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LIFE CONSIDERATIONS OF THE SHUTTLE ORBITER DENSIFIED-TILE

THERMAL PROTECTION SYSTEM

Paul A. Cooper and James Wayne Sawyer
NASA Langley Research Center
Hampton, Virginia

SUMMARY

The Shuttle orbiter thermal protection system (TeS) incorporates ceramic
sysable surface insulation tiles bonded to the orbiter substructure through a
train isolation pad. Densification of the honding surface of the tiles ‘ncreases
he static strength of the tiles. The densification process does not, nowever,
acessarily lead to an equivalent increase in fatigue strength. Tnvestigation of
he expected lifetime of densified-tile TPS urder both sinusoidal loading and random
oading simulating flight conditions indicates that the strain isolaticn pads are the
cakest components of the TPS under fatigue loading. The felt Hads Yocsen under
epetitive loading and, in highly loaded regions, could possibly cause excessive step
eights between tiles causing burning of the protective jnsulation between tiles. A
ethod of improving the operacional lifetime of the TPS by using a strain isolation
ad with increased stiffness is presentad as is the consequence of the effect of
ncreased stiffness on the tile inplane strains and transverse stresses.

INTRODUCTICN

The thermal protection system {TPS) on the windward surface of the orbiter
onsists of ceramic tiles bonded to strain isolator pads (SIP), which are in turn
onded to tha orbiter aluminum substructure as shown in the schematic of Figure 1.
o prevent premature failure of the TPS at the interface of the SIP and the tile
ue to stress concentrations caused by the localized transfer of load through the
IP, the faying surface of the tiles was strengthened by & surface densification
rocess. The greater static strength achieved by the surface densification does not
ully translate into an equivalent increase in fatigue strength (ref. 1 and 2).
atique failure of the densified TPS takes the form of excessive elongation through
he thickness of the SIP. On the other hand, fatigue failure of TFS with undensified
iles involves complete separation at the SIP/tile interface (see ref, 3). Fatigue
ailure of densified TPS is relativelr " :nign when compared with fatigue failure of
ndensified TPS since a tile beginsai:- TO loosen can be identified and replaced
uring postflight maintenance.

Jthough the fatigue failure mode of densified tiles is reiatively forgiving, tiles
hich 1oosen can cause problems in three ways. First, hot gas may be allowed to
enetrate between tiles to the filler bar protecting the substructure. Second,
hipping of the protective coating of neighbcoing tiles may occur. Third, disruption
f the airflow could prematurely trip the bounc2:y layer causing turbulent flow which
ould lead to an increase in downstream heating. Thic paper reviews results of tests
o evaluate the fatigue chara-teristics of densified TPS and introduces a possible
ethod of increasing the operationa: lifetime of the TPS if required.
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A schematic of a typical tile/:I+ .ssemtly is shown in Figure 1, Tre tile is
ccmposed of compacted 1.5-micron-d ..e 2r silica fibers bonded togethe. Ty czileidal
silica fused during a high-temperaturc sintering process. Two types of ~iles are
used on the windward surﬁace n¥ Ln2 o' biter, a 9 1b/7t3 tile designated LI-9°0 and &
higher strength 22 1h/€.> tile designated L1-2200. The tiles are coated on *ive
sides with reaction-cured glass (RCG) consisting of silica, Yoron oxide, and silicon
tetraboride co provide an abr2sion-resistart watertight surface. The remaining
uncoatcd side of the tile is aensified by the application of a ceramic sidrry at the
<, race which fills the voids between fibers and provides a strengthened 2oncing
surface for the SIP. A photomicrograph of the densified reginn is givin in Figure 2
and shows the colloidal silica particles situated between the silica fibers. Most
densification material remains within 0.10 in. of the bonding surface as shown in
the second photomicrograph of Figure 2 with the larger particles occurring at the
surface and with the particlc size and number of particle. decreasing graduaily to-
ward the interior of the tile.

The SIP is bonded to the tile and the aluminum substructure of the crbiter using
an elastomeric room temperature vulcanizing (RTV) silicone adhesive. The Sir is a
felt pad of nylon fibers compacted by passing a barbed needle normal to The zad sur-
face in a sewing machine like process. The compacting process providas tensile
strength and extensional stiffness in the pad thickness dircction and provides a load
transfer path between the substructure and the tile. A photomicrograph of tte SIP is
given in Figure 3 and shows a region of transverse Tibers produced by the needling
process. The RTV adhesive transfer ccat is also shown in Figure 3. This coat is
bonded to the densified surrace of the tile. A filler har is bonded to the aluminum
substructure between tiles to provide thermal protection for the substructure. A

TILE BONDED TO SIP
< TILE COATING \ WITH RTV-560
AN

/—DENSIFIED LAYER

FILLER BAR NOT
/—BONDED TO TiLE

"S5, STRUCTURE
13—H:_'38
e 50in _————J

SIP AND FILLER BAR BONDCID
TO SUBSTRUCTURE WITH RTV-560

FILLER BAR—]

Figure 1.- Schematic of ceramic TPS.
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more compiete description of the TPS is provided in references 1 and 2. Two types

of SIP are used most often on the orbiter and are identified by their thickness in

inchas, 0.160 SIP and 0.09G SIP. The 0.090 SIF is formed by the same procedure as

the 0.160 SIP but is more highly compacted by an increased amount of needling which
results in a higher strength and stiffness.

SIP
SONDING
SURFACE

R Y .® e
_DISTANCE FROM SURFACE, in.

A

R ELE TRANSVERSE®
A\ AN O

- Figure 3.- Protomicrograpn of strain isolation pad cross section.
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A series of fatigue characterization tests of dens fied LI-900 tile/0.160 SIP
and densifiec LI-2200 tile/0.090 SIP specimens were pertormed with results reported
in reference 3. The 2 .25-in.-diameter specimens were tested under repeated fully
reversed sinssoidal loads applied 2t 1 Hz with results as shown in Figure 4. The
Jower strengzh LI-900 tile/U.160 SIP failed under cyclic loads by S:iP extension wren
a total travel cf 0.25 in. was arbitrarily selected as a failure condition. A total
travel of this amount would constitute excessive looseness on the orbiter, The
nigher strenzth L1-2200 tile/0.090 SiP specimens failed by complete separation of tne
SiF defore a totai SIP extension of 0.25 in, was reached. For 2 given stress 1avel,
the stronger TPS had several orders-of-magnitude increase in lifetime over the weaker
TPS. A compirison of the growth of the SIP during the fatigue tests under a fully
reversed sirasoidal applied stress of 12 psi for the two types of TPS is shown in
Figure 5. The stress displacement curves shown in the figure indicate that the
0.160 SIP lossens much more rapidly than the 0.090 SIFP.

o I\
?STATIC FAILURE IN SIP

ALUMINUM
40 L1-2280! 0% SIP RSI-TILE
FAILURE IN 3i° 1 S|P

ALUMINUM —

30
CTRESS,

8! | STATIC FAILURE !N RSI
20%  ABOVE DENSIFIED REGION

! -
. r L1970/ 160 SIP W g
10 —

S|P EXTENSION > .25 in.

Ot | | 1 J !
1 10 100 1000 10000 100000
NUMBER OF CYCLES

Figure 4.- Fatigue of densified TFS subject to fully reversed sinusoidal loads
o = 1), .

Figure 6 shows the measured growth of the 0.160 SIP during the fatigue test for
various appiied stress levels and indicates the number of cycles 2t which total dis-
nlacement is egual to the assumed failure criteria of 0.25 in. As the rumber of
cycles incraases, the SIP transverse fibers continue to stretch and unraveil resuiting
in an increase in total specimen travel and a contirual loosening of the tile. 7hne
growth rate increases nearly exponentially as the growth increases.
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Figure 6.- Measured growth of SIP displacement under sinusoidal fatigue isading.
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RANDOM DYWNAMIC LOAD FATIGUE TEST

A sinusoidal load .onuition, while helpful in providing insight into the
expected fatigue behavior of the TPS, is a severe load conditicn not expected under
actua: flight conditions. The tiles experience a variety of random vibrational loads
during ascent. These include: main engine and solid rocket motor ignition overpres-
sures during liftoff, substructure moticns due to engine vibrations and aerodynamic
ioadings, direct acoustic pressure loads caused by boundary layer noise, differential
pressures due to shock passages, aercdynamic gradients and gust loads, and tile
buffeting due to vortex shedding from a ccnnecting structure. The critical load con-
ditions on the TPS during ascent are expected to occur between the time the orbiter
reaches transonic speeds (csoroximately 40 seconds after 1iftoff) and the time the
orbiter experiences maximum dyramic pressure (approximately 65 seconds after 14 ft-
off). During this critical time, the TPS on the lower wing and midfuselage surfaces
experiences loads caused by substructure deformation, shock passage aerodynamic
gradients, which can cause a net tensile force and moment cn the tiles, and random
acoustic loads transmitted to the tiles from the orbiter bace structure {ref. 4).
Prior to the first flight, a series of random dynamic load tests were performed on
undensified tiles to obtain a more realistic evaluation of the expected behavior of
the TPS under simulated flight load cunditions in the windward surface wing and mid-
fuselage region. Results of those tests are reported in reference 5. After comple-
tion of those tects and before the initial flight, a densified tile wac tested using
the same test procedure and fixtures but under slighcly higher load conditions since
many densified tiles were expected to be subjected to load levels higher than those
experienced by undensified tiles.

Test Setup

A schematic of the load application fixture is shown in Figure 7. The fixture
consists of a thin aluminum plate riveted to €ive thick-walled aluminum tubes. The
fixture was designed so that after the tile/SIP test specimen is bonded to the plate,
the plate can be deformed to a srapz typical of the substructure deformations ex-
pected in the orbiter skin in either the wiang or midfuselage region. The plate is
deformed by bolting the iubes to a rigid base plate with shims under alternate tubes
as required for the region of interest. The shims cause the thin plate to deform to
an approximate -ine wave with the peak-to-peak ampiitude given by the shim thickness
and the half wavelength governed by the tube spacing.

The fixture surface on which the specimen is bended is first chemically etched,
sprayed with a protective primer, and vacuum baked to remove all volatiles., The
specimen is bonded to the test fixture with the tile diagonals parallel to the edge
of the test fixture as shown in Figure 7. The tile is located on the test fixture
so that one corner of the SIP is over the centerline of one of the tubes. A circular
aluminum thin disk is bonded to the top of the tile using epcxy adhesive to provide
a load attachment point for application of a steady tensile lozd and moment which
simulate the effect of a steady aerodynamic gradient. The attachment point it the
center of the disk is located 0.5 in. from the center of the tile measured along a
tile diagonal perpendicular to the tube axes. To apply a random dynamic load to the
specimen, the fixture, with the specimen in place and shims installed to simulate
substructure ceformations at a wing Tocation, is bolted to the drive head of a
30,000 1b electromagnetic shaker. A schematic of the test setup is shown in
Figure 8.
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Figure 7.- Random dynamic fatigue test fixture.

l

LOAD ATTACHMENT
A

>

\/’.EST FIXTURE

Figure 8.- Schematic of random dynamic load test setup.

P

SECTION A-A

L B # s

Ag

Lan delem g e Sy B e o ety

PR TR T L T ]




ORIGINAL. PAZS i3
Test Program OF POO= QUALTY

A series of tests were performed on a 2-in. thick by 6-°n. sguars densified-
1 [-900 tile bonded to a 5-in. sguare 0.160 SIP., The specimes, imstal za on the thi~
plate with filler bars in place, was first given a vond verificazion zzst simi‘ar
to that given actual densified tiles on the orbiter, The test consisizd of a sieads
Toad applied to the tcp of the tile which introduced a uniform t=nsile stress ¢7
10 psi on the SIP followed by a compressive lcad ¢f the same sur=3s 1=vel to bring —ne
tile back to 1ts equilibrium position. The specimen was the- giw=n 2 I-psi uni‘orm
tension stress followed by a 5-psi compression test with cdisclaczment -esponse
recorded to establish the stress displacement characteristicz wh=ch 2:"sted befire
the random dynamic load tast was performed. The specimen was then intTalled o the
base plate using shims to provide a static substructure deflzsction amiitude of 0.11%
in. with a half waveiength along the tile diagonal of 2.07 iz. <& tenz'ie force of
50 1b displaced 1/2 in. from the tile center along the diagomal “n th:z directica
which causes the mcst severe SIP stress was applied and held zonstant “or the cura-
tion of the dynamic test. The specimen was given a random bzse Zrive 3f 30 grms wiZh
the driving frequencies occurring mainly between 60 Hz and 220 k= usivg the powsr sI&C
tral density distribution shown in Figure 9. The dynamic test wms corcucted for 3
total of 2.5 hours with measurements of SIP growth at the most hiighly stressed corner
taken every 1/2 hour with all loads removed. With one ascent mission zssumed egual
to 25 seconds of test time, the total test time simulated 362 ascz=nt missions [100-
mission lifetime with a scatter factor of 3.6). Figure 10 conta®ns a zhotograrn of
the actual test setup, and Figure 11 provides a closeup view of The t=t speciren
showing the installed instrumentation used to obtain dynamic resmpnse “nformation.
On completion of the dynamic test, the specimern was again giran & 5-p37 static ten-
sion and compression test with load displacement measurements taw=n. “inally, the
specimen was given a tensile test-to-failure to determine its residual strength.

) 30 9_ Cwit)
) Hz
- —1/21in. 6 dB/ oct —6c3,oct

s ' Ok MS—SO\Q,

T L 15 250 1000
2.07 in.—~— @ L asin f, Hz

Figure 9.- Test loads applied on densified TPS.
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Figure 12 contains a picture of tne tile after completion of the dynamic Tcad
test oad before the final test-to-failure. The top plate shown in the figure
replaces the load attachment disk usea during the dynamic test so that the larcer
tensile loads required to fail the system can be applied. The figure also contiins
2 plot of the developiment of permanent growth of the SIP at *he highest stiressed
corner as the dynamic test progressed. By the conclusicn of the test, “he SIP tad
a permanent extension at this corner equal to the initial thickness cf the SIP [i.=_,
100-perzent increase in thickness). Figure 12 presents a comparison of tne appliec
stress vs. displacement measured during the *5--psi static uniform load tests

2-

100

. " ASCENY -~
i MISSIONS ~
i 0, 1 o}

[awn)

& l I 1
.5 Lo L5 20 22
TiME, hr

“igure 12.- Permanent growth of SIP subjected to random dynamic loads.
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“igure 13.- Loocsening of TPS due to multimission random dyramic lozding.
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serformed before and after the dynamic zast. The neak-to-peak measurerent of
’J’.QSZ ir. “- an indication ot the degres to which -he SIP has loosered. The tile
failed during the final test-to-failure in the parent undensified regicn at an
ultimate static load of 422 1b. This £zilure loed was 70 percent greatsr than the
original bond verification load.

] 1T the load spectrum does represent actual flight conditicns, the —2c¢t data
indicate that excessive SIP growth may cccur within the aperational lifstime of the
orbiter. This mcde of failure under rardom loading is benign if correc=ive action
is taken during 3round maintenance betwean flights; however, if loose tiies are not
eventuaily replaced, several unacceptabiz consequences as discussed in the intro-
duction might result, Cne of *hese consequences, that of filler bar bur~ning, has
seen anzlyzed, and a maximum growtn cri-ericn for prevention af this coroition is
discussed in the next section.

FILLER BAR BURNING

Table 1 gives a history of tile removal for various causes after each of the
first four flignts. Tile loosening does not seem to be a developing problem this
early in the orbiter lifetime:; however, there does seem to be a persistence of
incidents of filler bar burning from flight to flight. An indication of the effect
of the tile gap and step on filler bar Surning is provided in reference 6. The
reference contains the results of a study to investigate the cause of tne exceszive

TABLE 1.- TILE REMOVAL HISTDRY FOR QV-102 AFTER FOUR FLIGHTS

STS-1 S7S-2 STS-3  STS-4

TOTAL NO. OF
TILES REMOVED 1541 4711 1047 211

REMOVED FOR
DENSIFICATION
(NO STRUCTURAL
ISSUE) 526 202 783" 0

REMOVED FOR
LOGSENESS 170 18 15 3.

REMOVED FOR
EXCESSIVELY BURNT
FILLER BAR 246 a4 39 36

OCCURENCES CF
BURNT FILLER BAR
NOT SEVERE ENOUGH
T0 REMOVE 14 %60 219 502*

* PRIMARILY WHITE TILES (NONCRITICAL) IN FORWARD FUSELAGE RESiTN
+PRGBABLY DUE TG HIGHER HEATING RATE DURING ENTRY



heating observed in the cile-to-tile gaps of the orbiter. A flow model was
developed in the referenced study to determine the pressure loading and flow rates
in the gap during entry. A thermai model of adjacent tiles, the tile-to-tile gap

; and step, filler zar, and SIP was used to predict temperature distributions tnrough-
1 out the system. Tests have shcwn that temperatures creat2r than 13750F will cause
charring of the ®7Y and filler bar to a degree which requires replacement of the
filler bar. The computed temperature distributions at a wing location where a 0.C5
in. step is assumed are shown for various locations in a cap in Figure 14. The fe=k
v filler bar temperzture calculated for the assumed step is 17500F. A similar study

3 for a 0.03-in. stzo yields a maximum filler bar temperature of 12909F. Thus, from

a linear interpoiztion between these two conditions, the zritical temperature for
filler bar burnisz is reached under the flow conditions of the study when a ste
between tiles of 7.034 in. exists.

# Results of z1e random dynamic 1nad test shown in Figure 12 indicate that a

i permanent SIP extension of 0.034 in. would occur under the simulated loads well

E béfhré the 100-mission fiight desired lifetime has been completed. One could con-
servatively estimate thet this extension coupled with the increased loosening of
the SIP shown in Sigure 13 would cause a step of the order of 0.04 in. assuming the
neighboring tile was under compression or at least remained unextended. Thus, if

the ascumed load simuiation used in the random dynamic load tests is realistic and

the thermal predicticas of reference 6 are an accurate evaluation of actual condi-

tions, increased incidence of burned filler bar can be expected agaring the lifetime

of the orbiter.
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METHOD FOR EXTENDING SIP LIFETIME

Several possible methods can be used to reduce the incidence of <<1ler :ir
burning and loosening of tiles. Currently, gap fillers are placed in the 5:z:s
between tiles where filler bar burning occurs. The gap filiers prever< hot :is
influx between tiles and reduce the dynamic response of the tiles to ezTerns sti-u-
lTations. Another possible method is to bond the tiles to the filler bzr, thiz recuc-
ing the nominal stress in the SIP by providing an increased support ar=za for zhe
applied loads. A third method, which will be discussed here, is the rzolacerant 57
the 0.160 SIP with a SIP of the same thickness but with stiffness and strencii pro-
pertias equal to those of the 0.090 SIP. Replacement with 1 stiffer S22 is z.ggeszed
since, as shown in Figures 4 and 5, the 0.090 SIP has at least an order-of-mz:nit.ce
greater lifetime than the 0.160 SIP for a given stress Jevael. A SIP of this Tyne
could e fabricated by starting with a pad thicker than the pad used to form ine
0.160 SiP and reducing it to the desired 0.150 thickness when it is needled =
the szwescegree as the C.090 SIP. Replacement of the standard SIP over the
entire windward surface of the orbiter with a stiffer SIP of this type would -ause
an increase in orbiter dry weight of approximately 300 1b. 1lhere is a limitezion 2
the 2ilowable increase in stiffening c¢f the SiP beyond which it beqins to fail in its
function as an effective strain isolator for densified tiles. An analysis ar: test
program was performed to determine this limitation.

Limitation of SIP Stiffness for Inplane Strains

An analysis was developed and reported in reference 7 to evaluate the inzlane
strains transmitted through the SIP to the densified region and the tog coatirg of
a tile caused by the combined effect of substructure inplane and normal defornations.
The protlem was treated as a deep stiff beam (including the effects of =ransverse
shear) on a soft elastic nonlinear foundaticn which resists both transvzrse e:zension
and shearing. The analysis requires a knowledge of the extensional modulus of the
densified region of the tile. To find the modulus, a series of four-point bean
bending tests were prerformed using small beam specimens fabricated from tile material
and densified on the loading surfaces. The beams were treated as sardwich strictures
with an assumed densified region thickness of 0.10 in. Results from these tests,

including an evaluation of the inplane failure strain of the densified region, are
presented in reference 8.

Using the analysis and the experimentally determined modulus of the densiied
region, a study was made of the maximum inplane strains in censified tiles of sarious
thickresses ranging from 0.25 in. to 2.0 in, The tiles were subjected to an iplane
substructure stra‘n equal to the yield strainm of the aluminum plus the wnconst-ained
thermal strain caused by a rise in substructure temperature af 2800F. [n addizion,
the tites were subjected to a tensile load of 250 1b offset from the tiie centzr by
0.5 in. This combined load condition is greater than any actual condition expcted
on the crbiter tiles. Results of the study fcr a standard 0.160 SIF an< a SI® with
ten times the stiffness of the standard SIP are shown in Figure 15. Only for =ne
thinnest tiles does the maximum strain in the densified region and the top cogzing
approach the inplane failure strain. Thus, a considerable increase in Z3IP sti“fness
can be toierated without compromising the inplane integrity of the tiles. A 7.290
SIP has approximately three times the stiffness of 0.160 SIP. This is w=ll wi=tin

the acceptable stiffness range to function properly as an isolator of irlane
strains.
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Figure 15.- Effect of SIP stiffness on tile inplane strains for a range of tiie
thicknesses.

Limitation of SIP Stiffness for Transverse Stress

A SIP with a higher stiffness will increase the stress. in the direction normal

“to the plane of the pad (transverse stress) in the region of the SIP/tile interface

when substructure deformations are applied. To evaluate the effect of a stiffer SIP
on the transverse stress at the SIP/tile interface, the stresses were computed using
an analysis described in reference 9 for a standard 0.160 SIP and a 0.160-in. thick
SIP with stiffness properties equal to that of a 0.090 STP. A comparison of results
for typical l.igh-load conditions expected on orbiter tiles is shown in Figure 16.
Jse of the s:iffer SIP causes approximately a S0-percent ircrease in the maximum
stress at the SIP/tile interface for the load conditicns considered. At the higher
applied load levels shown in the figure, the computed stress in the SIP approaches
the failure stress of the tile material so that tile strength in regions of high
substructure ceformations Leccmes the limiting tactor for determining the maximum
permissible increase in SIP stiffness. However, the stress computation shown is
most likely conservative in that the maxiomum stress occurs at the Loundary of the
SIP, and the computaticns do not account for the relaxation of stress at SIP bound-
aries cbhserved in laboratory tests.
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Figure 16.- Comparison of maximum SIP transverse stresses at tile/SIP interface
for standard and stiff SIP.

CONCLUD 115 REMARKS

Sinusoidal fatigue tests of the ceramic TPS on the windward surface of the
Shuttle orbiter indicate that the failure mode of the TPS is an excessive extensicn of
tre SIP which is a relatively benign failure mode and can be corrected during grcund
naintenance by replacement of the offending TPS. Random dynamic tests of the TPS
simulating expected flight conditions during ascent indicate that the tiles might
loosen sufficiently during the operational lifetime of the orbiter to cause buining
of the filler bar in highly Toaded regions. Sinuscidal tests indicate that a stif-
fer SIP can have an order-of-magnitude increase in fatigue lifetize. A method of
improving the operational lifetime of the TPS by using a SIP with increased stiffness
is nresented as is the consequence of the effect of increased stiffness on the in-
plana strain: and transverse stresses. Results indicate that a stiffer SIP can be
used to incroase the TPS lifetime without compromising the structeral integrity of
the TPS except in regicns with very thin tiles and possibly in regicns with very
nigh substructure deformations and applied loads.
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