
i 8».« ° € m2013 CHANIE: . 3 B 2009 | scarE |75 <2.2 76,0 [p024- 73 miciAt |00 A 250/ coND.TS 03]
B\ USE N3 20870705 RINETS FOR RTTACHING THE 2005 CHANNECS " TSoo7 | sein (0% x350160d 702473 ag-a eewa covora| o [cel B
T ¥ ry ¥ T A IN THE ENCLOSED ARER ONLY. 7E 2008 CHANNEL | 040x3.7%x608 202¢-0 [00-A-239/8 COND. O < T3y
. - . P17 e
+ ¢ 220 woe\\\ 2007 Sems ame Smk!m\‘: Excerr rwar EE&»M»N s . n 7003 | dovaiie |otorrsreod eoze 7S oo-A-sa0p cons, 73| A\ K2
+ + + +] (NASI097) ARE REQURED FOR ATTACKING THE - 2008 CHANNECS To THE - “Toor T eraw 50 55060 soes Ty oe-m e/t comn T3] s o7
] 2001 4-2007 SEINS, WHILE UNIVER AL HERD RIVETS (#1520870) ARE REGUIRED FOR
b RTTACHING THE CHANNELS TO THE -2001 SKIN IN THE INOICATED ARER ONLY. o7 %
£\ avovize PER RS 13207 TYPE, CLASS 1. e o e TR pmony AT o TR o L3 oo el
NEAT TREAT TO 2024-767 PER RS./SSI4. won | wrdo Joewrwo | oormevon m. | _on vesommton waronaL cioe peenconm )
+ + + « 1 B\ CHEMICALLY ML PER R5.20022. 0.0 [ i La vz W TR AT
. R 5L BEND RADI AND TOLERANCES PER GM3 i A
+ + .
4 INSTALL FASTENERS PER RS, 19000. -
o 3 FrsR. eo0o ) SUPPORT ASSY~
fo— 40 3 ICATION PROCEDURES PER PS5.20006. b FEele TR 101 nToR PANEL
2. — ) — 0FNOTES NUMBER OF EQUAL SPACES. ke o
I MARKING PER F5. 16001 2
: T5a7] 7 [airoroond]
woTes : oain [P0 AT wext asov |
w0 laty meoo APPLICATOH







4] I

75

¢

[%asi097405 Rrver mes
e with -2007

[was097a08 RIvET REE [ras 70
sLusw £AR $10E Fus
MATE wirs -2003 mare

<2007 #es
<2onacr
10
5451097804 3 MVET
3¢ geo0
cnanmoi Fivew mzoore 20
& xaco Swme
® o neon £0.00
e Nn3109IADe-S RrET
32 Reco
o 02 seusw m -200r 62007 =0
rre 8 miAcLs £a
Tvr 8 PLAtes
59.26

NASI087 ROS RIVET REF
& mincEs PER Camnmer

- %

NFE0470805-5 RiveT
37 #r0D Ace cwAwwer &

[_.‘t

L040 sT0CK
.

+

T

DETAIL -

148
- .37 TYP

=+

+ + + + - -« R4
+ + + + + + +
+ -+ Ak 1+ + “+ +
Tk,
3e.90 —

32.20 27.60 I 23.00 |

003 <

e
i
s

\ -2007 REF

‘J}' — -zo0s REF
$9.26 REF]

03 =03 o

ABOVE RIVET REQUREMENTS
TYPICAL FOR FIVE CHANNELS
onLyY

DETAIL =20010 £

~200/ SAME R3-2007 EXCEAT AS SEC

.80 FLS.
- 30"
& ro
90"
e e 0 e e A A

750 01A 6 HOLES
MATE WiTH - 2005

/mmg,m wwver mer
e5.50

NAS 1097 ADS River REF
1520470 ADS River mEs

METE WITH - 200/ § 2007

FLAT o8

2780 & L
| | as1087m00 miver wer - - £ + - ; 0 T ¥ T
F 1 4 y & & +
= AR ol | . . M . N X ’ " N
E i LATF e e
all.s..;;f( L—wz—(!}—-l sy AL, 2006 @
362 300 ¥ [t f ¥ p T T ; : = .- -
- , = . % + ' i
DETAIL = 2015 @ ; : f —
I 7
250 oua 6 worrs es.80
@ o versn 2003 @“mm‘ e per » .
1§ 647020
3] I L] [ 5

FIGURE 4 ABLATOR PANEL SUPPORT ASSEMBLY

(All Dimensions in Inches)

13



In addition, this drawing also specifies the requirements for static test-—
ing the ablator panels to the panel support assembly bond. As illustrated in
sections D-D and E-E, two different techniques were employed for applying a pre-
determined load to the bonded areas. In one case, fittings (randomly located)
were bonded to the external surface of the ablator panel, while for the other,
eyebolts were threaded into inserts which were imbedded in the ablator panels.
For each technique, 4.75-centimeter (1.87-inch) diameter plugs were machined in
the ablator material, concentric with the fittings and the inserts. The depth

of these machined cuts were controlled to prevent damaging the sheet metal
structure.

Ablator Panel Support Assembly (64T020015)

The panel support assembly selected for simulating a portion of the Space
Shuttle's primary structure consisted of a thin skinned, stiffened aluminum
structure, shown in figure 4. The overall size of this assembly was 152.40
by 177.29 centimeters (60.00 by 69.80 inches). The 0.127-centimeter (0.050-
inch) thick aluminum skin was manufactured in two sections and spliced together
using a butt joint, as illustrated in section A-A. The skin was chem-milled to
a thickness of 0.056 centimeters (0.022 inches) between the stiffener attach
areas. The 0.102-centimeter (0.040-inch) thick aluminum channels were riveted
to the skins and spaced 11.20 centimeters (4.60 inches) apart. Both flush head
and universal head rivets were used to attach the 16 channels to the skin. It
should be noted that the universal head rivets were used in the area where a

silicone sponge strain isolator was positioned between the panel support assem-
bly and the ablator panels.

Four 0.318 by 5.59 by 177.29-centimeter (0.125 by 2.20 by 69.80-inch) plates
were riveted across the channels, opposite the skins, to stiffen the assembly,

allowing normal handling techniques to be employed and preventing excessive
deflections.

Ablator Panel Assembly (64T020016)

The ablator panel assemblies, defined in figure 5, consists of a 5.1-
centimeter (2.0-inch) thick elastomeric-resin-filled honeycomb core assembly.
The honeycomb core is composed of 0.953-centimeter (0.375-inch) hexagon-shaped
cells, having a density of 35.24 kilograms per cubic meter (2.2 pounds per cubic
foot). The ablator material contains a mixture of phenolic microballoons and
silicone elastomeric resin, and is designated as NASA's 80/20 blend (i.e., 80

parts by weight of phenolic microballoons to 20 parts by weight of elastomeric
resin).

A total of eight panels were manufactured, four measuring 5.1 by 55.1 by 70.5

centimeters (2.0 by 21.70 by 27.74 inches) and four measuring 5.1 by 55.1 by

14
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FIGURE 5 ABLATOR PANEL ASSEMBLY
(All Dimensions in Inches)




141.4 centimeters (2.0 by 21.70 by 55,66 inches). Two of the small panels and
one large panel had the edges bevelled on one side. This was done to fair the
outer surfaces with adjacent panels that were installed without the strain
isolator.

In addition to the above panels, 12 narrow ablator panels 5.05 centimeters
(1.99 inches) wide were manufactured and subsequently bonded to the panel sup-
port assembly to simulate adjacent panels. Eight of these panels were 142.29
centimeters (56.02 inches) long, while the remaining four measured 35.00

centimeters (13.78 inches) in length .

Pi-Strap Ablator Panel Retainer (64T020017)

In order to retain the large pi-strap attach ablator panel adjacent to
the direct bond-on ablator panel support assembly redesigned panel retainers
were required. The two wooden panel retainers manufactured, which replaced
the ablator pi-strap assemblies along one edge of the panel, are shown in
figure 6.

Strain Isolator (64T020018)

As stated previously, a strain isolator was positioned between the panel
support assembly and the ablator panels over approximately one-third of the
area. This 0.318-centimeter (0.125-inch) thick pad (figure 7) consisted of
a closed cell silicone sponge, designated as S-105, manufactured by Raybestos
Manhattan. This material had a density of approximately 560 kilograms per
cubic meter (35 pounds per cubic foot). RTV 560 adhesive was used to bond the
strain isolator to the primed surface of the panel support assembly.

Static Test Fitting (64T020019)

During the bond integrity evaluation phase of the test program, tensile
loads were applied to machined plugs in both the bonded-on ablator panels and
process control coupons (fabricated in-parallel with the bonded~on ablator
panels). Loads were applied to the machined plugs by means of aluminum
fittings, bonded to the exposed surfaces. The fittings are described in
figure 8..

Metallic/Ablator Panel Support Assembly (64T020020)

Prior to attaching the panel support assembly to the mockup, the narrow
ablator panels, shown in figure 5, were bonded around the periphery of the
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panel support assembly, as shown in figure 9. As in Task I, these edge members
were used to simulate adjacent panels. The edge members were positioned so
that the distance between opposite edges allowed 0.46-centimeters (0.18-inch)
wide gaps between adjacent ablator panels and between the edge members and
their adjacent ablator panels. RIV 560 was used to bond the edge members to
the primed surface of the panel support assembly.

ABLATOR PANEL FABRICATION

The ablator panel assemblies fabricated were basically similar to hard-
ware panels fabricated in Task I, with the following exceptions:

assemblies were 5.1 centimeters (2.0 inches) thick instead ' of 2.54
centimeters (1.0 inch) thick;

assemblies did not have a face sheet;

the honeycomb core was primed with a phenolic instead of a silicomne
primer;

each panel was fabricated with an insert (static test plug) for later
NDE evaluation of bond integrity;

material evaluations were conducted to select adhesive and caulking
compounds;

no attach provisions were incorporated, since the panels were bonded
to the substructure.

Material Evaluations

Materials for adhesive priming, adhesive bonding, and caulking, intended
for use while installing the ablator panels on the mockup, were selected from
current state—-of-the-art materials used in similar or related applications.

Adhesive.- The adhesives selected for evaluation (for subsequent bonding
operations) were room-temperature-curing silicone elastomers. These adhesives
have the most desirable handling, ease of cure, mechanical properties, and
high temperature capability characteristics. Adhesive selection was based on
parallel work being conducted on other related NASA programs, both at MDAC-E
and at other aerospace companies.

After a literature search, two adhesives were selected from a number of
candidates for further detailed investigation. These were Dow Corning's
DC 93-046 and General Electric's RTV 560. Both adhesives are two-part, room-
temperature-curing compounds. The DC 93-046, formulated from a dimethyl
silicone polymer, possesses excellent strength and elongation with a low-
temperature capability of approximately 219°K (-65°F). The DC 93-046 adhesive,
freshly catalyzed, is a tough, paste-like material which is difficult to mix
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or apply by hand. The paste-like consistency of the material requires trowel-
ing, and its application time is considerably slower than that of the RTV 560.
The RTV 560 is formulated from a methyl-phenyl base silicone polymer contain-
ing iron oxide. The viscosity of this adhesive is considerably lower than
that of DC 93-046 and may best be described as being pourable and easily mixed
by hand. The methyl-phenyl polymer permits use temperatures down to 158°K

(-175°F), a desirable feature for Shuttle application because of the long cold
soak environments expected. The RIV 560 appears to be the current choice of
several contractors in the evaluation of adhesives for bonding reusable surface
insulation (RSI).

Primer.- Three primers were evaluated for conditioning the metallic sur-
face prior to bonding the ablators and strain isolators to the substructure.
Two were General Electric's SS 4004 and SS 4155, and the third Dow Corning's
DC 1200 primer. All three are current state-of-the-art silicone adhesive
primers. To effect an adequate bond to metal surfaces, all are dependent on
control of humidity at temperature for proper hydrolyzation. Most priming
operations were conducted at temperatures of 297 +3°K (75 +5°F) with relative
humidities of 40 to 60 percent. In all cases the primer cure followed the
temperature/relative humidity requirements specified by the manufacturer.

Initial bonding evaluations were conducted using DC 93-046 and RTV 560
in conjunction with the DC 1200 primer. Small 15.2 by 15.2 by 5.l-centimeter
(6.0 by 6.0 by 2.0-inch) ablator panels, containing NASA's 80/20 ablator mix
in 0.953-centimeter (0.375-inch) hexagonal honeycomb, were bonded to aluminum
sheets. Prior to application of adhesive, the aluminum sheet was wiped clean
with methyl-ethyl-ketone (MEK) and primed with .0013 to .,0025 centimeters
(.0005 to .001 inches) of primer, The primer was cured to the manufacturer's
primer cure schedule. Adhesive was applied both to the ablator and to the
primed aluminum sheets. The DC 93-046 adhesive took considerable time to apply
and, therefore, required thinning with 30-percent toluene in order to provide a
smooth coverage (brush applied) on the ablator panel. On the other hand, the
DC 93-046 was applied without thinner to the aluminum sheets using a trowel.
Approximately .038 to .051 centimeters (.015 to .020 inches) was applied to
each surface.

The RTV 560, being of considerably lower viscosity, was easily applied to

the ablator and aluminum sheet with brush application techniques. Approximately

.025 to .038 centimeters (.010 to .015 inches) was applied to each surface,

Both ablator test panels (i.e., with DC 93-046 and RTV 560) were cured for 24
hours at room temperature under deadweight pressure (shot bags) of approximately
4530 grams (10 pounds). After curing, both panels demonstrated that the ablator
could not be separated from the aluminum sheet under substantial hand pull and
twist pressure.

The ease of mixing, fast application time, low-temperature capability,
and acceptable cure characteristics are decided advantages of the RIV 560.
Thus, it was decided that RTV 560 would be the adhesive used for all bonding
operations on the mockup.

Essentially, the same evaluations were conducted in bonding the silicone
sponge pad (strain isolator) to the aluminum. The silicone sponge (closed
cell foam) manufactured by Raybestos-Manhattan is identified as 5-105 and has
a density of approximately 560 kilograms per cubic meter (35 pounds per cubic
foot). The S-105 foam is formulated from a methyl-phenyl silicone resin, and
is the current MDAC choice for RSI strain isolation (in conjunction with RTV
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560 adhesive). Attempts to bond the strain isolator to the aluminum sheets
with DC 1200 primer and RTV 560 proved unsatisfactory. The bond was noted to
be inconsistently cured, exhibitng areas of tackiness and lack of adhesion.

It was felt that the primer may not have been adequate to effect the proper
bond. Also, the use of one manufacturer's primer with another manufacturer's
adhesive was not desirable, although direct bonding the ablator to the aluminum
presented no problems.

Two additional primers were then evaluated, including General Electric's
SS 4004 and SS 4155. The SS 4004 primer (pink in color) relies on color hue
to determine proper film coverage. The SS 4155 (light blue in color) demon-
strates a whitish film after hydrolyzing and provides a more positive indication
of cure. The SS 4004 requires very close visual observation to determine cure
and proper film coverage. Several test coupons of strain isolator and
ablator panels were evaluated using the SS 4004 and SS 4155 primers. A 'water-
break" free surface was obtained on the aluminum sheet prior to priming. This
was done by scrubbing the aluminum sheet with nylon/silicon carbide abrasive
cloths (Bear-tex) and rinsing with deionized water. After wiping dry with clean
cheesecloth, the sheet was primed. In most cases the SS 4004 primer was unpre-
dictable. This was later attributed to a 'bad' lot of primer, as noted by the
supplier. The SS 4155 primer was recommended bv General Electric, because it
provided a more consistent cure and a better method of visual coverage (hydroly-
zation) than the SS 4004. Several test coupons of strain isolator were bonded
with the RTV 560 using the SS 4155 primer. Results were generally good, although
one coupon did demonstrate poor adhesion. The SS 4155 primer was selected for
subsequent bonding operations. '

Bonding of the strain isolator material (S-105 silicone sponge) has been
inconsistent, even in applications with RSI. While all of the contributing
factors have not been identified, it is suspected that curing agent, foaming
agent residuals, silanols, and release agents within the foam are inhibiting
the bond cure. This material is being intensively evaluated by MDAC-E and the
manufacturer in an effort to identify all of the contributing factors and to
rectify them.

Caulking Compound.- Two compounds were evaluated for caulking gaps between
ablator panels, Dow Corning's 90-006 and General Electric's RTV 88. The com—
pounds were selected initially on the basis of available literature and upon
recommendation of the manufacturer for the intended application. Both are two-
part, room—temperature~curing, dimethyl silicone compounds formulated with iron
oxide for high temperature use (up to 589°K (600°F)). Density of both materials
(cured) is 1480 kilograms per cubic meter (92.5 pound per cubic feet). The
manufacturer(s) recommended these materials primarily for their handling
characteristics (i.e., both compounds provide good extrusion and nonsag
caulking characteristics), particularly for overhead caulking operations.
Another desirable characteristic is that these compounds can be packaged in
small 227-gram (8-ounce) cartridges for rapid mixing at the operations
site without the need of cumbersone and time consuming mixing and cartridge
filling equipment. Each cartxidge contains a measured quantity of resin and
catalyst (curing agent), proportioned to allow approximately 2 hours working
time. ' A simple stroking procedure is used ‘for mixing the two-part materials
within the cartridge. The cartridge is-then installed in a pneumatic operated
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(plunger-type) gun with the plunger being trigger-actuated to extrude the mate-
rial. Several nozzles were evaluated in the course of the caulking operations.

Two sets of ablator test panels (approximately 15.2 by 15.2 by 5.1
centimeters (6.0 by 6.0 by 2.0 inches) were clamped to aluminum sheets with a
0.477-centimeter (0.180-inch) gap between ablator panels. Cartridges filled
with DC 90-006 and RTV 88 were used to caulk the gaps between these ablator
panels., Approximately 217 to 276 kilonewtons per square meter (30 to 40 pounds
per square inch) of air pressure were used to extrude the silicone compound
into the gaps. Both materials flowed well into the gaps, with the RTV 88
displaying slightly better flow and fill characteristics. The freshly caulked
panels were then inverted (caulking face down) and allowed to cure overnight
at room temperature. The RIV 88 displayed a more thorough cure (no soft spots)
after 24 hours. Several soft spots were detected in the DC-006; however, these
spots cured after an additional 6 to 8 hours curing time. The DC 90-006 pro-
vided an extremely tough cured product, more so than the RTV 88. However, the
RTV 88 was selected as the caulking compound, primarily because of the relative
ease of extrusion and fill characteristics. The low-temperature capability of
both candidate caulking compounds is approximately 214 to 208°K (-75 to -85°F),
based upon manufacturer's data. This would indicate a dimethyl silicone base
compound. In actual Shuttle use, a caulking compound with a lower temperature
capability (down to at least 150°K (-175°F))would be desirable. Since methyl-
phenyl silicone caulking compounds are not available as off-the~shelf compounds,
only the dimethyl silicone compounds could be evaluated within the time/cost
constraints of the program.
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Preliminary Ablator Panel Fabrication Evaluation

.

Prior to fabrication of full-scale ablator panels, several processing
parameters required evaluation. These included: -
primer processing - a phenolic primer was used instead of a silicone b

primer for priming honeycomb

honeycomb filling characteristics of a 5.l-centimeter (2.0-1inch)
thick panel when filling with the NASA 80/20 ablator mix

—

PR

cure characteristics of the 5.1-centimeter (2.0-inch) thick ablator
panels

core splicing of the honeycomb

s

Previous work conducted with the NASA 80/20 ablator mix in the Task I effort

did not present any problems in mixing and blending; therefore, it was assumed »
that the same processing conditions could apply equally well for manufacturing E
the Task II ablator panels. Small test panels approximately 22.8 by 22.8 by
5.1 centimeters (9.0 by 9.0 by 2.0 inches) thick were processed using a 0.953-
centimeter (0.375-inch) hexagonal cell glass/phenolic honeycomb, primed with a
'B' stage phenolic resin, fllled with the NASA 80/20 ablator mix, and cured
under vacuum bag at 394 to 400°K (250 to 260 °F) for 8 hours. ('B' staging
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is an intermediate stage in the curing of a thermosetting resin. It occurs
while the resin is still soft or tacky.)

Four panels were made, with and without core splices. A two-side filling
technique was used to fill the honeycomb cells with the freshly catalyzed NASA
80/20 ablator material. The core splice was a double cell crush splice, with
the splice length perpendicular to the ribbon direction. The phenolic resin
used to prime the honeycomb on two of the panels was cured ('B' stage) at 355
to 361°K (180 to 190°F) for 2 hours. The phenolic primer (i.e., Resinox SC-1008)
contains approximately 40 percent by weight of isopropyl alcohol. The other
two panels were primed with Sylgard 182 (wet coated) prior to filling with the
NASA 80/20 mixture.

All panels cured satisfactorily at 394 to 400°K (250 to 260°F) under

vacuum bag for 8 hours. Panels primed with SC 1008 were lower in density (= 222
kilograms per cubic meter) (= 13.9 pounds per cubic foot) than the panels primed
with the silicone wet coat (= 253 kilograms per cubic meter) (= 15.8 pounds per
cubic foot)). No voids were detected by x-ray. After trimming, the panels were
bonded to a primed aluminum sheet (= 15 centimeters (0.06 inches) thick) with
RTV 560 and cured at room temperature under a dead weight (shot bags) of approxi-
mately 4530 grams (10 pounds). Bond integrity was excellent, with a cured bond
thickness of approximately 0.051 to 0.060 centimeters (0.020 to 0.025 inches).

The cure of a large panel 61.2 by 152.4 by 5.1 centimeters (24 by 60 by
2.0 inches) was attempted, using the process parameters established for the
small panels. The SC 1008 primer was selected because it was a simpler method
and produced the lowest density composite. This large panel did not cure. A
subsequent small panel using the same lot of silicone resin and phenolic
microballoons cured with no difficulty at 394 to 400°K (250 to 260°F). It
was judged that the mass of ablator material was the cause of the large panel's
failure to cure. A 61.2 by 61.2 by 5.1 centimeters (24.0 by 24.0 by 2.0 inches)
thick panel was fabricated and cured between 422 and 428°K (300 and 310°F) at
an arbitrary time of 4 hours. The panel cured approximately half way, top of
panel to midpoint, with the bottom half uncured. A post cure of 4 hours at
422 to 428°K (300 to 310°F) (without vacuum bag), with the panel 'soft'
(semicured) side up, cured the remaining part of the panel. Therefore, the
remainder of the large production panels (61.2 by 152.4 by 5.1 centimeters)
(24 by 60 by 2.0 inches) were processed in the same manner as the small test
panels, except that the cure temperature was set at 422 +6°K (300 +10°F) for
8 hours.

Fabrication of Ablator Nondestructive Evaluation (NDE) Test Panels

Additional test panels were fabricated to evaluate bond integrity by NDE
techniques. Three small test panels, 22.8 by 22.8 by 5.1 centimeters (9.0 by
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9.0 by 2.0 inch) thick, were made employing the NASA 80/20 ablator in glass/
phenolic honeycomb using the baseline process conditions selected from the
preliminary work. The ablator panels were bonded, with RTV 560, to aluminum
sheets which were previously cleaned with MEK and primed with Dow Corning

DC 1200. Bonded panels were cured for 24 hours at room temperature under a
deadweight (shot bags) of approximately 4350 grams (10 pounds). Bond thickness

did not exceed 0.05 centimeters (0.020 inches). These panels were static tested

as subsequently described in the Static Test Section. A larger test panel,
consisting of two ablator panels, 5.1 by 38.1 by 50.8 centimeters (2.0 by 15.0
by 20.0 inches), bonded to a single aluminum sheet, 0.081 centimeters (0.032
inch) thick was also fabricated as described above. The bonding operations
consisted of the conventional cleaning, priming, and adhesive application as
for the static test panels with the following exceptions, (1) controlled
defects (unbonds) were introduced into the bondline, and (2) a strain isolator
was included in the bond layup. One ablator panel was bonded directly to the
aluminum sheet with controlled defects in the bondline. The defects (unbonds)
were introduced at discrete areas by placing 0.013 centimeter (0.005 inch)
thick Mylar film discs, up to 10.2 centimeters (4 inches) in diameter on the
surface to be bonded. The other ablator panel was bonded to a 0.318-centimeter
(.125-inch) thick strain isolator which had been previously bonded with RTV 560
to the aluminum sheet. Controlled defects were likewise introduced into the
strain isolator during bonding operations. After a 24~hour cure at room
temperature, the ablator panel was bonded to the strain isolator pad with RTIV

560, with controlled defects introduced again by Mylar film discs. The ablator/

strain isolator bond was cured under deadweight (shot bags) pressure. The
controlled defects panel was then submitted for NDE using selected methods
detailed in the section "Nondestructive Evaluations."

Fabrication of Ablator Panel Assembly

The ablator panel consisted of NASA 80/20 ablator material processed into
a glass/phenolic honeycomb. The honeycomb was 5.1 centimeters (2.0 inches)
thick and consisted of 0.953-centimeter (0.375-inch) hexagonal cells. Prior
to filling the honeycomb matrix, the honeycomb was spliced using a crush splice
technique, inserts were potted in place, and the cells primed with a phenolic
resin primer. The basic fabrication cycle for the ablator panels is depicted
in the processing flow diagram shown in figure 10. The tools, equipment,
and materials used in the fabrication of the ablator panels are listed in

appendix B.

Honeycomb Core Preparation.- The honeycomb was cut and double lap crush
spliced as shown in figure 11. After splicing, the core was cut, allowing
an additional inch in the width and length dimensions over the drawing require-
ments. Following cure, this excess material was trimmed off.

Inserts (for NDE testing) were potted into the honeycomb using an epoxy
potting compound in accordance with MDAC Specification 14022 after counter-—
boring and trimming the honeycomb. The potted inserts were cured either for
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FIGURE 11 HONEYCOMB SPLICE AND POTTED INSERT RETAINER
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1 hour at 366 to 369°K (200 to 250°F) or at room temperature for 24 hours. If
room temperature curing was used, a post cure under heat lamps was conducted
for 2 hours at 339°K (150°F) (surface temperature), provided that there was
evidence of "softness" in the potting compound.

The honeycomb was racked and cleaned with TURCO wash per MDAC Specification
11321. The TURCO wash is a steam cleaning (spray) operation in which a commer-
cial alkaline cleaner (in water solution) is mixed with steam. The core was
thoroughly rinsed in demineralized water and dried in an air-circulating oven
for 2 to 2.5 hours at 339 to 350°K (150 to 170°F). After cleaning, the dried
core was wrapped in clean Kraft paper until ready for priming.

The cleaned honeycomb was immersed in a bath of phenolic resin primer
(i.e., Resinox SC 1008) and the honeycomb cells flushed with the primer. The
honeycomb was allowed to drain for 5 minutes over the primer pan and then
placed on dry, clean absorbent paper towels for an additional 5 minutes to
remove excess primer. The primed honeycomb was then suspended in an air circu-
lating oven and cured ('B' stage) at 355 to 361°K (180 to 190°F) for 2 hours.
After priming, the honeycomb was covered with clean Kraft paper until ready for

ablator filling operations.

Mixing the Ablator Material.- The ablator material (NASA 80/20 blend) used
in fabricating the ablator panels was jdentical to that used in Task I ablator
heatshield processing. It consisted of:

80 parts by weight - Union Carbide BJ0~0930 phenolic microballoons
20 parts by weight - Sylgard 182 resin (includes catalyst)

Dried phenolic microballoons (2 hours at 369 + 6°K (205 + 10°F)) were added
slowly and in small quantities to a Hobart mixer bowl which contained the pre-
scribed amount of catalyzed Sylgard 182 resin. Mixing in the Hobart was
accomplished at slow speed (= 45 to 50 rpm). After addition of all micro-
balloons, mixing was continued for an additional 20 minutes. During the mixing,
the temperature of the ablator material was checked periodically. If the
temperature increased above 300°K (80°F), mixing was stopped and the ablator
material allowed to cool below 300°K (80°F) before continuing the mixing

operation.

Mold Preparation & Honeycomb Core Fill Procedure.- The mold fixture used
for honeycomb fill and curing operations was basically identical to the molds
used in the Task I fabrication, except that the mold edge members, fabricated
from 2024-T3 aluminum, were of a height sufficient to accomodate the 5.1-
centimeter (2.0-inch) thick ablator. The IL-shaped edge members were attached
to the base plate by means of high-temperature aluminized tape (figure 12),
The tape provided easy disassembly of the mold edge members during the two-
sided honeycomb fill operation. The outer sides of the edge members were taped
together with high-temperature glass/silicone tape. The assembled mold was
cleaned with MEK, wiped dry with clean cheesecloth, and treated with a mold
release agent (fluorocarbon dispersion). An aluminum caul plate, = 0.15
centimeter (0.06) thick, cleaned and treated with mold release agent was
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FIGURE 13 TROWELING OF ABLATOR MATERIAL OVER HONEYCOMB

installed in the bottom of the mold within the L-shaped edge members. The
primed honeycomb was then installed in the mold (over the caul plate).

Freshly mixed ablator material was troweled and screeded to a height of
6.4 to 7.6 centimeters (2.5 to 3 inches) over the top surface of the honeycomb,
as shown in figure 13. This material was then tamped into the honeycomb cells
with particular attention given to the areas of the honeycomb splice and the
edges of the mold. Additional material was troweled, screeded, and tamped into
the cells until firmly compacted. A burden of ablator material (approximately
0.25 to 0.38 centimeter) (0.10 to 0.15 inch) was rolled smooth over the top of
the honeycomb cells using a metal tubular roller. Another clean, mold-release~
treated caul plate was placed over the top of the filled ablator panel.

After filling one side of the panel, two adjacent taped edge members were
removed from the mold. The ablator panel, sandwiched between two caul plates,
was removed from the baseplates. All loose ablator material was cleaned from
inside the mold. The ablator panel/caul plate sandwich was then rotated (bottom
side up) and repositioned in the mold. The bottom caul plate was gently pulled
out from under the ablator panel. The two edge members were then remounted.

The fill operation on the opposite side of the ablator panel was identical to
that for the first side. Troweling, screeding, tamping, and rolling were con-
tinued until the ablator material was firmly compacted into the honeycomb cells,
as shown in figure 14. A burden of approximately 0.51 to 0.64 centimeter

(0.20 to 0.25 inch) was rolled smooth over the top of the honeycomb cells.
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FIGURE 14 ROLLING OF ABLATOR MATERIAL

Curing Operation.- After the honeycomb was filled, three thermocouples
were installed in the ablator material. The ablator material was then covered
with a layer of glass release cloth, followed by a layer of glass breather
cloth. A 1.52-centimeter (0.60-inch) aluminum caul plate was then installed
over the glass release and breather cloth. The mold was then covered with a
layer of glass breather cloth, as shown in figure 15. Additional glass

cloth was layered around the side of the mold for improved evacuation of the
mold. A conventional Mylar film vacuum bag was installed over the entire
assembly, sealed, and vacuum leak-checked.

31



FIGURE 15 APPLYING VACUUM BAG

Ablator panels were cured for 8 hours at 422 +6°K (300 + 10°F) under a
vacuum bag pressure of 88.05 kilonewtons per square meter (26 inches of mercury)
(minimum) in an air-circulating oven. The panels were allowed to cool to below
322°K (1.20°F) before removal from the oven.

Trimming.- The panels were hand trimmed of burden (top and bottom) with
sharpened putty knives. Panels were then cut to the required surface dimensions
with a band saw following a template. The surface of the ablator panel was
smoothed down with abrasive cloth until the ablator material was flush with the
honeycomb core. Panels requiring an edge chamfer were ground and smoothed to
drawing requirements using abrasive cloth following a template.
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Repairs.~ Where ablator panel surface and edge damage was incurred, repairs
were accomplished in accordance with the repair procedure defined in NASA
CR 112034.

Inspection.— Upon completion of processing, each panel was subjected to
inspection in accordance with the requirements of the engineering drawing. A
photograph of a completed 5.1 by 55.1 by 14l.4-centimeter (2.0 by 21.70 by
56.66-inch) panel is shown in figure 16.

BOND INSPECTION AND CERTIFICATION

One of the objectives in Task II was to develop a plan for inspecting and
certifying the ablative TPS after bonding to insure acceptable bond integrity.
Consideration was to be given to state~of-the-art NDE methods assuming

FIGURE 16 ABLATOR PANEL
5.1 x 55.1 x 141.4 CM (2.0 x 21.70 x 56.66 IN.)

33



(1) access to the unprotected side of the aluminum structure could be achieved
and (2) that access to the unprotected side of the aluminum structure could
not be achieved. A test plan for inspection and certification of the ablator
panels after bonding to insure acceptable bond integrity was developed. In
addition, static tests were to be proposed and employed to verify bond integ-
rity. This section of the report, therefore, gives the results of this
investigation.

Nondestructive Evaluation (NDE)

Our NDE investigation started with a literature survey (see references
and bibliography) to discern the various methods available for verifying bond
integrity. Secondly, these methods were compared and evaluated. Within the
time and cost constraints of the program, several of the methods were labora-
tory tested on subscale panels., Finally, conclusions and recommendations were
generated concerning the subject matter.

NDE Method Survey.- The various candidate NDE methods presently available
to detect voids, cracks, delaminations, moisture, unbonds, etc are given in
table 3. With the exception of the x~ray and microwave methods, all others

provide some promise of establishing bond integrity. Each of the methods listed

will require refinement for use in both in-process control and in refurbishment
evaluation. The status of each method for the determinatien of bond integrity
is discussed in the following paragraphs.

Radiography.- Radiography employs radio frequency energy in a wavelength

band which is orders of magnitude shorter than microwave. Since the wavelengths
involved are generally much shorter than the nuclei which comprise the materials

interrogated, we can not observe reflective phenomena. Absorption and
scattering are observed which are dependent upon the energy level (wavelength)
of the radiation used. The amount of energy transmitted through the sample may
be measured either with film or other types of sensors, such as scintillation
counters or. x-ray sensitive vidicon tubes.

TABLE'3 CANDIDATE NDE METHODS

INSPECTION - TYPE OF DEFECTS DETECTED " TWO-SIDE
METHOD ACCESS
VOIDS CRACKS DELAMINATIONS MOISTURE |UNBONDS REQUIRED

X-RAY X X X
ACOUSTIC X ¢ X X
MICROWAVE X X X X
ULTRASONIC X
ACOUSTIC EMISSION X
HOLOGRAPHIC X X X X
PROOF LOADING . X
VISUAL X X
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The method allows us to measure such anomalies as adhesive voids or
variations in the density of the sample caused by voids or foreign inclusions.
In order to detect an unbonded condition, the energy must be transmitted tangent
to the bond line. Thus, radiography is ruled out for most applications to
unbonds in direct-bonded ablators. Geometry may allow tangential exposures in
some areas of the Shuttle structure, but film placement will, in most cases,
be geometry-limited to less than satisfactory locatiomns.

Lopilato & and Oaks (2) report that the effort documented in reference
(3) was abandoned in favor of film radiography with image enhancement to provide
the required sensitivity. The enhancement technique used was to produce a con-
tact positive print on Kodabromide E-5, semimatte paper. It increased sensi-
tivity by a factor of two, which proved sufficient to detect rejectable voids.

Acoustic Methods.- Acoustic methods involve the illumination of the test
sample with acoustic energy in the audio range (i.e., 30-10000 Hz). There are
three basic methods of observing the interaction of this energy with the sample.
They are:

(1) Acoustic Reflection.- In the reflection method (sometimes referred
to as the pulse-echo method), we measure the amplitude of energy
returned from anomalies in the sample. Differences in acoustic
impedance at an interface (i.e., the product of material density and
acoustic.velocity) affect the degree to which acoustic energy is
reflected, Voids, such as an unbond, will cause more energy to be

reflected. This effect can be used to detect unbonds which are of
the same (or larger) order of magnitude as the wave length of the
impinging energy.

(2) Acoustic Through-Transmission,- The through-transmission method can
be likened to a '"shadow-graph" method. The acoustic energy is
introduced at one face of the sample, while the intensity of the
energy transmitted through the sample is measured at the opposite
face. Due to the fact that a portion of the energy is reflected at
interfaces between substances of differing acoustic impedance, the
intensity of the energy arriving at the exit face is a function of
the anomalies existing within the sample. While this method measures
the same sort of anomalies as the reflection method, there is less
attenuation of energy within the sample, since the total path length
within the sample is less. The method is useful in detecting density
variations, voids, foreign inclusions, and unbonds.

(3) Acoustic Resonance.—- The resonance method relies on the measurement
of the response of a test article to the impingement of acoustic
energy at various frequencies. Resonant frequencies will vary with
changes in article geometry, density, and homogeneity. By careful
control of those variables not of interest, we may relate resonant
responses to such anomalies as unbonds, voids, foreign inclusions,
thickness, or density variationms.

Acoustic techniques have been applied to low density materials in thick
( 5-centimeter (2-inch)) sections, bonded to metallic substrates, to detect
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unbonds, voids, and delaminations. This work, which has been successful to
limited degrees, is reported in the references cited. The requirement for a
foam coupler reported by Clotfelter (4,5) has been investigated by Tiede (6)
and shown to be unnecessary for use on low-density materials such as the NASA
80/20 ablator. This is attributed to a reduced degree of mismatch in acoustic
impedance between these materials and air.

These methods show promise for one and two sided detection of voids,
delaminations, and unbonds of TPS materials. A development effort is required,
however, to advance the method from the laboratory to practical use in both
production and in-service inspection applications. Equipment must be designed
and prototyped which will introduce the acoustic energy and measure its modifica-
tion by the test article. These modifications must then be correlated with
natural or artifical defects by means of carefully constructed calibration
standards, an effort which will be of significant magnitude.

Microwave Methods.- Microwaves (radio frequency energy in the gigahertz
(109 Hz) range) can be used to interrogate dielectric materials. The inter-
action of this energy with materials is closely analogous to that of mechanical
(acoustic) waves. Here, however, the key to the detection of anomalies is not
the difference in acoustic or mechanical impedance but in differences in the
dielectric constants (i.e., the refractive indices, the electrical conductivities,
and the scattering constants or loss tangents) involved. As in the case of the
acoustic method, we may measure the amplitude of reflected energy or, where no
electrically conducting (nondielectric) layers are interposed, we may measure
the amplitude of the signal transmitted through the sample. Additionally,
phase shifts in the returned signals contain useful information about the
characteristics of the materials being interrogated.

Microwave reflectometry (3,6~11) ghows great promise for the detection of
voids, cracks, delaminations, and moisture content. The presence of a totally
reflecting, conductive substrate permits the application from the external
surface only. By selecting the appropriate mode (i.e., continuous wave, time
domain, or frequency domain), assessment of ablator anomalies is possible.

Rockowitz, et al, (3) report the detection of voids as small as 0.318 by
0.635 centimeters (0.125 by 0.250 inch) and density variations as little as
+ 5 percent using a frequency of 69 GHz. Lucian, et al, (7) recommend the use
of K4 band, 25 to 40 GHz, but give no data in support of the recommendation.
Since defects must be greater in size than 1/2 wavelength to afford scattering
of the microwave energy, the minimum detectable defect diameter, d, must be

a="
m

where A = wavelength of the medium

Thus, for a minimum detectable spherical defect of O.l-centimeter (0.039 inch)
diameter, the required wavelength is 0.314 centimeter (0.124 inch), or a
frequency of about 100 GHz.

Microwave methods have been applied to the detection of voids, density

variations, cracks, moisture content, and unbonds in low density, dielectric
materials similar to the filled, phenolic honeycomb ablator panels. The unbond
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application, however, did not progress beyond the laboratory stage and would
require much further development. In view of the problems referred to in
references (1) and (12), further development does not appear warranted for
this application. Additional work does seem appropriate to develop methods for
measuring the other anomalies mentioned above.

Ultrasonics.- The ultrasonic method of NDE is similar to the acoustic
method discussed previously, the difference being the frequency or wavelength
involved. As discussed previously, the response of a material to mechanical
energy is deperident upon the relationship of the wavelength of the energy to the
size of the anomalies to be detected. Ultrasound (0.1 to 40 MHz) is used in the
resonance, pulse-echo (or reflection), and through-transmission modes to detect
many types of material variations.

Considerable work has been don? on bo?d examination using ultrasonic
resonance methods. Clemens, et al, 12, 13 report on the use of the Fokker
Bond Tester. Their work correlated cohesive bond strength for FM-47 adhesive,
as measured by instrument indications, with the results of destructive tests.
After extensive and careful correlation, they were able to predict cohesive
strengths with a satisfactory degree of accuracy. They make no claim, however,
of being able to measure adhesive bond strength, and point out that, in the
absence of any known method of adhesive bond NDE, strict process control and
proof testing must be relied upon. Extensions of this work with the Fokker
instrument (14-16) have confirmed earlier findings and have developed data for
other adhesives, (e.g., vinyl nitrile apoxy phenolic, FM 1000, Redux 775,
Metlband 4021 and HT-424),

Lockyer (17) and others have reported results of ultrasonic velocity and
attenuation measurements and their relationship to bulk density, ultimate ten—
sile strength, and modulus of elasticity of thermal protective composites.
While these data have been taken on heat shield materials of a higher density
than the NASA 80/20 ablator, similar investigations using lower frequencies
(20 to 40 kHz) to accommodate the higher attenuation should produce data of a
similar nature.

A ghase analysis approach to unbond detection is reported by Lopilato,

et al.(l ) The same method has been investigated and used by General Dynamics/
Fort Worth (19) and others with con?idﬁrable success in appropriate applications.
The theory is well covered by Wood. 20 This approach requires that the acous-
tic impedance ratios (Z2/Z7) at the various interfaces be less than 1.0 to
produce the necessary phase shifts for significant results. Since the acoustic
impedance of air is less than that of the ablator panels and less than the
adhesive used, an unbond condition will cause a phase reversal of an ultrasonic
wave reflected from the air in the unbond back into the ablator. Currently
available instrumentation is theoretically capable of detecting this phase
reversal, but additional development is required to overcome the extremely high
ultrasonic energy absorption of the ablator material.

Preliminary MDAC-E investigations have confirmed the applicability of the
Fokker instrument to the detection of unbonds when applied from the internal
surface of the panels. Additionally, the Sondicator, utilizing dry-coupled
contact, low-frequency (25 kHz), ultrasound has been successfully demonstrated
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in our facility in the pulse-echo mode. Ncither method, however2 was success-—
ful in locating unbonds when applied to strain isolated panels, Further
effort is required in this area and is proceeding as a company sponsored effort.

Acoustic Emission.- For many years, scientists have observed the emission
of stress waves by material undergoing plastic deformation. This energy is
emitted whether the deformation is in the micro- or the macro-range. One of
the earliest observations was described as ''tin cry'; the audible sounds
emitted by tin during deformation. In recent years, refinements in observation
and recording techniques have shown that progressive yielding of a material under
stress can be detected and related to the integrity (among other qualities) of
the material involved. For example, micro~failure at a bond line can not only
be detected but, through the use of triangulation methods, can be located with
a high degree of accuracy. One promising feature of the method is its amenabil-
ity to on~board, or in-service, monitoring with permanently installed sensors.

Acoustic emission techniques show great promise for bond evaluation, but
have been little developed thus far. Work by Schmitz, et al - found this
method, when applied to bonds under stress, to be a reliable indicator of bond
quality. Proof loading to 90 percent of ultimate tensile strength gave repeat-
able indications of impending failure without degradation of bond quality. They
reported, however, that a development effort was required to achieve an easily
controlled method for stressing bonds.

The advantages of the acoustic emission method are:
(1) detection of weak bonds
(2) large structures can be interrogated without scanning

(3) useful for "before and after” evaluation such as in degrading
environment investigations.

Disadvantages are:
(1) bond line must be stressed

(2) difficult to locate poor bond in large structures. éSubsequent
work by Dunnegan, Nortec, Battelle-N.W. and others (25) in flaw
location is well documented and largely overcomes this factor as a
deterrent.)

(3) operator-dependent, to some degree.

The National Materials Advisocry Board (26) lists bond quality as a significant
problem area for NDE and urges work on acoustic emission studies to achieve
solutions,

Proof Testing.— As the name implies, proof testing. involves the mechanical
loading of a part. Its interface with the science of NDE requires that the
loading be monitored in some fashion, such as by acoustic emission, to prevent
actual damage to the part under investigation. The method is important to the

38

ey

ey

B

k

PSRN ey Py P vy ety

T



}
I
P

..—_w/..

investigation of bond integrity because, without it, the current state of the
art is limited. Common NDE technology allows the measurement of cohesive bond
quality with an acceptable degree of assurance. On the other hand, there is no
known means of assessing adhesive bond quality short of the combination of NDE
and proof loading.

Hendrickson and Phelps (27) have reported the development of a proof
loading device which operates on the electromagnetic principle, and overcomes
most shortcomings of previously used methods. The approach is analogous to
that used for electromagnetic forming, but the driving pulse is shaped to
produce a tensile, rather than a compressive, force. By controlling the pulse
fall time and coil current, highly reproducible results are achieved. Tensile
levels of over 20,684 kilonewtons per square meter (3000 pounds per square inch)
can be achieved with a high degree of accuracy.

A major drawback to practical use of acoustic emission for bond evaluation
has been a suitable means of providing the required stress in a controlled
manner. It is felt that an investigation of acoustic signature variations
with bond quality should be undertaken, using a stressing approach similar to
that described above. This subject has been discussed with others working in

each field, (25, 28) They agree that the approach deserves investigation. The
method, however, requires internal access to the panel or part.

Holography.~ Holography produces a three dimensional, sterographic view of
an object. Rather than recording an image as in conventional photography, the
process records the information produced by interference patterns formed by
the superposition of coherent light from a reference source and from reflection
by the object. The resulting hologram contains complete phase and amplitude
information and can then be used to reconstruct the view in a completely
natural and three dimensional fashion. The required coherent light is most
easily obtained from a laser source.

Holographic interferometry can take advantage of this phenomenon in three
modes of operation:

Real-time -~ The process hologram is mounted in the exact position in which
it was exposed and the object viewed through the hologram while it is
illuminated by coherent light. If the object is moved or deformed, the
change will be manifested by the appearance of fringes (light and dark
bands). The location and spacing of these fringes are a measure of the
motion or deformation of the surface.

Time-lapse (double exposure) — This mode is similar to real-time
interferometry except that two holograms are made on the same plate; one
with the object in its normal state and the other while it is being
stressed. The resulting hologram when viewed with coherent light reveals
a static fringe pattern from which microscopic surface deformations may
be measured.,
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Time-average - In this mode the object is stressed in a periodic fashion
(e.g., vibration). The hologram is exposed and, when viewed with coherent
light, the reconstructed image displays fringes which are a measure of
vibration amplitudes at its surface.

The reconstructed holographic images may be enlarged or reduced in scale by P
viewing under illumination by light of a different wavelength than that by which 3
they were produced.

The holographic method shows promise for use on TPS. Subsurface defects
are manifested at the surface and produce fringe irregularities when the object &
is stressed. The present MDAC-E program cited in reference (6) will investigate
the use of holographic interferometry to evaluate RSI for voids, cracks,
delaminations, and unbonds. The work is scheduled for late in the program;
thus, results are not yet available. The literature is devoid of references
to work of this nature. One manufacturer of holographic systems 29 reports r
success in detecting bond defects in panels or cork, Teflon, and RTV bonded 3
to aluminum substrates. There is reason, therefore, for optimism concerning
the applicability of the method to honeycomb ablator panels. A feasibility
study is underway at this time.

Because the holographic method is relatively new, first being practically
applied in 1965, much further development will be required before the method {
can leave the laboratory for routine shop or field application. Since displace- .
ments in the order of the wavelength of light - approximately 5 x 107° centimeter
(1.27 x 1072 inch), small ambient vibration levels and slight changes in the
index of refraction of air in the optical path (e.g., that produced by thermal
convection currents) render the method unusable unless conditions are carefully
controlled.

o0
o

Visual Inspection.~ Visual inspection, within its obvious limitations, is
applicable and recommended by Dervy.(BO) After achieving no success in detecting
heat shield bond defects using X-ray, sonic resonance, infrared, and microwave
methods, he developed a visual inspection method which may have merit. It
consists of leaving certain honeycomb cells unfilled until after the bonding
operation is completed. This allows the use of suitable optical equipment to
verify the bond condition around those cells. While this method relies on
sampling, it is believed to offer a valuable adjunct to the tensile testing of
the in-process control coupons. After bond quality verification, the empty Ef
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cells are filled with a repair ablator mix.

NDE Method Comparison and Evaluation.- Each of the NDE methods discussed o
above has a possible place in the inspection and bond certification of the ?
bonded-on ablator panels. X-ray requires access to both sides of the panels. B
Acoustic emission and ultrasonics may require two sided access unless provisions
are made for access through the ablator at various points in each panel for the
application of suitable transducers. Such access would permit obtaining acoustic
signatures from the substrate as the bond line is stressed. The introduction
of Lamb waves (31, 32) into the substrate through these access ports would provide
a reliable assessment of bond quality.

Depending upon the method of applying the necessary stress to the panels,
holography may or may not require access to both surfaces.
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investigation of bond integrity because, without it, the current state of the
art is limited. Common NDE technology allows the measurement of cohesive bond
quality with an acceptable degree of assurance. On the other hand, there is no
known means of assessing adhesive bond quality short of the combination of NDE
and proof loading.

Hendrickson and Phelps (27) have reported the development of a proof
loading device which operates on the electromagnetic principle, and overcomes
most shortcomings of previously used methods. The approach is analogous to
that used for electromagnetic forming, but the driving pulse is shaped to
produce a tensile, rather than a compressive, force. By controlling the pulse
fall time and coil current, highly reproducible results are achieved. Tensile
levels of over 20,684 kilonewtons per square meter (3000 pounds per square inch)
can be achieved with a high degree of accuracy.

A major drawback to practical use of acoustic emission for bond evaluation
has been a suitable means of providing the required stress in a controlled
manner. It is felt that an investigation of acoustic signature variations
with bond quality should be undertaken, using a stressing approach similar to
that described above. This subject has been discussed with others working in

each field. (23, 28) They agree that the approach deserves investigation. The
method, however, requlres internal access to the panel or part.

Holography.— Holography produces a three dimensional, sterographic view of
an object. Rather than recording an image as in conventional photography, the
process records the information produced by interference patterns formed by
the superposition of coherent light from a reference source and from reflection
by the object. The resulting hologram contains complete phase and amplitude
information and can then be used to reconstruct the view in a completely
natural and three dimensional fashion. The required coherent light is most
easily obtained from a laser source.

Holographic interferometry can take advantage of this phenomenon in three
modes of operation:

Real-time ~ The process hologram is mounted in the exact position in which
it was exposed and the object viewed through the hologram while it is
illuminated by coherent light, If the object is moved or deformed, the
change will be manifested by the appearance of fringes (light and dark
bands). The location and spacing of these fringes are a measure of the
motion or deformation of the surface.

Time-lapse (double exposure) - This mode is similar to real-time
interferometry except that two holograms are made on the same plate; one
with the object in its normal state and the other while it is being
stressed. The resulting hologram when viewed with coherent light reveals
a static fringe pattern from which microscopic surface deformations may
be measured.,
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Time—average - In this mode the object is stressed in a periodic fashion
(e.g., vibration). The hologram is exposed and, when viewed with coherent
light, the reconstructed image displays fringes which are a measure of
vibration amplitudes at its surface.

The reconstructed holographic images may be enlarged or reduced in scale by
viewing under illumination by light of a different wavelength than that by which
they were produced.

The holographic method shows promise for use on TPS. Subsurface defects g‘
are manifested at the surface and produce fringe irregularities when the object -
is stressed. The present MDAC-E program cited in reference (6) will investigate .
the use of holographic interferometry to evaluate RSI for voids, cracks, Eﬂ
delaminations, and unbonds. The work is scheduled for late in the program; :
thus, results are not yet available., The literature is devoid of references
to work of this nature. One manufacturer of holographic systems 29 reports
success in detecting bond defects in panels or cork, Teflon, and RTV bonded
to aluminum substrates. There is reason, therefore, for optimism concerning
the applicability of the method to honeycomb ablator panels. A feasibility e
study is underway at this time. 2

Because the holographic method is relatively new, first being practically d
applied in 1965, much further development will be required before the method
can leave the laboratory for routine shop or field application. Since displace-
ments in the order of the wavelength of light - approximately 5 x 107° centimeter
(1.27 x 1072 inch), small ambient vibration levels and slight changes in the .
index of refraction of air in the optical path (e.g., that produced by thermal =
convection currents) render the method unusable unless conditions are carefully
controlled.

Visual Inspection,- Visual inspection, within its obvious limitations, is
applicable and recommended by Dervy.(3o) After achieving no success in detecting g
heat shield bond defects using X-ray, sonic resonance, infrared, and microwave {
methods, he developed a visual inspection method which may have merit. It
consists of leaving certain honeycomb cells unfilled until after the bonding
operation is completed. This allows the use of suitable optical equipment to
verify the bond condition around those cells., While this method relies on
sampling, it is believed to offer a valuable adjunct to the tensile testing of
the in-process control coupons. After bond quality verification, the empty
cells are filled with a repair ablator mix.
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NDE Method Comparison and Evaluation.- Each of the NDE methods discussed
above has a possible place in the inspection and bond certification of the
bonded-on ablator panels. X-ray requires access to both sides of the panels.
Acoustic emission and ultrasonics may require two sided access unless provisions
are made for access through the ablator at various points in each panel for the ft
application of suitable transducers. Such access would permit obtaining acoustic L
signatures from the substrate as the bond line is stressed. The introduction
of Lamb waves (31, 32) into the substrate through these access ports would provide i
a reliable assessment of bond quality. 3

Depending upon the method of applying the necessary stress to the panels,
holography may or may not require access to both surfaces.
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A 50.8 by 76.2-centimeter (20 by 30-inch) panel, shown in figure 17, was
fabricated as described in the "Ablator Panel Fabrication' section. Artifical
unbonded areas were introduced on each side of each bond line as indicated.
These were accomplished by placing 0.012-centimeter (0.005-inch) Mylar discs at
appropriate locations while bonding the ablator panels to the aluminum sheet.
One-half of the panel included a 0.318-centimeter (0.125-inch) silicone sponge
strain isolator. The other half was bonded directly to an aluminum sheet,
0.081 centimeter (0.032 inch) thick. The location of the Mylar discs with
respect to the various bond lines is described below and keyed to figure 17.

A. Top of bond line between the ablator and the strain isolator.
B. Bottom of bond line between the ablator and the strain isolator.

C. Top of bond line between the aluminum sheet and the strain isolator
(or the ablator, where the strain isolator was omitted).

D. Bottom of bond line between the aluminum sheet and the strain isolator
(or the ablator where the strain isolator was omitted).

Using both the Fokker Bondtester and the Model S-1 Sondicator in the dry-
coupled contact mode, we were able to detect all unbonds in the area where the
panel was bonded directly to the aluminum. Neither of the instruments responded
to the unbonds in the strain isolated area, and both instruments required access
to the aluminum face of the panel. The Fokker instrument was judged to give more
reliable indications and to be less susceptible to operator—induced false
indications.

—
61l —>___ UPPER EDGE OF
2.0 IN.) PANEL
UNBONDED D D Do
AREAS |
c @ D 50.8 CM
10.2 CM (20IN.)
.0 IN)
C Qr Q¢
76.2 CM
(30 IN.)
ABLATOR —,  BOND LINE
PANEL i \i
~CALUMINUM SHEET STRAIN ISOLATOR

FIGURE 17 NDE ABLATOR PANEL
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The Sondicator was used in its air-coupled mode. A pitch~catch technique
from the ablator side was unsuccessful. Using the through-transmission setup
shown in figures 18 and 19, line scans were made which detected all artificial
unbonds in the section of the panel without the strain isolator. The added
attenuation of the foam isolator exceeded the capability of the instrumentation.
Figure 20 shows the resulting scans. All three artificial unbonds, and some
apparently natural unbonds, are detected. With some modification, this equip-
ment and approach would be capable of characterizing bond defects in areas both
with and without a strain isolator.

The panel was sealed to allow its immersion in water. Ultrasonic C-scans
were performed from the aluminum face using the pulse-echo mode. The panel was
immersed for convenience only. In practice, proper fixturing would allow the
use of a bubbler and eliminate panel sealing and immersion.

Basically, the inspection parameters were selected to display a "ringing"
signal pattern which was established using the bare aluminum sheet extending
from under the bonded-on ablator. The signal pattern consists of multiple
echoes from the far side of the face sheet. Over bonded areas, the pattern is
severely damped. Scans were made at 2.25, 5, 15 and 25 MHz using search units
of varying focal lengths. All artificial unbonds were detected except those
associated with the bond line between the ablator panel and the strain isolator.
This is attributed to the high damping coefficient of the silicone sponge mate-
rial masking the defect responses. Typical scans made using a 15 MHz search
unit, pulsed at 2.25 MHz, are shown in figures 21 and 22. Note that the natural
unbonds appearing in the lower left in figure 21 correspond well with those
shown in figure 20.

The panel was radiographed using very high sensitivity, ultra fine grain
film (Kodak R) and low energy. The resulting radiograph showed, as expected,
no significant defects. The panel is currently undergoing a holography
feasibility study and further company sponsored work is planned.

Other than visual examination, no NDE method has yet proved effective
where access is available only to the ablator surface. Both ultrasonic immer-
sion pulse-echo and air-coupled low frequency examinations show correlation
with known artificial unbonds, except those associated with the bond line
between the ablator and the strain isolator. Both methods indicate natural
unbonds in the panel. Each has been shown feasible where access to the alumi-
num face may be obtained, and each has a good potential for use in production
inspection. The examination of bonds and of low density materials have each
been difficult NDE problems for many years. The solution to these problems by
certain NDE methods just described appear feasible based on laboratory experi-
mentation. However, the use of these methods on a large scale basis, such as
for Space Shuttle application, will require far more development and refine-
ment before they can become standard methods for bond verification and certif-
ication. The work being accomplished under NASA contract NAS 9-12180 () and
other on-going studies must be continued and intensified. We recommend that
NASA fund such work at a higher level.
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FIGURE 18 SONDICATOR SETUP FOR THROUGH TRANSMISSION
EXAMINATION OF NDE TEST PANEL

FIGURE 19 CLOSEUP OF SCANNING MECHANISM AND SONDICATOR TRANSDUCERS
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Static Testing

As noted previously, one of the NDE methods currently under evaluation
in the aerospace industry to determine bond integrity for the direct bond-on
TIPS panels, involves proof or static testing. Tests which develop bond
stresses of 1.76 kilograms per square centimeter (25 pounds per square inch)
are thought to be adequate for determining bond integrity. During Task II,
several static test concepts were investigated. Strength tests of two of these
concepts were conducted in the laboratory to aid in their evaluation. These
two concepts were later used in a time and motion study of the ablator panels
on the mockup. In addition, mechanical properties were determined for the
ablator material being considered. This section of the report, therefore,
describes the results of the laboratory screening studies and strength tests.

Bond Test Concepts.- The various bond test concepts investigated included
the insert, bonded-on fittings, suction cup, protruding honeycomb cells, and
cork screw techniques shown schematically in figure 23. All concepts inves-
tigated utilized NASA 80/20 ablator in a honeycomb core. : '

The "insert" concept consists of an aluminum insert potted in .
the honeycomb core., The insert is not bonded to the substructure but is used
to load the ablator and test the ablator panel to substructure bond. After
the ablator panel is bonded to the substructure, a plug is machined in the
ablator panel with the insert at its center. To test the bond, a tool is
threaded into the insert and prescribed tension load is applied. After test-
ing, the tool is removed while the insert is left in the ablator. This is a
simple concept, but inserts of this type add weight to the TPS and provide
heat shorts to the structure.

The '"bonded-on fitting" concept consists of an aluminum fitting bonded to
a plug machined in the ablator panel after the panel is bonded to the substruc-
ture. A tool is attached to the bonded fitting for strength testing. The
fitting is later removed either by severing the bond between fitting and abla-
tor panel or by heating the bond locally (or both). Removing the fitting
could be facilitated by placing small wires in the bond which are pulled to
cut the adhesive. This is a reliable concept which has the advantage of apply-
ing uniform stresses to the bondline; however, it has a disadvantage in that
the fittings have to be removed prior to flight.

The "suction cup" concept consists of applying a vacuum to pull on the
machined plugs. Differential pressure is probably difficult to achieve because

of ablator porosity, and the maximum differential pressure of 96.6 kilonewtons
per square meter (l4.7 pounds per square inch) is not high enough to properly
test the bond.

In the "protruding honeycomb cells" concept the honeycomb cell walls

protrude beyond the ablator surface. Loads are applied to the cell walls to
determine the integrity of the ablator-to-structure bond. This concept has
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CONCEPT COMMENTS

1) INSERT
o SINPLE CONCEPT
» INSERTS ADD WEIGHT TO TPS
o INSERTS PROVIDE HEAT SHORTS
' TO STRUCTURE

2) BONDED ON FITTING

o SIMPLE CONCEPT
5 o REQUIRES REMOVAL OF FITTING

« REPAIRS MAY BE REQUIRED

R

3) SUCTION cuP

o WAY BE DIFFICULT TO OBTAIN
DIFFERENTIAL PRESSURE BECAUSE
L , OF POROSITY OF ABLATOR
o APPLIED BOND STRESS LIMITED TO

1.03 Kg/CM (14.7 PSH)
4) PROTRUDING HONEYCOMB CELLS

%

[ »

o DIFFICULT TO FABRICATE
« DIFFICULT TO APPLY
UNIFORM LOAD

| e

|

5) CORK SCREW

| o DIFFICULT TO ACHIEVE HIGH
§ u L.OADS BECAUSE OF LOW

STRENGTH OF ABLATOR
« REQUIRES REPAIR
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FIGURE 23 BOND TEST CONCEPTS
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two disadvantages; the ablator panels are difficult to fabricate, and it would
be hard to apply uniform loads to the cell walls.

The "cork screw" concept consists of a cork-screw-type device inserted
into a cell of the honeycomb core, and then cutting the ablator loose from the
cell wall. This concept has two disadvantages; it is difficult to insert a
tool into ome cell and cut the ablator loose from the cell wall, .and the low
strength of the ablator would probably limit the applied load and the resulting
bond stress to low values.

The "insert' and 'bonded-on fitting" concepts were selected for further
evaluation and are discussed in more detail later in this section.

Ablator Mechanical Properties.- Tensile tests were conducted to determine
mechanical properties of the NASA 80/20 ablator blend material with and without
honeycomb core. These tests were necessary for evaluating the merits of the
two selected static bond test concepts. It was assumed that since the honey-
comb core has a 1,379 kilonewtons per square meter (200 pounds per square
inch) tensile strength and modulus of 158,578 kilonewtons per” square meters
(23,000 pounds per square inch), the tensile properties of the ablator speci-
mens would approach these values. The full 1,379 kilonewtons per square
meter (200 pounds per square inch) tensile strength was not expected since the
ablator prevented good fillet action of the adhesive to the cells of the honey-
comb core. Cylindrical shaped specimens, 2.54 centimeters (1.0 inch) long by
3.18 centimeters (1.29 inches) in diameter, were tested at room temperature
with the test setup illustrated in figure 24. Aluminum loading blocks were
bonded to the cylindrical specimens with Scotchweld 2716 adhesive, with loads
applied to the aluminum blocks through universal joints which assured that pure
axial loads were applied to the specimens.

Specimen strains were determined by using two double cantilever clip-on
displacement gages, illustrated in figure 24. Strain gages were bonded to
the cantilever arms of the displacement gages. Displacement gages were cali-
brated by relating strain gage output to displacement of the cantilever arms.
The gages were clamped between knife edges attached to the aluminum blocks with
set screws. Gages were attached to two sides of each specimen to compensate
for differential strains due to specimen misalignment or nonuniform specimen
density. Gages were accurate to within + 0.00076 centimeter/centimeter
(+ 0.0003 in/in).

Four tensile mechanical property tests were conducted including two on
specimens of the NASA 80/20 blend material alone and two on specimens having
the same material filled in honeycomb core having 0.953 centimeter (0.375 inch)
wide cells. Results of these strength tests are summarized in table 4. Ulti-
mate tensile strengths, strains at failure, and elastic moduli are listed along
with average properties. Tensile strength of the ablator material alome is
233 kilonewtons per square meter (33.9 pounds per square inch) and the modulus
is 17,926 kilonewtons per square meter (2600 pounds per square inch). As
expected,strength and modulus of the composite ablator and honeycomb core were
significantly higher than that of the ablator alone, being 896 kilonewtons per
square meter (130.0 pounds per square inch) and 234,420 kilonewtons per square
meters (34,000 pounds per square inch), respectively. These data indicate that
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FIGURE 24 ABLATOR MECHANICAL PROPERTY TEST SETUP




“TABLE'A
ABLATOR TENSILE STRENGTH TEST RESULTS

pensiTy | ULTINATE | creaiyar | ERASTIC
SPECIMEN e TENSILE MODULUS
SPECIMEN Kgh FAILURE | MODULS
nmeer | R | sTRENGTH | CReP |
kN/m2 (LB/IN.2)
(LB/IN2)

NASA 80/20 A 211.0. 265 1.65 18,547
ABLATOR 13.2) (38.5) (2,630)
BLEND B 205.0 202 1.82 17,306
12.9 (293) 2,510)

AVERAGE |  208.0 T 174 17,02

(13.0) (33.9) (2.600)

NASA 80,20 c 284.0 958 0.45 233,001
ABLATOR a7 (139.0) (33,800)
ﬁ'o'ﬁ’é%gm D 250.0 83 041 235.799
o (15.6) (121.0) (34,.200)
AVERAGE | 268.0 896 043 234 420

16.7) 130.0) (34.000)

the honeycomb core contributes considerably to the composite ablator/honeycomb
mechanical properties. Typical failed specimens are illustrated in figure 25.

Bond Tests.— Strength tests of the "insert" and "bonded-on fitting" con-
cepts were conducted to aid in the evaluation. Both concepts are illustrated
in figure 26. The test setup used to test three 'insert" specimens is
illustrated in figure 27, while the test results are summarized in figure 28.
Specimen No. 1 failed at a low load because of a poor bond between the ablator
plug and substructure. Specimen No. 2 also failed at a low load because the
ablator was nonuniform and soft near the bondline. Specimen No. 3 failed at
the bondline at a load of 400 newtons (92 pounds) or 302 kilonewtons per square
meter (43.8 pounds per square inch). The failure stress is less than the
strength of the ablator/honeycomb core composite of 896 kilonewtons per square
meter (130.0 pounds per square inch) discussed previously. This is attributed
to the design of the specimen, which loads the bond in peel.

The setup for testing six "bonded-on fitting" specimens was similar to
that used for the "insert" specimens. Test results are summarized in figure
29. All specimens except Specimen No. 3 failed between the ablator and sub-
structure. The three adhesives used to bond the fittings to the ablator panels
included RTV 560, EC 2216 and EPON 828. Since the RTV 560 adhesive produced
the highest failure loads and was also the easiest to remove from the ablator,
it was selected for subsequent testing on the mockup at NASA-LRC.
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FIGURE 25

FAILED TEST SPECIMENS
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ULTIMATE

| D BOND FAILING TENSILE

(. PLUG SPECIMEN vl 9 AREA LOAD | STRENGTH
DESCRIPTION NUMBER CM (IN.) CM (IN.) CH2 (IN) N (LB) kN/mZ

- (LB/IN.2)

1(R) 2.84(1.12) | 5.02(1.98) | 13.55(2.10) 240 (54.0) -

2(B) 2.84(1.12) 5.02(1.98) | 13.55(2.10) 276 (62.0) -

& e — 3 | 284012 | 502098 | 1355@10) | 409 92.0) | 302(438)
D
2

- (A) POOR BOND
(B) SOFT ABLATOR MATERIAL.

FIGURE 28 MACHINED PLUG TENSILE TEST RESULTS
(With Insert)

With the limited tests conducted on the "insert" and "bonded-on fitting"
; concepts, both concepts were found to be feasible and neither concept had a
L clear advantage over the other. The bonded fitting concept is lighter and
produces uniform stresses at the bondline. However, the insert concept
requires less time to test and reduces the possibility of having to repair  the
ablator panels after testing. Both concepts were selected for the refurbish-
ment tests discussed in the next section.

Quality Assurance

: None of the NDE methods described previously has been developed to the
. extent that it provides positive NDE approach to establishing bond integrity.
Thus, bond integrity verification currently represents a major problem in the
development of a reliable Space Shuttle TPS. Much more extensive work must,
therefore, be done in this area by industry and the government to achieve a
- reliable technique(s) for bond inspection and certification.

The most reliable bond verification method to date involves proof or
static testing. However, this approach has some significant limitations. The
adequacy of proof testing the TPS on the vehicle, although demonstrated in
; this study to be a feasible approach, is questionable since no statistical means
o can be applied to determine the number of such tests which should be performed
‘ per square meter (square foot) of surface area. During the test program, static
testing of machined plugs in the installed ablator panels showed, in most cases,
- that the bond in the areas tested were adequate. However, subsequent removal
L of the ablator showed large areas of disbond in regions immediately adjacent to
the areas tested. Thus, the current method of static testing on the vehicle
would be a matter of chance. Therefore static testing of machined plugs on the
vehicle is not recommended at this time.

55



ULTIMATE
EAILING TENSILE ABLATOR/
PLUG apHEsive | SPECMEN | T oo STRENGTH AT STRUCTURE
DESCRIPTION DHES NUMBER BOND STRESS
N(LB) | FALUREZONE | W5 oo
kN/mé (LB/INZ) | KN/ '
FITTING ] 489 (110.0) 965 (140.0) £617 (89.5)
— [ —— (LOIN)DIA | pry_se0 2 400 (90.0) 793 (115.0). 1507 (73.6)
2.5 CM
AVERAGE | 445 (100.0) 879 (121.5) 562 (81.5)
_—FAILURE -
~ONE 3 (A) 53 (12.0) -
EC 2216 4 356 (80.0) 703 (102.0) 450 (65.3)
AVERAGE | 356 80.0) | 703 (102.0) 450 (65.3)
o ——— .5 400 (90.0) 789 (114.5) 505 (73.3)
3.18 CM_|DIA EPON 828 6 285 (64.0) 562 (81.5) 359 (52.1)
(1.251N.) AVERAGE | 343 (77.0) 676 (98.0) 432 (62.7)

(A) POOR BOND TO STRUCTURE
FIGURE 29 MACHINED PLUG TENSILE TEST RESULTS
(With External Fitting)

Because of the above results, the quality assurance plan described in
subsequent text for external access bond verification recommends tensile testing
of process control coupons fabricated in parallel with the bonded-on ablator
panels. This, coupled with carefully executed and fully documented material
and process controls, is considered to be the only available bond quality
assurance approach at this time. The in-process control method of bond
certification implements traceability and qualification of raw materials,
proven state-of-the-art fabrication and bonding techniques, and the fabrication
of in-process control coupons, which are fabricated in parallel with each pro-
duction run. Destruct and/or nondestruct test results of the in-process control
coupons is indicative of the bond integrity of the bonded-on ablative panels.

A typical quality assurance plan based on the above stated approach is as
follows:

Quality Assurance Plan (External Access Only)

A. Receive Raw Material From Vendor

1. Receiving Inspection checks material for obvious damage,
proper packaging and quantity. Verify that a copy of vendor
certification (including actual test data) accompanies each
shipment. A Receiving Inspection Operating Sheet (RIOS)
shall be initiated and processed for each shipment of
material. Traceability of material by lot number, batch
number, and purchase order number shall be maintained and
recorded on each RIOS.

2. Forward the raw material to the fabrication bond room,
accompanied by one copy of the vendor certification.

3. Forward the completed RIOS and one copy of the vendor
certification to the Quality Assurance Record Center (QARC)
56 for filing as a permanent record.
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In-House Qualification Testing of Raw Material by MDAC-E Bond
Room and Quality Assurance Laboratory

1. Each raw material shall be tested per applicable Quality
Planning Instruction Sheet (QPIS), implementing the require-
ments of the engineering drawing, Process Specification
(P.S.) or MAC Material Specification (MMS).

2. Each QPIS shall provide complete material traceability,
actual test values of each specimen tested, test instruc~
tions, and rejection number of the rejecting document in
the event of a specimen failure.

3. The following tests will be considered during in-house
" qualification.

o ablator - tensile strength and elongation, hardness
(shore "A"), density and thermal expansion

o primer/adhesive - lap shear and cure characteristics

o honeycomb core - bare compression dry.

Raw Material Storage

1. Store the qualified raw material in controlled storage (if
required) until ready for use.

Fabrication and Bonding

Each procedural operation shall be verified by inspection on
QPIS. All ovens, furnaces, and temperature and pressure control
systems shall be certified and shall have a current quality
assurance calibration tag affixed. All temperature recorder
sheets shall be attached to, and made part of, this inspection
and certification procedure. All variations from established
tolerances must be summarized on applicable rejection documents.

1. An in-process control coupon shall be fabricated in parallel
with each production panel or series of panels constituting

a production run.

MFG. SUPERVISOR INSP. DATE

2. Manufacturing and inspection verify that enough qualified
raw material exists to fabricate quantities specified for
the production run.

INSP. DATE MFG. SUPERVISOR DATE
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10.

11.

Verify nesting the honeycomb core on a wire structure (for
adequate support) and prepare for TURCO cleaning per
PS 11321.

INSP. DATE

If the cleaned honeycomb core is not used immediately,
protect from dust by wrapping in wax—free Kraft paper.

INSP. DATE

Flush cleaned honeycomb with phenolic resin primer (SC 1008).

Collect primer runoff in a clean, degreased primer collec-
tion pan. Reclaim primer immediately after honeycomb is
primed. Allow honeycomb to drain in pan for 5 minutes.
Piace primed honeycomb on clean absorbent paper towels for
additional 5 minutes to remove excess primer.

INSP. DATE

Cure ('B'-stage) the primer honeycomb in an air-circulating
oven for 2 hours at 355° to 361°K (180° to 190°F).
RECORD CURE START TIME CURE COMPLETE TIME

INSP. DATE

After priming operations, cover honeycomb with clean Mylar
film until ready for ablator fill operations (not more than
8 hours after priming).

INSP. DATE

Position the primed honeycomb core in a mold fixture.

INSP. DATE

Weigh and mix the ablator materials (microballoons and
sylgard 182 resin).

INSP. DATE

Fill the honeycomb core with the ablator mix.
RECORD FILLING START TIME FILLING COMPLETE TIME

INSP. DATE

Vacuum bag the filled ablative core and draw vacuum equal to
88.05 kilonewtons per saquare meter (26 inches of mercury)
(minimum). Check vacuum bag for leaks. “After vacuum has
been achieved, cure the part at 422 + 6°K (300 i_lO°F) for
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12,

13.

14.

15.

16.

8 hours. Vacuum and temperature shall be monitored on tape
recorder sheets during the entire cure cycle.

RECORD TIME VACUUM WAS ACHIEVED TIME OVEN WAS TURNED ON

TIME OVEN REACHED 422°K (300°F) TIME CURE CYCLE COMP.

INSP. DATE

Cool part to room temperature and remove from oven.

INSP. DATE

Machine the part to required thickness - reference appli-
cable drawing.

INSP. DATE

Trim the part to required dimensions shown on the applicable
drawing.

INSP. DATE

Radiograph part per MDAC P.S. 21206.3 using beryllium window
tube at lowest practical kilovoltage. Use ASTM Type 1 film
with no front screen. A copy of records required by MDAC
P.S. 21206 will accompany the part. Interpretation will
cover foreign inclusions, voids, density variation, cracks,
and core damage. Penetrameters are not required. The
interpreter's report will accompany the part.

INSP. DATE

REMARKS

Fill voids and/or repair the ablator as determined by x-ray
results.

INSP. DATE

NOTE: Ttems 17 through 23 apply to ablator panels that will
be bonded to the metal substructure with a strain
isolator installed between the ablator panel and
substructure.
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17.

18.

19.

20.

21.

22.

23.

Clean the bond side of the strain isolator with isopropyl
alcohol and air dry for a minimum of one hour.

RECORD DRYING START TIME

DRYING COMPLETE TIME

INSP. DATE

At least 1 hour prior to bonding, lightly wipe the surface
of the ablator panel (side to be bonded only) with cheese-
cloth slightly dampened with isopropyl alcohol. Air dry.
Do not apply adhesive if there is strong odor of alcohol.

RECORD DRYING START TIME DRYING COMPLETE TIME

INSP. DATE

Using a clean, degreased (MEK) and dry stiff paint brush and
and/or metal spatula, apply approximately 0.013 to 0.025 centi-

meters (0.005 to 0.010 inches) of catalyzed RTV 560 to the
strain isolator and to the cleaned side of the ablator panel.

INSP. DATE

Immediately bond the strain isolator to the ablator panel.
Apply 13.8 to 34.6 kilonewtons per square meter (2 to 5
pounds per square inch) pressure to the isolator during cure
cycle.

INSP. DATE

Cure the bonded assembly for a minimum of 24 hours at room
temperature. Do not attempt to remove excess adhesive with
solvent.

RECORD CURE START TIME CURE COMPLETE TIME

INSP. DATE

After cure, trim excess adhesive from bonded assembly with
sharpened putty knife or razor blade-type scraper.

INSP. DATE

Inspect bonded assembly per engineering drawing.

INSP. DATE
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24,

25.

26.

27.

28.

29.

Wipe metal substructure with MEK dampened cloth. Allow to
air dry.

INSP. DATE

Scrub the metal surface with nylon/silicon carbide abrasive
pads and water. Alternate scrubbing the surface

with clean abrasive pads and wiping with water soaked clean
cheesecloth until all oxide film and contamination are
removed. Change abrasive pads frequently. Continue
cleaning, using clean cloths until the wiping cloth shows
no removable contamination.

INSP. DATE

Rinse with deionized water. Check for "water-break' free
surface, If a "water-break" free surface is not obtained,
repeat the cleaning procedure starting with 25 above.

INSP. DATE

Dry clean surface with clean cheesecloth.

INSP. DATE

Apply silicone primer General Electric (SS 4155) with clean
paint brush or sprayer. Apply the primer in a uniform
coating over the entire surface to be bonded. Allow primer
to cure for minimum of 3-1/2 to 4 hours at a relative
humidity of 40 to 70 percent. Do not prime if relative
humidity is above or below these limits. Keep primed
surface clear and free from contaminants.

RECORD DRYING START TIME

DRYING COMPLETE TIME

RECORD ACTUAL RELATIVE HUMIDITY

INSP. DATE

At least 1 hour prior to bonding, lightly wipe the surface
of the ablator panel (side to be bonded only) or the strain
isolator with cheesecloth lightly dampened with isopropyl
alcohol. Air dry. Do not apply adhesive if there is a
strong odor of alcohol.

RECORD DRYING START TIME DRYING STOP TIME

INSP. DATE
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30.

31.

32.

33.

34.

35.

Using a clean, degreased (MEK) and dry stiff paint brush
and/or metal spatula, apply approximately 0,013 to 0.025
centimeters (0.005 to 0.010 inches) of catalyzed RTV 560 to

primed metal and to the cleaned side of ablator panel or strain

isolator.
RECORD COMPLETION TIME

INSP. DATE

Within 30 minutes of applying adhesive position ablator panel

to adhesive covered metal surface per engineering drawing.
Apply 13.8 to 34.6 kilonewtons per square meter (2 to 5

pounds per square inch) pressure to panel during cure cycle.

RECORD TIME ABLATOR PANEL WAS POSITIONED

INSP. DATE

Cure the bonded assembly for minimum of 24 hours at room
temperature. Do not attempt to remove excess adhesive with
solvent.

RECORD CURE START TIME CURE COMPLETE TIME

INSP. DATE

After cure, trim excess adhesive from bonded assembly
with sharpened putty knife or razor blade-type
scraper.

INSP. DATE

Inspect bonded assembly per engineering drawing.

INSP. DATE

Fill gap between the ablator panels with caulking compound.

INSP. DATE

Process Control Coupon Testing

1.

Wipe static test fitting with MEK-dampened cloth. Allow to
air dry.

INSP. DATE

Scrub the bonding surface of the static test flttlng with
nylon/silicon carbide abrasive pads and water.
Alternate scrubbing the surface with clean abrasive pads
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- and wiping with water soaked clean cheesecloth until all

oxide film and contamination are removed. Change abrasive
pads frequently. Continue cleaning, using clean cloths,
until the wiping cloth shows no removable contamination.

INSP. DATE

Rinse with deionized water. Check for "water-break' free
surface. If a '"water-break" free surface is not obtained,
repeat the cleaning procedure starting with 2 above.

INSP. DATE

Apply a uniform coating of silicone primer SS 4155 to
fitting. Allow primer to cure for minimum of 3-1/2 to
4 hours at a relative humidity of 40 to 70 percent. Do
not prime if relative humidity is above or below these
limits.

g

RECORD DRYING START TIME

DRYING COMPLETE TIME

RECORD ACTUAL RELATIVE HUMIDITY

INSP. DATE

At least 1 hour prior to bonding, lightly wipe the surface
of the process control coupon with cheesecloth lightly
dampened with isopropyl alcohol. Air dry. Do not apply
adhesive if there is a strong odor of alcohol.

RECORD DRYING START TIME DRYING STOP TIME

INSP. DATE

Using a clean, degreased (MEK) and dry stiff paint brush apply
approximately 0,013 to 0.025 centimeters (0,005 to 0.010 inches)
of catalyzed RTV 560 to the fitting and to the process control
coupon, '

RECORD COMPLETION TIME

INSP. DATE

Within 30 minutes of applying adhesive, position fitting on
adhesive covered process control coupon. Apply 13.8 ‘to»
34,6 kilonewtons per ‘square meter (2 to 5 pounds per square
inch) pressure to fitting during cure cycle.

RECORD TIME FITTING WAS POSITIONED

INSP. DATE
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10.

Cure the bonded assembly for minimum of 24 hours at room
temperature.
RECORD CURE START TIME CURE COMPLETE TIME

INSP. DATE

Machine a 4.75-centimeter (1.87-inch) diameter plug in the
process control coupon, concentric with the bonded-on
fitting.

INSP. DATE

Using a spring scale or equal, apply a tension load to each
fitting until failure occurs. Record actual load applied
and condition of bond failure.

REMARKS

INSP. DATE

Refurbishment Phase Fabrication and Bonding

1.

Remove the charred ablator material from skin of structure.

INSP. ‘DATE

Repeat Section D.

INSP. DATE

Refurbishment Phase Process Control Coupon Testing

1.

Repeat Section E.

INSP. DATE

Ty

o]



T

sy

Quality Assurance Plan (Internal & External Access).- In addition to the inépec4

tion plan described for external access, the internal face of each direct
bonded-on panel (applicable for panels without strain isolators only) shall be
inspected on 5.1-centimeter (2.0-inch) grid centers, using the Fokker
Bondtester with the 5410 probe. Calibrate on the setup standard and examine

the papel per MDAC P.S. 21233.2. Areas of indicated weak bond of over tg be
determined (TBD)  centimeter (TBD inch) in major ‘dimension and TBD centifeter

(TBD inch) in minor dimension will be cause for rejection.

TEST PROGRAM

All of the refurbishment testing of the direct bond-on ablator attachment
concept considered in this program was conducted on the full-scale mockup
located at the NASA-LRC, Hampton, Virginia. These tests included installation
of ablator panels with strain isolators; installation of ablator panels without
strain isolators; caulking of the gaps between ablator panels; removal of
ablator panels after charring; replacing the charred ablator panels with new
units; static testing of cored plugs with external fittings; static testing of
cored plugs having inserts; and static testing of process control coupons. The
testing was performed from 12 April through 3 May 1972.

Synoptic descriptions of the various refurbishment tasks associated with
a particular maintenance function (removal, replacement, inspection, etc) are
listed in a series of tables in appendix A. These tables provide the actual,
as well as the estimated, productive (active) time, in manhours, required to
perform a specific maintenance task function. In addition to the foregoing,
video tape recordings were made to provide a pictorial summary of the actual
work effort required for the various refurbishment tasks.

Testing Procedure

Test Documents.- Prior to conducting tests at NASA-LRC, MDAC prepared
Maintenance Task Schedules and Test Plans. The format used for these schedules
was identical to that used during Task I. This provided for real-time record-
ing of each task, as well as serving as a guideline for duties to be performed.

Completed forms for each series of tests conducted are contained in
appendix A.

Test Personnel.- The personnel involved in the testing represented the
disciplines of design engineering, maintenance engineering, and manufacturing.
Design engineering personnel directed the overall test program. Maintenance
task functions were performed by two manufacturing mechanics and one manufac-
turing inspector, while maintenance engineering monitored and recorded (video
taped) the various task functions.
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Monitoring Equipment.—- The equipment used during the testing operation
was the same as that used during Task I, except that the 8-channel strip chart
recorder was not used. It was determined from the Task I studies that it was
less time consuming to refer to the Maintenance Task Schedules for the real-
time efforts for specific Refurbishment Tasks than it was to extract such
times from the strip chart recordings. Following is a listing of equipment
used:

video camera (Sony AVC-4000A)

video tape recorder (Sony AV-5000A)

T-V monitor (Ampex 9)

5-channel electronic timer and event control box

The monitoring equipment was used to perform two separate functions: it
(1) provided video tapes in real time of all tasks, and (2) accurately timed
each step of each maintenance task.

The operation of the monitoring equipment required the full-time effort
of a camera operator as well as an event recorder operator.

Test Setup.- The test setup used during Task II, shown in figure 30,
enabled the event recorder operator to have full view of the mockup and the
working area surrounding the mockup. Thus, he could accurately time and

record the work effort of each particular member of the team for each test or
function.

The five-channel electronic timer, comprised of five separate counters,
provided real-time monitoring for each team member whenever that particular
team member was involved with a productive effort. The time accumulated on the
counters was then entered on the maintenance task schedules at the end of a
particular sequence or test. Each channel of the electronic timer was con-
trolled by a separate on/off switch on the event control box. This provided
for the individual activation or deactivation of each counter commensurate
with the productive effort of a team member.

The camera operator who made real-time video tape recordings of all work
efforts was also responsible for signaling the start of each step listed on the
maintenance task schedules.

The video camera was connected to the tape recorder. The camera/tripod
was mounted on a dolly to enable the camera operator to move over the general
area in front of the mockup, as necessary, to obtain good coverage of the
function being performed. The TV monitor received the video signal from the
video tape recorder and provided the camera operator with a quick-~look evalua-
tion of the picture being recorded.

As indicated in figure 30, all panels were installed with the test
fixture rotated to simulate the bottom surface of a Shuttle vehicle with the
maintenance personnel standing on work platforms. The work platforms used
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A~ EVENT CONTROL BOX

B ~ ELECTRONICS COUNTERS
C - EVENT RECORDER

D -~ VIDEO CAMERA

E - VIDEO TAPE RECORDER
F ~ TV MONITOR

G ~ WORK PLATFORMS

H = FULL~SCALE MOCKUP

FIGURE 30 TEST SETUP

during the tests were designed to provide satisfactory overhead-height working
conditions for 95 percent of the work force (per Maintainability Design Guide,
Report E501-10, McDonnell Douglas Corporation, dated 26 June 1970).
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Test Objectives.- The overall objectives of the test effort were to
resolve the uncertainties associated with the installation, inspection,
removal, replacement, and bond integrity evaluation of representative direct

bond-on ablator panels. Specifically, the objectives of each individual test
were:

Installation - Determine and resolve problems involved in the
initial and subsequent installation of ablator panels on the
vehicle, particularly with regard to handling, positioning,
bonding, and sealing of joints.

Inspection - Establish procedures and equipment requirements for
the inspection of the installed ablator panels before flight.

Removal and Replacement - Resolve the problems involved in
removing either damaged or flight-expended panels and replacing
them with new panels.

Bond Integrity Evaluation (Static Testing) - Determine bond
integrity by applying a load to plugs cored in the ablator panels
as well as in process control coupons.

Test Criteria.- In order that the testing be performed in as close to an

actual shop environment as practical, a set of conditions under which each test
would be run had.to be established. These include, but are not necessarily
limited to, the following:

68

all test personnel were required to wear white coats and white
gloves when handling ablator material to minimize contamination

all hand tools required for the maintenance task to be located
in the immediate work area, either in a tool box or on a work
bench

all special tools, such as saws, scales, air drills, etc, to be
located on the work bench

work stands arranged prior to the start of test

ablator panels unpacked and placed in a ready state prior to

the test where they were to be used (the actual time required to
unpack the ablators was not used in the data analysis since in
an operational environment the actual time required to perform
this simple task would vary considerably depending on storage
location)

performance time considered to be that time in which the parti-~
cular personnel was actively participating in the test (waiting
or watching was not considered active time; however, getting or
setting up tools was considered active time)

no time allotted for writing up inspection discrepancies
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no time alloted for the cleaning of tools (brushes, scrapers,
etc) after completion of the individual step.

These conditions provided a common basis from which each test was conducted,
evaluated, and compared.

Each manufacturing test personnel had identifying numbers attached to the
back of his white coat. These numbers corresponded to the electronic timer
channels on which his productive time was measured. Total duration of a parti-
cular task or maintenance function was also recorded. The tests were video
taped on l-~hour rolls of tape. At the beginning of each new roll of tape an
identification card which had the test title and sequence reel number on it
was recorded. This was done to prevent any mixup in the tapes after the test
had been run. Once the monitoring equipment was ready and the identification
card had been taped, the camera operator would give the command READY and after
a few seconds START. On START, the event recorder operator would start the
task duration timer, and the other appropriate channel timers, depending on
which test personnel were actively participating.

Tests Performed.- The test program consisted of investigating the direct
bond-on ablator attachment technique and the various refurbishment functions
associated with installing and removing flat, constant thickness, panels. Two
bonding concepts were evaluated:

(1) direct bonding of ablator panels to a metallic panel support

(2) bonding of ablator panels to a strain isolator (silicone
sponge) which itself was bonded to the panel support.

An evaluation of bond strength was obtained by the static testing of
cored plugs in both bonded-on ablator panels and process control coupons.
Loads were applied to fittings that were externally bonded to the ablator
panels and to inserts that were internally imbedded in the ablator during the
manufacturing process. Refurbishment functions investigated included all tasks
associated with the initial installation, caulking, inspection, removal,
replacement (final installation), and bond integrity evaluation of the bonded-

" on ablator panels.

Prior to bonding the ablator panels to the panel support, a trial fit was
made on the full-scale mockup. This trial fit permitted nondimensionally con-
forming panels to be modified to provide the desired fit between panels. A
specified gap between panels was required to permit injection of a silicone
RTV compound. The average longitudinal and lateral spacing between ablator
panels was 0.477 centimeter (0.180 inch). A total of eight TPS ablator panels
were used in the tests, including four 55.1 by 1l4l.4-centimeter (21.70 by
55.66~inch) and four 55.1 by 70.5-centimeter (21.70 by 27.74~inch) panels.

The ablator panels were bonded to the panel support assembly, shown in
figure 31. The individual step-by-step procedure, including the tools
required to perform the individual tasks, is tabulated in the Maintenance
Task Schedules included in appendix A.
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FIGURE 31 ABLATOR PANEL INSTALLATION

summary of the test sequence follows:
clean and prime panel support assembly

apply adhesive to approximately 1/3 of the panel support
assembly

Place strain isolator against the above area and support
same during the adhesive cure cycle.

Apply Adhesive to remainder of panel support assembly and
to the exposed surface of the strain isolator.
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10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

Apply adhesive to the ablator panels, install panels and
support same during the adhesive cure cycle.

Caulk all gaps between the ablator panels.

Remove panel support assembly (including the bonded-on
ablator panels) from the full-scale mockup.

Char the ablator using oxygen/acetylene equipment.
Reinstall panel support assembly on the full-scale mockup.
Remove charred ablator from panel support assembly.

Scrape strain isolator and adhesive from panel support
assembly.

Clean surface of panel support assembly to obtain 'water-
break'" free surface.

Repeat strain isolator and ablator panel installation
sequences.

Machine 4.75-centimeter (1.87-inch) diameter plugs in
each ablator panel. Bond fittings to each plug.

Locate imbedded inserts in ablator panels and machine
4.75-centimeter (1.87-inch) diameter plugs, concentric
with inserts.

Bond fittings to process control coupons.

Apply static load to each machined coupon; record results
on data sheet,

Remove fittings from ablator panels.

Repair ablator panels.

Test Data Results

This section presents a synopsis of the refurbishment test data given in
tables Al through Al3 of appendix A.

This synopsis is given in tables 5 through 12. Descriptions of the

various refurbishment tasks associated with a particular maintenance function
(i.e., initial installation, caulking gaps, inspection, static testing,

removal, and final installation) are presented in capsule form.
of comparison, these tables give the actual and estimated productive (active)
time, in manhours, required to perform a specific maintenance task function.

For purposes
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In addition, the actual task duration of each individual refurbishment task
is given. More detail information (i.e., materials, tools, and equipment used, =
and comments as to the nature of specific refurbishment tasks) concerning the Ei
results of a specific refurbishment task, can be obtained from tables Al
through Al13 of appendix A. The intent of this section of the report is solely
to present the basic data in the manner in which it was obtained. Manipula-
tion and analysis of the data to conform to specific operational possibilities
is discussed in the Refurbishment Analysis section.

Initial Installation.- The first series of tests involved the initial
installation on the mockup of two large 55.1 by l4l.4-centimeter (21.70 by
55,66-inch) and two small 55.1 by 70.5-centimeter (21.70 bv 55.66-inch)
ablator panel assemblies. One of the large panels was installed with a foam
rubber pad (strain isolator) while the other was bonded directlvy to the
aluminum substructure. The difference in task duration and productive time k-
between these two installations is shown in table 5. Both of the small ablator
panel assemblies were installed without a strain isolator. The installation
results of these later assemblies are shown in table 6. 7

Caulking Gaps.- Once the ablator panels were installed, the remaining
task to complete the initial installation was to caulk the gaps between panels r
with a silicone elastomeric compound. The task duration and productive times k
to accomplish this task are shown in table 7. For comparison purposes the
same data for the final installation at the end of the test program are also 3
given in this table. The average task duration and productive times to caulk
the gaps on a linear meter (foot) basis is 0.131 hour per meter (0.040 hour
per foot) and 0.319 manhour per meter (0.097 manhour per foot), respectively.

PR

Inspection.~ Upon completion of the caulking procedure, the entire
installation was visually inspected for dents, abrasions, pitmarks, and mis-
match. This function was performed by a fully qualified inspector; results
of which are shown in table 8.

=y

Ablator Removal.— The entire TPS assembly (ablator panel/panel support
composite) was then removed from the mockup and exposed to a thermal environ-
ment in the NASA-LRC test facility. After the ablator had been charred, the
entire TPS assembly was remounted on the mockup and the removal cycle of the

T

ablator panels was begun. The results of the removal cycle are shown in t
table 9. The removal cycle was considered complete when none or no more '
than approximately 0.005 centimeter (0.002 inch) of adhesive remained on the .
panel support assembly. (

Ablator Replacement.~- This function started with removing the residual
adhesive, remaining after the ablator removal function was completed, by
scouring the panel support assembly using nylon/silicon carbide abrasive
pads and water until a "water-break' free surface was obtained. After
proper cleaning another set of ablator panels were installed on the mockup for
subsequent static testing and final display purposes. The results of this
task are shown in table 10. In this instance the two small 55.1 by 70.5-
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o TASK FUNCTION

TABLE 5

- TEST DATA
~ INSTALLATION (INITIAL)

o HEAT SHIELD TYPE ~ ABLATOR
o ATTACH CONCEPT - BONDED

« PANEL SIZE ~55.1 x 141.4 CM
— (2170 x 55.66 IN.)
ONE PANEL ONE PANEL
TASK WITH STRAIN ISOLATOR WITHOUT STRAIN ISOLATOR
NO. DESCRIPTION TASK | PRODUCTIVE TIME | TASK | PRODUCTIVE TME .
DURATION|  (MAN-HOUR) | DURATION |  (WAN-HOUR)
(HOUR) | ACTUAL ESTINATED] (HOUR) [ACTUALJESTIMATED
1 ()| WIPE PANEL SUPPORT (P/S) WITH 0.034 | 0034 | 0,033 0.034 0.034 | 0.033
SOLVENT
2 (2| WIPE PROCESS CONTROL COUPON (PCC) 0.013 | 0013 | 0.004 0.009 0.009 | 0.004
WITH SOLVENT
3 | TRIAL FIT STRAIN ISOLATOR 0.02 | o0.08 | 0.050 - - -
4 (3)| SCOUR PANEL SUPPORT 0106 | 0212 | 0.200 0.164 0.302 | 0.200
5 (4)| SCOUR PROCESS CONTROL COUPON 0.03¢ | 0034 | 0.008 0.028 0.028 | 0.008
6 (5)| INSPECT P/S FOR WATER BREAK FREE 0028 | 0.054 | 0.067 0.026 0.051 | 0.067
SURFACE
7 6)| INSPECT PCC FOR WATER BREAK FREE 0014 | 0024 | 0.008 0,008 0.016 | 0.008
SURFACE
8 (7)| DRY P/s 0021 | 0021 |0.033 0.016 0.016 | 0.033
9 8| DRY PCC 0.006 | 0.006 | 0.004 0.006 0.005 | 0.004
10 (3) | CHECK HUMIDITY 0.006 | 0006 | - 0.007 0.007 | -
11(10) | PRIME P/s 0.046 | 0.046 | 0.089 0.033 0.033 | 0.089
12(11)| PRIME PCC 0.000 | 0.009 | 0004 0.006 0.006 | 0.004
13(12) | INSPECT PRIMER APPLICATION ON P/S 0.02% | 002 |0.033 0.021 0.021 | 0.033
14(13) | INSPECT PRIMER APPLICATION ON PCC 0.012 | 0012 | o0.007 0.008 0.008 | 0.007
15(~) | MIX ADHESIVE 0220 | 0438 | 0500 - I
16(-) | APPLY ADHESIVE TO P/S 0.192 | 0192 | 0.35 - - | -
17(-) | APPLY ADHESIVE TO PCC 0.025 | 0.025 |0.009 - - | -
18(-) | INSPECT ADHESIVE APPLICATIONONP/S | 0.012 | 0.012 | 0.033 - - -
19(-) | INSPECT ADHESIVE APPLICATION ON PCC | 0.006 | 0.006 | 0.007 - - -
20(~) | INSPECT STRAIN ISOLATOR 0015 | 0015 | 0017 - - | -
21(~) | INSPECT STRAIN ISOLATOR FOR PCC 0.005 0.005 | 0.004 - - | -
22(~)| BOND STRAIN ISOLATOR TO P/S 0040 | 0121 |0.33 - - | -
23(-) | BOND STRAIN ISOLATOR TO PCC 0014 | o0.014 | 0.008 - - | -
24(=)| INSPECT PRESSURE FIXTURE AND 0020 | 0020 |o0.017 - - | -
VERIFY CURE CYCLE
25(-)| INSPECT PRESSURE SETUP AND VERIFY 0.011 0.011 | 0.007 - - | -
CURE CYCLE FOR PCC
26(-)| REMOVE PRESSURE FIXTURE 0.034 0.069 | 0.050 - - -
27(~)| REMOVE PRESSURE PLATE FROM PCC 0.003 0.003 | 0.004 - - | -
28(—)| INSPECT STRAIN ISOLATOR INSTALLATION |  0.011 0.011 | 0.033 - - | -
29(~)| INSPECT STRAIN ISOLATOR INSTALLATION |  0.006 0.006 | 0.007 - - -
ON PCC
30(14) | INSPECT ABLATOR PANEL 0.018 0.023 | 0.033 0.015 0.021 | 0.033
31(15)| INSPECT ABLATOR PANEL FOR PCC 0.005 0.005 | 0.004 0.006 0.006 | 0.004
32(16)| TRAIL FIT ABLATOR PANEL 0.014 0.038 | 0.600 0.014 0.041 | 0.600

(

) TASK NUMBERS APPLY TO PANEL WITHOUT STRAIN ISOLATOR DATA
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TEST DATA (Continued)

TABLE 5

ONE PANEL ONE PANEL
TASK WITH STRAIN ISOLATOR WITHOUT STRAIN ISOLATOR
NO. DESCRIPTION TASK | PRODUCTIVE TINE | TASK | PRODUCTIVE TINE
DURATION | _ (MAN-HOUR) | DURATION |  (MAN-HOUR)
(HOUR) [ ACTUAL ESTIMATED| (HOUR) [ACTUALJESTIMATED
33(~) | CLEAN STRAIN ISOLATOR WITH ALCOHOL | 0.031 | 0.031 | 0.033 - Z -
34(~) | CLEAN STRAIN ISOLATOR ON PCC 0.005 0.005 | 0.004 - - -
WITH ALCOHOL
35(~) | INSPECT STRAIN ISOLATOR FOR 0013 0.013 | 0.017 - - -
CLEANLINESS
36(~) | INSPECT STRAIN ISOLATOR ON PCC 0.007 0.007 | 0.007 - - -
FOR CLEANLINESS
37(17) | CLEAN ABLATOR PANEL WITH ALCOHOL 0.026 | 002 | 0.033 0.031 | 0.031 | 0.033
38(18) | CLEAN ABLATOR PANEL FOR PCC 0.005 | 0005 | 0.004 0005 | 0005 | 0.004
WITH ALCOHOL
39(19) | INSPECT ABLATOR PANEL FOR © 0009 | 0003 | 0017 0013 | 0013 | 0017
CLEANLINESS
40(20) | INSPECT ABLATOR PANEL FOR PCC 0.003 | 0003 | 0.007 0007 | 0.007 | 0007
FOR CLEANLINESS
41(21) | MIX ADHESIVE 0208 | 0.416 | 0.500 0.5 | 0512 | 0500
42(22) | APPLY TAPE TO EDGES OF INSTALLED 0.024 | 0.2 - 0023 | 0.023 A
ABLATOR PANELS
43(23) | APPLY ADHESIVE TO STRAIN ISOLATOR 0.134 | 0.267 | 0.356 006 | 0.211 | 0.356
ON P/S (OR P/S)
44(24) | APPLY ADHESIVE TO PCC OR STRAIN 0.008 | 0.008 | 0.009 0023 | 0.082 | 0.009
ISOLATOR ON PCC
45(25) | REMOVE TAPE FROM ABLATOR PANELS 0.012 | 0.012 - 0018 | 0.018 -
46(26) | INSPECT ADHESIVE APPLICATION 0.010 | 0.010 | 0033 0.013 | 0.013 | 0633
47(27) | INSPECT ADHESIVE APPLICATION ONPCC |  0.004 | 0.008 | 0.007 0.004 | 0004 | 0.007
48(28) | APPLY ADHESIVE TO ABLATOR PANEL 0080 | 0160 | 0.356 0105 | 0.210 | 0.356
49(29) | APPLY ADHESIVE TO ABLATOR PANEL 0.013 | 0023 | 0.009 0017 | 0.034 | 0.009
FOR PCC
50(30) | INSPECT ADHESIVE APPLICATION 0007 | 0007 | 0.033 0013 | 0013 | 0.033
51(31) | INSPECT ADHESIVE APPLICATION 0.004 | 0.004 | 0.007 0.003 | 0.003 | 0007
FOR PCC
~(32) | INSTALL SPACERS - - - 0.033 | 0.033 -
52(33) | INSTALL ABLATOR PANEL 0.104 | 0365 | 013 0.057 | 0189 | 0133
53(34) | INSTALL ABLATOR PANEL ON PCC 0.011 | 0.011 | 0.008 0010 | 0010 | 0.008
54(35) | INSPECT PRESSURE FIXTURE AND 0016 | 0016 | 0.017 0016 | 0.016 | 0.017
VERIFY CURE CYCLE
55(36) | INSPECT PRESSURE SETUP AND VERIFY 0012 | 0012 | 0.007 0.004 | 0008 | 0.007
CURE CYCLE FOR PCC
56(37)| REMOVE PRESSURE FIXTURE 0.035 | 0.069 | 0.067 0043 | 0085 | 0.067
57(38)| REMOVE PRESSURE PLATE FROM PCC 0.006 | 0.006 | 0.004 0.004 | 0004 | 0.004
58(39) | INSPECT ABLATOR PANEL INSTALLATION | 0.019 | 0019 | 0.033 0020 | 0020 | 0.033
59(40)| INSPECT ABLATOR PANEL INSTALLATION | 0.006 | 0.006 | 0.007 0.006 | 0.006 | 0.007
ON PCC
TOTAL 1.850 | 3.35 | 4070 1232 | 2110 | 2774
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TABLE 6.
TEST DATA

o TASK FUNCTION ~ ~ INSTALLATION (INITIAL)

o HEAT SHIELD TYPE - ABLATOR
o ATTACH CONCEPT -~ BONDED

« PANEL SIZE — 55.1 x 70.5 CM (2170 x 27.74 IN.)
TASK PRODUCTIVE TINE
TASK | TASK DESCRIPTION DURATION (MAN-HOUR)

NO. | (HOUR) ACTUAL | ESTIMATED
T | INSPECT ABLATOR PANELS 0.021 0.021 0.017
2 | INSPECT ABLATOR PANEL FOR PROCESS CONTROL COUPON (PCC) [ 0.007 0.007 0.004
3 | TRIAL FIT ABLATOR PANELS 0.019 0.036 0.600
4 | WIPE PANEL SUPPORT (P/S) WITH SOLVENT 0.024 0.024 0.033
5 | WIPE PCC WITH SOLVENT 0.008 0.008 0.004
6 |SCOURP/S 0.161 0.288 0.200
7 | scour pcc 0035 0.035 0.008
8 |INSPECT P/S FOR WATER BREAK FREE SURFACE 0.031 0.062 0.067
8A | REPEAT TASK NO. 6 0.105 0.210 -

REPEAT TASK NO. 8 0.029 0.056 -

9 | INSPECT PCC FOR WATER BREAK FREE SURFACE 0.005 0.009 0.008
10 | DRY P/ 0.013 0.013 0.033
11 | ory pec 0.004 0.004 0.604
12 | CHECK HUMIDITY 0.008 0.008 -
13 | PRINE P/S 0.041 0.041 0.089
14 | PRINE PCC 0.003 0.003 0.004
15 | INSPECT PRIMER APPLICATION ON P/S 0.014 0.014 0.033
16 | INSPECT PRIMER APPLICATION ON PCC 0.006 0.006 0.007
17 | CLEAN ABLATOR PANELS (2) WITH ALCOHOL 0.028 0.028 0.033
18 | CLEAN ABLATOR PANEL FOR PCC WITH ALCOHOL 0.008 0.008 0.004
19 | INSPECT ABLATOR PANELS FOR CLEANLINESS 0.015 0.015 0.017
20 | INSPECT ABLATOR PANEL ON PCC FOR CLEANLINESS 0.009 0.009 0.007
21 | MIX ADHESIVE 0.235 0.466 0.500
22 | APPLY TAPE TO EDGES OF INSTALLED ABLATOR PANELS 0.030 0.030 -
2