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ABSTRACT

The purpose of the program was to define the .equirements for ficld repair of
coated columbium panels; to develop simple, effective repair methc's; and to prove
the structural integrity of the developed repairs.

The initial technical consideration was to define the requirements for field
repair ccating. Probable causes of damage were identified ar” testing was conducted
which established that coatings have a significant tol2rance to local damage. It
was further established by structural panel specimen testing that unrepaired cuating
damage on the skin was not of structural significance.

The major task was to develop field repair coating methods. The following
tvpes of repair methods have been developed, proven reliable, and are ready for use
on an operationai svstem:

o replacement of the fused slurryv silicide coating by a short processing cycle

using a focused radiant spot heater

o repair of the coating by a glassy matrix ceramic composition which is paianted

ov sprayed over tue defective area
o repair of the protective coating by plasma spraying molybdenum disilicide
over the damaged area emplcoying portable equipment.
Each of the repair methods meets the criterion of being applied quickly and easily
in the field and has the protective ability to prevent oxidation for over 100 reuse
cycles.

A technical objective was to prove that the developed repair methods were able
to protect the columbium panels for over 100 reuse cycles in a test sequence which
imposed the environmental parameters expected to be experienced during actual
service. The primary evaluation consisted of reentry flight simulation testing in
which coated panels with repaired skins were subjected t- the temperatures, air
pressures, and loads of reentry. After each series of reentry profile cycles, the
panels were subjected to a static boost load equivalent to a limit load. Finally,
the panels were subjected to a sim-lated boost acoustic fatigue loading test.

The final task of the program was to produce two full-size (20 by 20-inch) rib
stiffened panels with repair coating on the skin. Each of the panels had a total
of 20 individual repair sites. This demonstrated that quality flight hardware could
be produced and that the field repairs could be satisfactoiily applied to fuil-size
flight hardware.
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FOREWORD

This is the final report for the Field Repair Program conducted under Contract

NAS8-26121. The program was ccnducted between June 1970 and Cctober 1972, Mr.

James Carter, of Marshalli Space Flight Center, was the technical contract monitor

and Mr. John Culp of McDonnell Douglas Astronautics Company - rfast was the studv
R. G.

e L SR o FOREa .
A R Y AT i

leader. The :ontributions of the following individuals are acknowledged:

Gregory, Strength Analysis and Rib Stiffened Panel Ontimizeztion Studv; J. R. Suhre,

Structural Dyvnamics; F. S. Pogorzelski, Panel Fabrication; E. J. Settlemoir, Damage

Tolerance Testing and Ceramic Repair Coating Development; E. Malakelis. Diffusion

Barrier Application Studies; G. Wille, Plasma Needle Rep2irs; M. B. Munsell and

D. N. Drennan, Profile Evaluation of Panel Specimens; W. E. Noonan, Acoustic

Testing; H. S. Ingham, of Metco, Plasma Spraved Repair Development; and B. Reznik
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and G. Pepino of Svlvania, Larmp Repalr Development.
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( 1. INTRODUCTION

{

; Coated columbium could be used effectively as a thermal protection system

? material for the Space Shuttle or othe. multimission hypersonic reentry vehicles.

Although the coatings are hard and tenacious, some local coating damage wausc ve ?
anticipated with a functionally operational system. It is importanc for ecounomic

and schedular reasons that such local coating damage be capable of rapid and easy

repair in the field. The purpose of this program was to provide reliable, practical,

and efficient field repair methods.

The initial problem, that of considering the requirements for field repair,

P L R L

. was divided into the following efforts:
a) to determine the damage tolerance of coated columbium and demonstrate the
type of damage which would require repair
b) to examine the worst case in which critical damage was not repaired.
Probable damage causes were identified, and damage tolerance testing was con- ?
ducted for each cause in order to describe the types of physical evidence of coating
disturbance serious enough to require repair. The effect on the structural integrity
‘. of panels with unrepaired critical damage was ascercained by testing panel specimens
in a simulated reentry environment to determine the structural implications of unre-
pcired damage to panel skins.

The major emphasis of the program was on development of field repair methods

PR g PR AR N L

and procedures. The approach to field repair development was to divide the effort

into 1) repairs effected by replacing the fused slurry silicide coating, and

S H

2) repairs effected by adding a new material over the damage site. In replacing

the fused slurry silicide ccating, attention focused or methods which could be
accomplished rapidly and easily in the field and which would not necessitate
reproducing the involved, complicated original coating process sequence. For
repairs effected by adding a secondary material to the defect area, emphasis weas
placed on ceramic composition repairs and plasma sprayed repairs, both of which

could be accomplished readily in the field. Conventional testing and evaluation

procedures were employed in development of the repairs. The final evaluation of
th. repair systems employcd rib stiffened pznel specimens of representative size,

3 by 12 inches, which were tested under projected environmental service conditions.
The flight simulation testing included alternate exposure sequences of boost

z; acoustic loads, static :ritical loads, and simultaneous reentry conditions of
-1 [
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temperature, air pressure, and bending stresc as a function of reentry time. Testing
was conducted through 110 mission cycles to establish the operational readiness of
the repalr systems.

The final activity of the program was to construct full-size flight quality
columbium hardware ard demonstrate that each of the repairs was applicable to actual
hardware. A highly efficient rib stiffened panel design with 0.010-inch thick skins
was selected. Panels of both Cb-752 and C-129Y columbium alloys were fabricated and
coated. & total of twenty repair sites were applied to defect areas intentionally
cut into the skin coating for each panel. Repairs were effected and the panels

were submitted to NASA for evaluation.

1-2
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2. MATERIAL SELECTION AND PROCUREMENT

Two columbium base alloys, Cb-752 and C-129Y, were designated as the sub-
strates for development and evaluation of the field repair coatings. These alloys
have good strength at both room and elevated temperatures, can be fabricated readily

into typical hardware configuraticns, and are weldable. The Cb-752 was purchased

ShaLenetT

trom Fausteel Metallurgical Corporation and the C-129Y from Wah Chang-Albany.

Vendor certified chemical analyses of the final sheet product were:

P TR SN

[ e N

-l
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Element Percent by Weight
Cb-752 C-129Y 3
Carbon 0.0092 0.0050 z
Oxygen 0.0044 0.0110
Hydrogen 0.0005 0.0004
Nitrogen 0.0070 0.0056
Iron 0.0010 0.0050
Silicon 0.0010 0.0050
Molybdenum 0.1/4 0.0125
Titanium 0.005 0.0C4
Yttrium - 0.12
Hafnium - 10.05
Tantalum 0.43 0.37
Tungsten 9.80 9.40
Zirconium 2.65 0.39
Cclumbium Balance Balance

The vendor certified transverse physical properties of the sheet material were:

i Wy e

Property Cb-752 C-129Y
Room temperature tensile (lb/inz)
ultimate 79,000 89,700
yield 59,000 74,000
% elongation 31 30.5
2200°F tensile (lb/inz)
ultimate 27,000 -
yield 25,000 -—- -
% elongation 95 -—
ASTM grain size 8 9.5 -
2- .
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The interstitial conteuts and mechanical property values of the Cb-752 aad the ‘t)

C-129Y fall within che range of what is considered typical.

Coatings drsignated for use were the Sylvania R-512E system for the Cb-752
alloy and th¢ VAC-HYD VH-~109 system for the C-129Y. Both are fused slurry silicide
coatings with different chemical compositions. In many cases, ~he fused slurry
silicide coatings show better oxidation life properties on one alloy than another.
There was evidence available at the time of coating selection to indicate that
the coatings chosen for the respective alloys .ere the lonzest life coatings
available.

There was a clear advantage to employing two coating/alloy systems in the
program, since the applicability of the develcped repairs would not necessarily be
restricted to one system. There were several times within the program in which the
two allorvs or coatings exhibited significantly different preperties. The simulta-
neous testing of two systems was invaluable in identifying characteristics attrib-
utable to either the alloy or the coating. Thus, the technical base of the program

was broadenrd greatly.

2-2
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3. SPECIMEN FABRICATION AND COATING

Test hardware was required throughout the program to develop and evaluate
field repair systems. Simple sheet ms erial coupons and rib stiffened panels were
employed. The rib stiffened design was selected to represent typical flight hard-
ware since it was weight efficient, could be reliably coated, and was easy to
inspect.

3.1 COUPONS - Coupons, 2 by 2 inches and 1 by 2 inches in size, were prepared
from 0.020-inch sheet material of both Cb-752 and C-129Y alloy materials. All
coupons were used to determine the damage tolerance of coated columbium, to develop
field repairs, and to evaluate oxidation resistance of ~andidate repair systems.
The Cb-752 coupons were fused slurry silicide coated with the R-512E composition by
Svlvania to a nominal to. .l coating thickness of 3 mils per surface.

The initial group of 2 by 2-inch coupons of the C-129Y alloy was coated by
VAC-HYD with the VH-109 sysiem. A nominal total coating thickness of 3.0 mils per
surface (dimensional change of 2.0 mils per surface) was requested. The coupons
received had an average dimensionali change of 7.4 mils total (assuming one~half the
coating on each surface not valid in this case) and many coupons were severely
warped. Metallographic examination of these coupons revealed that the thicker,
con.~~rve side had an average thickness of 5.5 mils and the thinner, convex surface
bad an average thickness of 3.7 mils. By comparing substrate thicknesses before
and after coating, the amount of metal consumed in producing these coatings was de-
termined to be 3.4 mils. The uneven and excessively thick coatings were reporten
to VAC-HYD, with a concern expressed for the critical rib stiffened panel specimens
which were to be coated. In a cooperative effort to correct this problem, VAC-HYD
personnel obtained a supply of the same heat of C-179Y from Wah Chang, prepared 40
duplicate coupons, and applied the VH-109 coating. This second group of specimens

was not warped and had a smoother and generally improved appearance when compared

with the initial set of coupons. The coating “hickness was found to b- approximately

equal on both sides of the coupon; ~1e average total ccatin, thickness (measured
metallographically) was 3.5 mils per surface and the average dimensional change
thickness was 2.3 mils per surface. S-bsequent groups of coupons had acceptable
coating thicknesses with a dimensional change thickness of 3.0 tu 3.5 mils per

surface.
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3.2 RIB STIFFENED PANEL SPECIMENS (1 by & INCHES) - Rib stiffened panel speci- ':)

mens were required for profile simulation testing of defective coatings which were
not repaired prior to testing. The panel specimen selected was one employed in
past coating evaluations (reference 1) which fit into an existing test facility.
The panel test specimen and loading fixture had to fit inside a 1-3/4-inch diameter
tube, whose 6-inch long working hot zune permits a uniicrm temperature in the central
4 inches. The specimen is thus restricted to a 1 by 4 by 0.25 inch size. Figure
3-1 shows the rib stiffened panel configuration and dimensions. Ter panels of each
alloy (Cb-752 and C-129Y) were fabricated. After detail parts preparation and
chemical cleaning, the ribs were joined to the skins by blind electron beam weldirg
through the skin. Finally, the loading plates were electron beam welded to each
end of the ribs and the edges of the panel were raodiused.

The C5~752 alloy panel specimens were R-512E coated by Sylvania. The dimeun-
sional change thickness of the skin was 2.3 mils per surface and that of the two
ribs was 2.2 and 2.4 mils per surface. The C-129Y alloy panel specimens were VH-109
coated by VAC-HYD. The dimensional change thicknesses were approximately twice
those requested, being an average of 4.2 mils per surface on the skin and 3.6 and
3.7 mils per surface on the ribs.

3.3 RIB STIFFENED PANEI SPECIMENS (3 by 12 INCHES) - Rib stiffened panels, "

3 by 12 inches, were required to perform structural evaluations of field repair

s .
:
4

coating systems. The panel specimen is shown in figure 3-2. It was designed to

be representative of a full-size rib stiffened panel in all respects except the
overall dimensions, which were selected to fit into a load fixture used in conjunc-
tion with a 7-inch diameter tube furnace. 7Two groups of 3 by 1l2-inch panels were
fabricated, with the second group required to eliminate a skin distortion condition
present in the first group.

The fabrication of the 3 by 12-inch panel specimens shown in figure 3-1 was
accomplished using two coluwbium alloys, Cb-752 and C-129Y. The required sheet
material was chemically milled or chemically cleaned to indicated gauges within
0.001 inch. Detail parts were sheared and the ribs were machined to final dimen-
sions to ingure parallel edges. The tool for electron beam welding was designed
tc align the welding beam with the center of one rib and the rib was then blind
welded through the skin. Subsequent ribs were joined to the skin by moving the
initial rib to an 2diacent lecating slot without changing the location of the tool
with respect to the welding beam. The second rib was then secured in the identical
tooling position as the first rib, and then welded to the skin. Subsequent ribs

3-2
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el RIB STiFFENED PANEL SPECIMEN A
were then .ided to the panel assembly in a similar fashion. After the ribs had been
joined to the skin, the straps on the reverse side of the ribs were electron beam
welded in place. The final step was to radius the edges to insure good coating
quality.

The fusion welding of the skin to the ribs caused a noticeable amount of dis-
tortion. Typical examples of this distortion are shown in figure 3-3. The lon-
gitudinal bowing of the panels produced a nominal deflection of 0.07 inch in the
center of the span and a series of ripples, or buckling of the skin, between the
ribs. The maximum depth of the buckles, 0.08 inch occurred in the center of the

panel and the buckling of the skin was not noticeable on the unsupported edges.

3-3
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4571709 RIB STIFFENED COLUMBIUM PANEL SPECIMEN

Figure 3-2
It was considered unlikely that the waviness, or skin buckling, could be removed
during a stress relief cvcle. Since the panels would be thermally stabilized for
testing during the coating process, a special stress relief cycle was not employed.
While the appearance of the panels was less than desirable, the panels were consid-~
ered structurally acceptable and it was decided to proceed with the profile testing
of the panels as described in section 12. Because the acoustic boost simulation
portion of the evaluation showed the skin distortion buckles to be dynamically
unstable, fabrication of a second group of panels was initiated.

The undesirable skin distortion was caused by shrinkage of the electron beam
fusion weld which joined the ribs to the skin. The rib thickness was 0.022 inch

and the skin was 0.012 inch thick. Because the 0.012-inch skin was not of suffi-

cient strength and stiffness, it buckled batwean the ribs. The problem of producing

distortion-free rib stiffened panels was attacked using two simultaneous approacanes

The first approi. : was to prevent distortion during welding by altering the welding

3-4
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4571693
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4872087 After Distortion Removal by Creep Straightening
RIB STIFFENED PANEL SPECIMEN Fi ure 3-3
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parameters to reduce the heat input and weld shrinkage or to increase the gauge of
the skin to resist distortion. The second approach was to allow the distortion to
occur during welding and then to remove it by creep forming. The creep forming
would require that the ribs be straightened to remove the bow, thus allowing the
skin to remain flat.

A wvelding parameter study was conducted in which the total heat input was
minimized. The only constraint on weld nugget size was that the total thickness
of the rib had to be joined to the skin so that no crack or faying surface occurred.
Several voltage and amperage combinations were tried for three welding speeds ranging
up to 200 inches per minute. A measurable but insufficient reduction of skin dis-
tortion for the 0.012-inch skin to 0.022-inch rib combination was achieved. Welding
parameters were then established for a rib stiffened configuration of 0.C20-inch
skin and 0.022-inch ribs. Test panels of this gauge combination were successfully
welded and the skin distortion was completely eliminated. The increased skin thick-
ness produced a 30-percent weight increase for the panel (an increase of 1.35 lb/ft2
for 0.012-inch skin to 1.77 lb/ft2 for the 0.020-inch skin). Since design studies
conducted in the beginning of the program had established that only 0.008-inch load
bear ag skins, after coating, were required to carry the necessary loads, it was
decided that the less weight-efficient design employing the 0.020-inch skin would
be used only as a last resort.

The second approach, creep forming the rib stiffened panels after welding, was
investigated. Experiaments were conducted in which rib stiffened skins were
straighteuel by placing machined molybdenum bars between the ribs to provide dead
weigh. loading while the part was heated in a vacuum. Results from the first
ox_criments were good and it was established that 1 hour at 2700°F with a normal
pressure of 0.6 lblin2 was sufficient to remove the bow in the ribs and the waviness
of the skin. A tool (shown in figure 3-4) of sufficient size to creep straighten
a 20 by 20-inch rib stiffened panel was constructed of TZM alloy molybcdenum. The
tool was used to straighten eight 3 by 12-inch panels and four 4 by 10-inch panels.
All of these panels were successfully straightened without cracks or other damaging
effects and were flat and distortion free. Figure 3-5 shows a full size panel
before creep straightening, and figures 3-2, 3-7 and 3-8 show panels after creep
siraightening.

The rib stiffened panels were fused slurry silicide coated and the R-512E
coating was applied to the Cb-752 alloy panels. The first group of panels had a
dimensional change coating thickness of 1.6 mils per surface on both the skin and

3-6
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Cb PANEL RIBS - 0.022 IN.

MOLYBDENUM
RODS -1-1 8 IN.
DIAMETER

mOLYBDENUM
BARS -
05x1.2 IN.

Cb PANEL SKIN -
0.012 IN.

MOLYBDENUM
BASE PLATE -
0.4 IN.

4355802 RIB STIFFENED PANEL IN MOLYBDENUM CREEP STRAIGHTENING TOOL Eigure 34

R

20 x 20 INCH PANEL PRIOR TO CREEP STRAIGHTENING =
Figure 3-5 '

ribs and the second group of Ch-752 alloy panels had an average R-512E ccating

dimensional change thickness of 1.9 mils per surface on both the skins and on the

ribs. The first group of C-129Y panels was VH-109 coated to a dimensional change

thickness of 1.4 mils per surface on the ribs and 3.3 mils per surface on the skins.

The second group of C-129Y panels had a dimensional change coating thickness -

of 1.8 mils per surface on the ribs and 2.7 mils per surface on the skins.

3-7
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3.4 SINGLE FACED CORRUGATED PANELS - Initial development and testing of field -;)

repair coating procedures was conducted on coupons. A necessary subsequent step

was to demonstrate that the repair methods developed were applicable to representative
hardware, and that the thin skins being emploved were not permanently distorted or
otherwise damaged during the repair procedure. The primary hardware design being
employed to evaiuate repair coatings was the rib stiffened design. Initial attempts
at fabricating 3 by 12-inch rib stiffened panels having a 1.2-inch rib spacing
produced skin waviness between the ribs, a distortion which would make accurate

and meaningful skin distortion measurements difficult. It was decided to employ a
single faced vee corrugated panel since a flat, smooth skin could be produced with-
out the delay that would occur while the skin waviness problem was being solved

for the rib stiffened design. The single faced vee corrugated panels were of the
same skin thickness (0.012 inch before coating) and stiffener spacing (1.2 inches
between centers) as thcse of the rib stiffened panels. The overall panel size was
7.2 inches square so that the center of the panel would not be affected by edge
considerations.

The skin and corrugation were joined by the FUDJ (forged upset diffusion
joining) welding method, a process which does not require a fusion weldment to be .
formed, thus avoiding the skin distortion associated with weld shrinkage. Detail {:)
parts were fabricated from Cb-752 and C-129Y columbium alloy sheet. After the
parts were chemically cleaned, they were put through a roll seam welding machine
with one flat wheel for the skin side of the panel and a vee profile wheel (0.03-
inch edge radius) matching the shape of the vee corrugation. The operating param-
eters were selected to produce less than sufficient heat to form a cast nugget and
enough pressure to forge the two surfaces into intimate contact. The product at
this point was only superficially joined. A vacuum diffusion treatment, in which
the joint became diffusion bonded, was conducted at 300C°F for 1 hour. Figure 3-6
shows the skin and corrugation surfaces of a typical vpanel prior to coating.
Although the skins were flat and smooth, a minor problem was experienced with
unbonded areas. The unbonded areas were reprocessed through the roll seam welder
and diffusion cycle to repair the unbonded aieas. The panels were ti:oan fus=d
slurry silicide coated to a nominal total coating thickness of 3 mils per surface.

3.5 RIB STIFFENED PANELS (20 by 20-INCHES) - Two full-size rib stiffened
panels, one of Cb-752 and one C-129Y alloy, were required to demonstrate the final

repair developed on the program. These panels were delivered to NASA for final

evaluation testing of the field repair coatings. Panel fabrication was performed ')

using the same tools and procedures employed with the second group of 3 by 12-inch
3-8

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST

————— . -~




COATED COLUMBIUM REPORT DC EOG8L
TPS FIELD REPAIR FINAL REPORT 15 SEPTEMBER 1972

r T ——

[re——————=~6 INCH{S ~

Skin Surface

»
&
= -6 INCHES -
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it FUDJ WELDED Cb-752 PANELS FOR VERIFYING FIELD REPAIR e
APPLICABILITY TO REPRESENTATIVE HARDWARE Figure 34
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rib stiffened panel reported in section 3.3. After creep straightening, the skins
vere flat and distortion free. Both panels were fused slurry silicide coated to
a nominal total coating thickness of 3.0 mils per surrace. The Cb~752 panel was
coated with the R-512E and the C-129Y alloy panel with the VH-109 coating.

Figures 3-7 and 3-8 show the panels after ccating application.

3-10
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SKIN SURFACE RIB SIDE I

C-129Y ALLOY RIB STIFFENED PANELS (20 BY 20-INCH) WITH VH-109
PROTECTIVE COATING e i

i

#
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T —_— 3

SKIN SURFACE RIB SIDF
- Ch-752 ALLOY RIB STIFFENED PANELS (20 BY 20-INCH) WITH R-512E
PROTECTIVE COATING e te
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4. TEST CONDITIONS

The evaluation of developed field repairs and the profile simulation testing
of panel specimens required the selection of a set of test conditicu,. Lhese test
conditions were selected to be representative of a Space Shuttle operational svstem.
Instead of selecting a particular trajectory and point on a specific vehicle, the
necessary parameters of time, temperature, pressure, and stress were studied sep-
arately. An attempt was made to insure that the full effect of each parameter would
be imposed upon the test specimen in a realistic manner. The test conditions had
to be representacive of the general environmental conditions of the several Shuttle
vehicles and missions under consideration, as well as of probable future vehicles.
Each of the test parameters will be discussed separately and the rationale for its
definition described. The initial test conditions selected are shown in figure 4-1.
The flight simulation testing of 3 by 12-inch rib (iffened panel required the use
of a 7-inch diameter tube furnace. This furnace would nc% cool at the required rate
and the profile was exteaded to 1 hour elapsed time. The same temperature pressure,
and stress relationships were maintained throughout and are described in section 12.

4.1 TEST TIME - The major influence on test duration was the selection of
either a low or high cross range mission. A high cross range time of 2700 seconds
was chosen. This is longer then the majority of vehicles surveyed; however, the
longer time is a conservative approach which also makes the test results applicable
to a wider range of reentry vehicle systems.

4.2 TEST TEMPERATURE - A great many factors were considered in selecting the
test temperature profile. Figure 4-2 illustrates some of the parameters surveyed
and factors considered (reference 2) The double peak condition illustrated in
figure 4~2 was selected as the most severe condition since it represents the
greatest time at elevated temperature and also the greatest total heat input for
equivalent maximum temperature of a single peak condition. Figure 4-3 shows the
temperature as a function of time for the high cross range orbiter used as a guide
in selecting the test profile. A maximum temperature of 2400°F was selected, since
it is equal to, or higher than, most temperatures surveyed. The selected tempera-
ture profile shown in figure 4-1 employed a procedure of comparing the time at
or above 2,000, 2,200 and 2,400°F for several possible temperature profiles to
insure that the selected conditions were broadly representative. The position of

the peak and the cooling rate reflect the capabilities of the testing facility.
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EFEC o= = a=x3 =
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( (LBF/FT?)
) MAXIMUM SURFACE 2200 | 2200 | 2100 | 2100 | 2,100 2,000 2,200 2,200
TEMPERATURE (°F)
TOTAL HEAT (A) (BTU/FT?) 7600 | 44,400 - - 15,989 22,215 5 215
TOTAL HEAT (B) (BTU/FT?) - - - ~ - 17,623 31,950 5315
TCTAL HEAT (C) (BTU/FT?) - - | 6116 [14699 [16,994 15,055 18,305 4.892
TIME AT MAXIMUM 60 60 - - - 140 100 75
TEMPERATURE (- 20° (A) (SEC)
TIME AT MAXIMUM - - - - - 250 230 100
TEMPERATURE (- 20°) (B) (SEC)
TIME AT MAXIMUM - - 20 | 250 70 50 60 35
TEMPERATURE (- 209) (C) (SEC)
X
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w 79 wl
[« o [+ 4
= 2 =
< << (9
HEAT PULSE SHAPE o & &
(A) EARLY TEMPERATURE PEAK % (A) = (B) < €
(B) DOUBLE TEMPERATURE PEAK 1 2 o
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457-1%8 Figure 4-2
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4.3 EXTERNAL PRE>""RE - The air pressure to bz employed is an important
testing parameter. Since this program is concerned with field applied repairs, the ;
——— pressure is necessarily restricted to the exterior surface. Tigure 4~4 shows the -
pressure of the lower surface of a high cross range orbiter. It was found that the
external pressure variations for various vehicles and reentry conditions were subtle
- compared with costing performance. The coating and substrate oxidation mechanisms
were the same over the range of possible representative pressires that could be
. gselected. The design trajectory for the forward ramp was selected, siuce it was }
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1.2

|
s DESIGN TRAJECTORY
= — — = NOMINAL TRAJECTORY

1.0

0.8

06 === —-FORWARD
/ * JRAWP
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S~ } SECTION
02
% 120 1600 2000 2400 2800
TIME FROM 400,000 FT - SEC
SPACE SHUTTLE
as7-1161 HIGH CROSS RANGE ORBITER
BOTTOM CENTERLINE ULTIMATE PRESSURES Figure 4-4

predicted to be the most severe test for substrate oxidation.

4.4 DESIGN OPTIMIZATION AND STRESS PROFILE COND.TIONS - The proper stress or
load to be applied to the panels is a very important environmental test condition
because the stressing of co’umbiu  ibstrate affects the protectiveness of the coat-
ing. The criterion for failure in the rib stiffened panel specimens was defined as
the inability to carry the required loads. The design to be tested had to be defined
before the critical member and the appropriate stress level could be determined.

The 1 by 4-inch specimens shown in figure 3-1 were designed to fit into a
1.75~1inch testing furnace. Rib depth and rib spacing were not optimized for a full
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size panel. It was considered advantageous to optimize the rib stiffened design
for a full size panel to determine the proper rib stress to employ. Fabrication ;:)
of the 3 by 12-inch and 20 by 20-inch rib stiffened pannels for testing in the later
stages required this design optimization study; therefore, the study was accomplished
betore a stress profile for the test conditions was made final.

4.4.1 Rib Stiffened Panel Optimization Study - A strength optimization study

was conducted for rib stiffened columbium thermal protection system panels applicable
to the Space Shuttle. Panel geometry is shown in figure 4-5. Rib gage (w), skin
gage (t), rib spacing (b) and rib height (h) were all varied to obtain minimum
weight panels.

Figure 4-5 is an example of the working curves generated in the study. All
data on figure 4-5 are for a constant effective thickness (or weight) and a constant
skin thickness. The upper curves show ultimate allowable positive bending strengths
(causing compression in the skin) and the lower curves represent ultimate allowable
negative bending strengths. A plastic bending analysis was used to determine
ultimate positive bending strengths. Compression cap strength was based on :rip-
pling strength of the fiat swiuw and i - portion of the rib above the neutral
axis. The tension cap ‘7as assumed to operate at its ultimate tensile stress.

Limit negative bending strength (causing compression in the rib) was based on an i:)
elastic analysis in which the allowable compressive ress in the rib was based

on the rib buckling strength. Ultimate regative bending strength, shown in figure

4-5, was obtained by multiplying limit strength by the safety factor of 1.4.

Constrzints were established for the maximum b/t ratio and minimum negative
bending strength. Based on previous experience with similar structures, a maxioum
b/t ratio of 150 was selected to minimize response to acoustic loading. A minimum
allowable negative bending strength of 70 in-1b/in was selected, which is based
on 1.4 lb/in2 ultimate pressure acting over a 20-inch span. The negative bending

cutoff line, shown in figure 4-5, was used to identify panel cross-sectional prop-

erties which meet thc negative bending strength requirementa. The aptimum design
moment for this weight is the maximum moment within the b/t cutoff constraint, and
the negative moment cutoff line, as shown.
Figure 4-6 is made up from optimum moments determined from curves of the type
shown in figure 4-5 which have other effective thicknesses and skin thicknesses of
0.008, 0.012, and 0.016 inch. For any required moment allowable, the 0.008-inch
skin thickness (minimum gage) yields the lower* weight design.
The resulting rib stiffened panel design curves are shown in figure 4-7. These ~,
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curvcs can be used to determine h, w, and panel weight as a function of ultimate

positive bending moment for columbium FS-85 panels at room temperature.

has an ultimate negative bending strength of 70 in-1b/in.

Each design

4.4,2 Preliminary Stress Profile Considerations - The results of the rib

stiffened panel design optimization study were combined with the Shuttle strength

requirements and the effects of different alloys, Cb-752 and C-129Y, were

considered.
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Ascent - Pressure variations along the high cross range orbiter lower fuselage
centerline during ascent are illustrated in figure 4-8. These pressures pcak about
66 seconds after liftoff, and are highest in the interaction region between the
orbiter and booster. Curves are shown for both the nominal and design trajectories.
The design trajectory i. obtained by superimposing the effects of winds on the
nominal trajectory. Design trajectory loads are used to size panels, whereas loads
based on the nominal trajectory are employed in the reuse analysis of panels.

Since a venting system has not been defined, and ambient pressure is subject to
relatively rapid change during ascent, a 1-1b/in2 limit burst pressure was assumed
to act on all panels. Although a small amount of aerodynamic heating occurs, room
temperature material properties were used in designing for these pressure
conditions.

Entry - Differential pressures on the bottom centerline of the high cross-
range orbiter occurring during entry are shown in figure 4-4 for both nominal and

design trajectories. The entry design trajectory was obtained by reducing the

. T T 1
e DESIGN TRAJECTORY
o e == NOMINAL TRAJECTORY
10
g
¢ | m—
§ u dr— — gy,
g ¢ >
w N\
'
E 2 \ \‘\
-
A \
3 ? \ ‘-
\ \\
0 10 20 30 40 50 60 10 80 " 100
PERCENT OF TOTAL LENGTH
HIGH CROSS RANGE ORBITER
768 BOTTOM CENTERLINE ULTIMATE PRESSURE DURING ASCENT Figure 4-8
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altitude of the nominal trajectory by 2,500 feet at all velocities during entry.
The temperature-time profiles during entry for the bottom centerline of this
vehicle are given in figure 4-3.

Cruise - Following entry and transition to airplane-type cruise operation,
the Shuttle will be subjected to airloads typical of large afircraft. Pressure
differertials across the fuselage panels may be as high as 1.75 lb/in2 ultimate.
During this phase of the mission, panel temperatures remain relatively low.

Preliminary Design of Full Size Columbium Panels - Three locations on the

orbiter bottom centerline were selected for detailed analysis. The three locations
are shown in figure 4-9.

Panel A (at X/L = 0.10) represents a region where all panels would be designed
for ascent pressures. Highest ascent pressures (8.7 lb/in2 ultimate) occur in
this area (as indicated in figure 4-9). The resulting columbium rib stiffened
panel cross section, along with a curve showing panel strength as a function of
temperature, is shown in figure 4-10. The ascent and entry pressure temperature
envelopes are also presented in figure 4-10, showing that panel A, which was
designed for the ascent condition, is not critical durir: entry.

Panel B (at X/L = 0.43) represents a panel subjectea to the averapge ascent
pressure. The design pressure for panel B (2.54 lb/in2 ultimate) resulted in the
panel cross section shown in figure 4-10. Ascent and entry envelopes shown in
figure 4-10 indicate again “hat the panel was not critical for entry.

Panel C (at X/L = 0.75) is located in a region where pressures are lowest
during ascent (0.5 lb/in2 ultimate). This panel was actually designed for the
negative pressure condition of 1.4 1b/in2 ultimate. The resulring cross section
is shown in figure 4-10. A margin of safety exists for both ascent and entry
positive pressures.

Prior to the consideration of creep deflection in panel design, panel B was
selected as being the most representative panel. (Panel A, which was designed
for the highest ascent pressure, would not be subjected to high stresces during
entry, and panel C was designed for a burst pressure condition which would not
occur on all flights.) Test stress levels for panel B had not only to be based on
the nominal trajectory, but had also to correspond to limit rather than ultimate
loads. To illustrate this, the ascent test stress level is explained as follows:

(1) The nominel ultimate pressure (1.96 1b/in2) corresponding to the design

ultimate pressure (2.54 lb/inz) was obtained from figure 4-8;
(2) Dividing 1.96 by 1.4, the factor of safety, the nominal limit pressure

4-11
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(1.40 1b/in2) was obtained; 6

(3) Using the section properties of panel B, the rib outer fiber stress ai{

(51,000 lb/inz) for a 1.40 1b/in2 panel loading was calculated. o

Following the same procedure while using nominal limit, the appropriate e

~_h.4 pressure stresses were calculated for the entry and cruise conditions. These =

results, illustrated in figure 4-10, produced the stress-time profile originally

selected for flight simulation tests. The temperature-time profile selected for

testing (figure 4-1) had temperatures higher than those used in this preliminary
work which, as stated previously, caused us to initiate redesign work based on

panel creep deflection. Both ascent and entry stress levels for testing were w
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revised as described below.

4.4.3 Final Selection of Test Stress Levels

Ascent - During ascent, the nominal limit stress in the rib outer fiber of
panel B was 51,000 lb/inz. This value is approximately 77 percent of the room
temperature yield strength of FS-85. Applying this same percentage to the yield
strengths of Cb-752 and C-129Y gives the values 43 and 55 ksi, respectively. Thus,
to simulate nominal conditions on panels designed for ascent, each alloy requires
a different stress level.

Entry - Analysis using currently available creep properties of the Cb-752 and
C-129Y alloys at the maximum test temperature (2400°F) showed that the maximum
entry stresses in full size panels of these alloys would have to be limited to
about 4000 lb/inz. This was based on the criterion that total permanent panel
deflection (for a 20 by 20-inch panel) after 100 flight cycles must be limited to
0.5 inch. With this creep criterion, excessive creep deflections if full size

panels (FS-85, Cb~752 and C-219Y) will not result until a stress of 4000 lb/in2
is exceeded.

4-14
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5. DAMAGE CAUSES AND DAMAGE TOLERANCE OF COATED COLUMBIUM

The successful reuse of coated columbium thermal protection panels on a hyper-
sonic reentry vehicle depends upon an accurate appreciation of the causes and
effects of local coating damage. While it is true that complete coverage of the
columbium substrate is required to maintain substrate mechanical properties, it is
also true that coatings have an inherent level of damage tolerance and that not
all visual effects .’ apparent damage to the coating actually impair the effective-
ness of the coating. The purpcse of the study of damage causes and damage toler-
ance testing can be summarized as follows:

a) to identify the probable causes of damage to an operational reentry

vehicie

b) to illustrate, by example, apparent damage which can be readily detected

i
5
:
K
¥
§
i
b
3
i
g
3
§
W
4
1

but does not significantly impair the function of the protective coating

¢) to illustrate, by example, damage which will significantly impair the
protectiveness of the coating

d) to establish visual criteria for assex:ing damage repair requirements

2) to identify the tvpes of physical dam::e which must be located and eval-
uated by appropriate inspection techui jues

f) to determine levels of force requirec to sustain damage to the protective
coatings.

5.1 PROCEDURE - The procedure employed was to consider the following types of

damage:
ballistic impact scratches
edge impact abrasion
distortion coating flaws

Each type of damage was considered from the initial viewpoint of experience
obtained with past flight hardware programs which employed coated columbium. The

applicability of past experience to projected future requirements was analyzed anc

new or unique requirements were identified. This information was employed to
establish a testing methoc¢ for each type of damage and then damage tolerance
testing on coupons was performed.

This study sought to establish coating tolerances to two levels of damage:
(1) damage which would not significantly affect the coating life, and

(2) damage which would cause rapid failure of the protective coating.
5-1 ey
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An oxidation test of 25 hours at 2400°F in a one atmosphere furnace was used to :)

establish the effect of the damage on the coating. In each type of testipg the
materials used were Cb-752 alloy with the Sylvania R-512E coating and C-129Y alloy
with the VAC-HYD VH-109 coating.

5.2 BALLISTIC IMPACT DAMAGE - Ballistic impact damage usually is caused by
an object striking the coated surface. The primary cause is small-mass projec-
tiles, such as hail or micrometeoroids, which strike at relatively high velocities.
Ballistic damage also includes handling damage which occurs when objects such as
tools strike the surface. This low velocity handling damage to surfaces 1s dis-

cussed in the distortion section of paragraph 5.4.
5.2.1 Past Experience - Past experierce with ballistic impact 1s limited.

Two MDC flight vehicles, ASSET and BGRV, which ewployed coated columbium were
single flight designs in which ballistic impact was of minor importance. Ballis-
tic impact consideratious were oriented toward preventing impact, as opposed to
desiguing or testing for impact.

Ballistic impact tests at elevated temperature have been conducted by Sylvania

on coated columbium intended as a jet engine turbine blade material (reference 3).

5

Ductility of coatings and substrate improves with increasing temperature. The {:)
%

ballistic impact temperature of interest for an operational Shuttle will be approxi-
mately room temperature or below and the material will be substaatially thinner

than turbine blade gauges. Sylvania's experience was employed in this program
as test techniques and equipment.
5.2.2 Approach to Ballistic Impact - The approach to the study of ballistic

impact in this program will be to det-.mine the energy required to cause coating
damage by an average .ize projectile. In actual practice ballistic impact could
cause three distinct types of damage:

a) the projectile could pass through the panel or fracture the substrate

b) the projectile could dent or deform the substrate, thus damaging the

coating without necessarily damaging -he underlying substrate

c) the projectile could damage the ccating without deforming th2 substrate.

The case of the projectile passing through or fracturing the panel was not
considered in this coupon damage and evaluation study, since the primary question
concerns the structural integrity of the panel after the coating has been locally
destroyed. However, the case was considered in the repair coating application

portions, in which the columbium was protected and the hole aerodynamically

5-2
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(' repaired.

The case in which the substrate is dented but not fractured requires two
important considerations., The coating or the impact csurface will encounter com-

pressive loading both from the impact and from being on the compressive (concave)

P

side of the bend. Damage will occur as the compressive strength of the coating is
exceeded or shear components interact with normal cracks within the coating. On ‘
the reverse side of the impact, the coatings are loaded in tension. Since the

coatings are usually already tension cracked, these cracks were expected to open

wider without actual loss of coating. The widening of cracks can allow air to

LT e I G Y, RIS TIPS P2 SR A L NS AT O TN ¢ e

R I

penetrate the coating and cause oxidation. This case was also to be considered in

e

evaluating coupons for distc' ion damage.

The case in which the substrate is not damaged or deformed at impact is

Yty n

obviously a case in which the coating condition is the only consideration. If the

R

gauges of the skin were heavy, or there was underlying support structure to back
up the skin, the kinetic energy at impact could be large without deiorming or

penetrating the substrate. 7¢{ was anticipated that the primary damage would be

sustained on the impact side, with possible crushing and spallation cof the coating. )
This case was investigated by backing up the coated coupon prior to ballistic
impact.

5.2.3 Ballistic Impact Testing and Results - The ballistic impacting of the

coated columbium coupons was conducted at Sylvania Laboratories, using a calibrated

Crossman air pistol. All impacting was performed with a 0.177-caliber, 0.75-gram

steel projectile. Velocities of 50 to 210 ft/sec producirg kinetic energies at
impact of 0.19 to 1.6 1b-ft were investigated. It was determined that a velocity
of 210 ft/sec was sufficient to dent severely and to fracture a coated cclumbium
substrate of .020-inch thickness. The majority of the testing was conducted in

the range of 50 to 150 ft/sec.

A summary of the testing is presented in table 5-1, and figure 5-1 shows

examples of coupons damaged at approximately 200 ft/sec impact velocity. Obviously

the coating was damaged to the extent that oxidation testing was not necessary.

Figures 5-2 and 5-3 show examples of ballistic sites bafore and after oxidatinn
testing. Neither the Sylvania R-512E coated Cb-752 nor the VAC-HYD VH-109 wsas
damaged significantly at an impact of 70 ft/sec or less. Figures 5-4 and 5-5

- T
shcw the effect of backing up the 0.02-jach thick coupons to prevent the metal

! : from yielding. In this case impact velocities as high as 145 ft/sec w-re required -

- (;— to cause sigaificant loss of coating prctectiveness, emphasizing that the damage

5-3 e
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Table 5-1
SUMMARY OF BALLISTIC IMPACT TEST RESULTS
SPEC | ALLOYAND | SPECWEN | \gigory [ Cycies TomeTiG
: (FT/SEC) FAILURE AT 2400°F
25-1 | Cb-752 R-S12E |IMPACT AREA NGT| 184
22 BACKED > m COATING SEVERELY DAMAGED AND
‘, NOT TESTED. SEE FIGURE 5-1
35-1 | C-129Y 'VH-109 o FOR VISUAL APPEARANCE
-2 139
73-1 70 25NF
-2 | Cb- 752 R-S12E |!MPACT AREA NOT ? 16
3 BACKED UP 7 25 NE
-4 7 17
74-1 55 25 NF
-2 90 1
-3 30 '
-4 70 NF
39-1 SOLID BACK-UP 105 5T .
-2 145 BEF %:)
33 120 25 NF ;
4 120 25 NF |
%-1 80 13 :
-2 | C~129Y VH-109 |IMPACT AREA NOT 80 12
3 BACKED UP 0 | 1 ‘
-4 90 15 :
9i5-1 55 5 NF
-2 90 1
33 80 1
-4 0 25NF
935-1 SOLID BACK-UP 145 2
-2 145 1
-3 145 2%
-4 145 24
457 -1172
h IS -
)
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X
SYLVANIA R-512E COATING AFTER 222 FT SEC IMPACT VAC-HYD VH-109 COATING AFTER 184 FT SEC IMPACT

457117 COATING DAMAGE FROM BALLISTIC PROJECTILES Figure 5-1

to the coating is closely related to the stability of the underlving substrate.
In ballistic impact, a thin skinned heat shield panel would be expected to be less
toleraut than a heavier gauge leading edge and such tolerance weuld probably be

proportioral to substrate thickness. In thin gauges (0.020 inch or less) vielding

of the substrate below the coating would be the limiting factcr, because the
intermetallic coating does not have sufficient ductility to yield with the sub-
strate upon fracturing.

5.3 EDGE IMPACE - Edge impact damage covers chipping of coated edges, one of
the most common types of damage. Chipping differs from surface impact damage in
appearance, significance, and the coating tolerance of such damage.

5.3.1 Coated Refractory Metal Experience - Past experience has shown that

the most common cause of coating damage is impact on edges. Edges are more sus-—
ceptible than surfaces to collision damage during handling and installation. The
susceptibility of an edge to impact damage is related to the quality ol the c‘ating
at the edge as well as to the angle of impact and the kinetic energy at impact.
Figure 5-6 shows a poorly coated edge and figure 5-7 shows an adequately coated

edge.

5-5
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R-512E SPECIMENS AFTER BALLISTIC IMPACT

.

SSFTSEC  4x JOFTSEC  &X 80FTSEC  4X NFTSEC  &X
25 | no 5 | No 6 | 10 'n':“
HR | FA HR | Fal
R | FAILURE LURE HR | FAILURE e

R-512E SPECIMENS AFTER OXIDATION TESTING

55 FT SEC X 10 FT SEC X 80 FT SEC 2X 90 FT SEC 2X
457 -1176
SYLVANIA R-512E COATING AFTER BALLISTIC IMPACT AND OXIDATION TESTING 2400°F
Figure 5-2

Pas. experience has shown that the type of intermetallic compound formed at
the interface of the substrate influences the resistance to edge chipping and
influences the extent of coating damage. Since shear stresses at the interface
of the coating and the substrate can be substantial, it is desirable to have a
system which fails within the coating in brittle fracture. This is better than
failing in interfacial shear, which allows larger areas to be damaged and the
total thickness of the coating to be lost. Figure 5-1 shows these two types of
failure in ballistic impact* The R-512E specimens show brittle fracture and the
VH-109 specimens show shear at the interface and a larger affected area. Reference

4 describes edge impact testing and coating process studies related to edge damage.

5-6
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VH-109 SPECIMENS AFTER BALLISTIC IMPACT

55 FT SEC X J0FT SEC  4X 80FT SEC  4X S0 FT SEC 4X
25 | NO 25 | NO 1 T0 1 |TO
HR | FAILURE HR | FAILURE HR ! FAILURE HR | FAILURE

VH-109 SPECIMENS AFTER OXIDATION TESTING

55 FT SEC 2X 70 FT SEC 2X S0FT SEC  2X 90 FT SEC 2X

457 1177

VAC-HYD VH-109 COATING AFTER BALLISTIC IMPACT AND OXIDATION TESTING
AT 2400°F

wrl Gy bog. sl e st ol e ok Tl

Figure 5.3

5.3.2 Prograz Considerations - It is anticipated that Shuttle edge impact

damage considerations will be related primarily to impacts incurred during handling ’

TN TR RSP O b gy sy e

and installations. Although edge impact could occur in flight operatioms, the

s -

probability of surface impact is much greater since the edges are less vulnerable
after installation. Edge impact during handling and installation is virtually
impossible to gquantify, because impact collision could oczur with many different
objects.

5.3.3 Edge Impact Testing and Results - Simulated edge impact was accom-

plished with a simple pendulum apparatus in which the pendulum arm was raised to -

3 the desired height by rotating and allowed to strike the edge of a test coupon

5-7
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457-1178

120 FT SEC 145 FT SEC

AFTER iMPACT

2.5X

120 FT SEC 105 F. SEC

AFTER
OXIDATION

1.6X

SYLVANIA R-512E AFTER BACKED UP BALLISTIC IMPACT AND OXIDATION

0
TESTING AT 2400°F Figure 54
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EARLY FAILURES REPAIR COATED
TO CONTINUE TESTING

25X 1.6X
145 FT SEC IMPACT AFTER OXIDATION TESTING

VAC-HYD VH-109 AFTER BACKED UP BALLISTIC IMPACT AND OXIDATION
8571173 TESTING AT 2400°F Figure 5-5

ciamped to hold the edge perpendicular to the free fall patch of the pendulum
arm. The impact energy was taken to be the product of the weight of the pendulum
arm and the change in height of the center of gravity of the arm during the i
impact swing. Coupons of R-312E coated Cb=752 and VH-109 coated C-129Y were
damaged at various levels and oxidation tested for 25 hours at 2400°F or until
failure occurred. Table 5-2 presents the edge impact data and oxidation test i'
results. Examples of edge impact specimens are shown in figures 5-8 and 5-9.
5.4 DISTORTION - Distortion occurs when a metal structure assumes another
shape under the influence of a load. Distortion can cause damage t> the coating
because of the limited ductility of the coating at low or intermediate¢ tempera-
tures. Coatings are generally considered to accept elastic strain of the sub-
strate with no effect upon ~ife. The amcunt of plastic strain that coatings can

telerate required more research. e

5.4.1 Past Coated Columbium Experience - Coating damage due to substrate

5-9
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(SILICIDE COATING

ON Mo)
100X
; 457-1180 EXAMPLE OF POOR QUALITY EDGE COATING
FIGURE 5-6
.: (VH-109 COATING
; ON C-123Y)
3 100X
457-1181 EXAMPLE OF GOOD QUALITY EDGE COATING
Figure 5-7
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Table 5-2

EDGE IMPACT TEST RESULTS

SPECIMEN NO. | VAC-HYD NO. OXIDATION LIFE AT 2400°F
AND s AND O | MPACT ENERGY |  (4guR FAILURE OCCURRED)
INPACT SITE | IMPACT SITE -=Lh R-512E VH-109
88-1 68-1 0.03 25 NF 25 NF
2 2 0.06 25 NF 25 NF
3 3 0.06 25 NF 25 NF
4 4 0.09 25 NF 25 NF
5 5 0.12 1 25 NF
6 6 0.15 1 25 NF
7 7 0.18 1 7
8 8 0.20 1 6
51-1 913-1 0.03 25 NF 25 NF
2 2 0.06 25 NF 25 NF
3 3 0.2 1 1
4 4 0.67 1 1
5 5 11 1 1
6 6 16 1 1
7 7 23 1 1
8 8 31 1 1

NOTE: NF DESIGNATES THAT THE SPECIMEN DID NOT FAIL.
457-1173

distortion on past flight vehicles has occurred in the use of threaded fasteners.
The first area involved the high-tcrque recesses of a relatively weak columbium
alloy (Cb-5Zr). The screw L ads were a minimum size and the torqueing of the
fasteners caused one side of the tool recess to yield, causing an eyebrow, or
burr, of metal to be pushed up. The coating could not deform without fracture
and field repvair was required to prevent oxidation in severe cases. & second
problem involved threaded fasteners in the self-locking mechanism which depend
on distortion of part of the nut to effect the locking. This case was a combina-
tion of substrate deformation, which tends to weaken the coating, and the natural
tendency of the coating to be prone to defects on the edges -.f the sharp, small
radius threads. In both cases, however, the coating sustained damage due to
deformation in local areas where elastic strains were high or actual plastic
strain occurred. Although it might be argued that the problems were of design
rather than of materials behavior, design choices cannot always avoid all material
limitations.

The BGRV vehicle successfully employed coated columbium seals for the flair

5-11
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: ‘ B AFTER
! : et R IMPACT
g 1.25X

31IN. LB

0.03 IN. LB

1.6X
AFTER 1 HOUR AT 2400°F

4571182 SYLVANIA R-512E EDGE IMPACT SPECIMENS Figure 5-8

3

2

g AFTER EDGE
' : B INPACT
2 : % 3 SO | 25X

0.03 IN. LB

AFTER 1 HOUR AT 2400°F
4571183 VAC-HYD VH-109 EDGE IMPACT SPECIMENS

Figure 5-9
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assembly. In this case, the strain magnitudes could be reduced by distributing
\ the bending over a sufficient length to accommodare the desired displacement.

Spring clips also have been employed satisfactorily in an expansion joint between

coated molybdenum panels and graphite leading edges. Spring clips of both colum-
bium and molybdenum have been used extensively to secure thermocouple sheaths and i
insulations. i
In summary, good design practice does not load coated columbium structures to
produce plastic strain. In those cases in which considerable elastic stra. 3 have
been experienced, the ccatings have performed well. In some cases insufficient
design latitude has caused plastic strain, and resultant problems in local areas
have occurred. Accidental damage can occur in handling and installation, as
previously discussed under edge impact. Handling damage can bend a cormer of a
panel, a clip, or a doubler on the back side of the panel. In such events, the
" magnitude of the load and the bend radius cannot readily be predicted.

5.4.2 Program Considerations - The primary consideration for a hypersonic

reentry vehicle will be handling and installation damage which bends or defcrms
the substrate and damages the coating. Design areas of possible concern will be

the use of columbium spring seals (i.e. around landing gear door) and threaded

[ TR, S

( fasteners. The design and development of these items has not progressed to a ;

point where specific testing criteria can be formulated.

[ —

5.4.3 Approach to Deformation - The principal approach to stadying coating

damage caused by deformation will be to employ bend tests. These tests will yield
H accurate data concerning the bend angle required for a given bend radius to cause

coating damage sufficient to affect coating life. Such data shoul. be applicable

to a wide variety of design criteria deiformation, as well as to analysis of

handling damage.

5.4.4 Distortion Testing and Results - Distortion testing was accomplished

S53 4

with ar. MAB-216M bend test fixture. Coupons of R-512E-coated Cb-752 and VH-109-
coated C-129Y were bent at 2, 10, and 20 T (T = material thickness). Typical

examples of these bends are shown in figures 5-10 and 5-11. For each bend radius

L-n-ﬂrc—- e e s e i

\

and coating combination, distortion was induced first to an extent that the life of

the coating would not be significantly affected, and secondly, to a point where

coating failure would occur rapidly. The specimens used were the 0.020-inch cou- L
pons described in section 3. The oxidation testing was conducted at 2400°F at one
atmosphere air pressure with the testing terminated after 25 l-hour cycles if —

= ( ' failure had not occurred.
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2X

2T 107 207 ()

457 -1184

TYPICAL SYLVANIA R-512E/Cb~752 BEND SPECIMENS Figure 5-10 ‘

The distortion test results are presented in table 5-3 and typical bends for

both coatings are shown in figures 5-10 and 5~11. The bend testing produced three

Spalling of the coating on the compression surface and

types of coating defects.
The third and

chipping of the edges occurred first as illustrated in figure 5-12.

least detrimental type of defect was cracking of the coating on the tension side,

R —

illustrated in figure 5-13. Coating damage on the compression surface was found

to be the most detrimental with the R-512E and VH-109 coatings showing early
failure when bent at 10 T to more than 18 and 9 degrees, respectively. It was
found that the compression spallation posed a serious probtlem when the coating
sheared at the substrate, thus producing a total loss of coating in the damaged

The tension cracking proved to be much less critical, and

*E?F;’“”wﬁﬁwgﬂﬁﬂﬁﬁpé ——

area (figure 5-12).
repalr coatings had to be applied to compression surface damage areas to test the

tension cracking condition. The VH-109 coating was bent to a 66-degree permanent

set at 2 T and to a 98-degree permanent set at 20 T. Seven hours were required to

5-14
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2X

2T Iu. 2T
45 -1185

TYPICAL VAC-HYD VH-109/C-129Y BEND SPECIMENS Figure 5-11

initiate oxidation failure on the tension side. The R-51E coating was bent to a
50-degree permanent set at 2 T and tec a 90-degree set at 20 T; it did not fail
even after 25 hours at 2400°F. The difference in type of damage sustained on the
compression and tension side is shown in cross section in figure 5-14. The coating
on the compression surface was sheared at the substrate, leaving a substantial
area of unprotected columbium. On the tension surface, the tension crack simply
opened up and the coating remained in place. The small area exposed, and the
proximity of coating (producing an oxide and closing up the crack), accounts for
the great difference in oxidation performance between the surfaces. Figure 5-15
shows typical examples of the oxidation failures which were experienced.

5.5 SCRATCHING

5.5.1 Past Experience - Marks made by softer materials transferred onto the

coating are often mistakenly called scratches. Although coatings vary considerably

in the texture and physical nature of the surface, most coatings readily show evi-
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Table 5-3 g
BENDING DISTORTION TEST RESULTS ),
SPECIMEN NO. BEND ANGLE OF GKIDATIONOLIFE
AND RADIUS PERMANENT REPAIRED AREA AT 2400°F FAILURE LOCATION
DESIGNATION SET - DEG HOURS
SYL-24 17 NONE _ 1 COMPRESSION AND EDGE
SYL-46 3l NONE 1 COMPRESSION AND EDGE
SYL-91 24 COMPRESSION AND EDGE 25 NF
SYL-90 27 50 COMPRESSION AND EDGE 25 NF
VAC-94 18 NONE 1 COMPRESSION AND EDGE
VAC-910 17 NONE 1 COMPRESSION AND EDGE
VAC-928 25 COMPRESSION AND EDGE 25 NF
VAC-912 66 COMPRESSION AND EDGE 7 TENSION CRACKS
SYL-47 43 NONE 1 COMPRESSION AND EDGE
SYL-48 39 NONE 1 COMPRESSION AND EDGE
SYL-89 10T 18 NONE 25 NF
VAC-916 16 NONE 1 COMPRESSION AND EDGE
VAC-922 30 NONE 1 COMPRESSION AND EDGE
VAC-919 9 NONE 25 NF
VAC-917 98 COMPRESSION AND EDGE 6 TENSION CRACKS -z)
SYL-49 90 NONE 25 NF
VAC-924 20T 30 NONE 1 COMPRESSION AND EDGE
VAC-937 21 NONE 1 EDGE
457-1174
dence of hard objects being moved acorss the surface with sufficient fcrce to
produce a line resembling a scratch. In most occurrences. the object interacting
with the coating is not as hard as the intermetallic or oxide compounds present on
the surface and the interaction is not strong enough to deform the substrate or
fracture the coating. The mark remaining on “lie surface of the coating eithe: is
the softer obje~t which has been abraded away and deposited on the surface of the
coating, or is a superficial fracture of the outer layer of the coating. Recall
that the color and general physical appearance of the intermetallic compounds that
compose most of the coating do not correspond to the gray (often dark and matted)
appearance of the coating surface. Because this exterior layer is too thin to be
observed in a photomicrographic cross section, knowledge about it is limited, but
it is believed to consist of oxides and byproducts of the coating process which
are deposited on the surface. In some cases, it can be shown that a scratch has ‘
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FAILURE WILL OCCUR IN 1 HOUR FAILURE WILL NOT OCCUR IN 25 HOURS
457-1186 EXAMPLES OF COMPRESSION SURFACE DAMAGE Figure 5-12

penetrated this layer, exposing the color and physical appearance associated with
the actual intermetallic coating.

In the past, scratches and marks on the surface have been examined with low
power magnification (i.e., 10X), scmetimes with the aid of simple tools. For
example, lightly sanding a portion of a scratch will quickly reveal if a super-
ficial layer of the coating has been removed to expose the basic underlying coating
compounds. Such sanding is acceptable since tne superficial layer of the coating
can easily be sanded awav with no compromise to the life of the coating. In
summary, scratching or marking of the coatings has been a continuing problem
requiring inspection and interpretation by people knowledgeable about coating
behavior. Almost universally, che conclusion has beer that the coating has been
marked by another object or that the superficial surface layer has been disturbed
with no detrimental effect.

An interesting sidelight t. the scratching experience is the inspection to
verify the presence of coating. If the process or gecometry is such that uncoated
areas can occur, the metal can take on the appearance of the coated surface with-

out being coated. In such cases a sharp, hardened scribe has been used to scratch
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FAILURE WILL OCCUR IN 7 HOURS NO FAILURE It 25 HOURS
457-1187 EXAMPLES OF TENSION SURFACE CRACKING Figure 5-13
3
b COATING ON TENSION
3 SURFACE

2Y,

12 ot Cb-752 SUBSTRATE

NICKEL -

PLATE /
COATING
INTERMITTENT
ON COMPRESS!ON
SURFACE

457 -118R
R-512E BEND SPECIMEN-- 150X Figure 5-14
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lightly the questionable area. The vast difference in hardness and ductility ~)

between the coat?ag and the substrate is quickly determined.

The limited experience with coating damage due to scratching does not mean
that the problem does not require serious consideration. There is some evidence
that the more current and presently attactive coating systems may be more suscept-
ible to scratching. It is also known that the hardness and sharpness oif the
scratching tool are very important in determining the magnitude of force required
to damage the coating, as well as the extent and nature of the damage.

5.5.2 Program Considerations - The primary consideration in scratching will

be coating damage which may result from handling or installing coated panels. As
was the case for edge impact, there are no design criteria which can anticipate the
vide variety of objects and conditions which may cause scratching or related
damage.

5.5.3 Scratching Damage Testing and Results - For this study, a scratch was

defined as damage to the coating caused by a hard, sharp object penetrating and
cutting the coating to a measurable depth. Line deposits from softer objects or

superficial disturbances of the surface were nct considered. The scratches were

cut into the coatings with a 60-degree tungsten carbide tool mounted in a milling
machine. The specimen surface was located perpendicular to, and just touching,
the tool over the desired length of stroke. The tool then was pushed into the
coating to the desirad depth and the machine table driven to produce the desired
depth of cut. In an initial set of specimens scratch defected, the Sylvania
R-312E coating was cut to a depth of 1/2, 1, 1-i/2, and 2 mils (figure 5-16) and ;
the VAC-HYD VH-109 coating was cut to a depth of 1/?, 1, 1-1/2, 2, and 3 mils }
(figure 5-17). after oxidation testing at 2400°F for 25 l-hour cycles at one f
atmosphere, the scratcnes had produced no oxidation failure in either coating ;; _
(see figures 5-16 and 5-17). e
A second set of coupons was similarly prepare., with scratch depths of 2, 4, |

6, and 8 mils (milling machine tool depth measurenents). Since the milling L

machine measurements used the highest points of the coating surface as a zero i

reference and local variations in coating thickness or coupon waviness could cause
the true average scratch depth to be less than the miiling machine readings, other

meAsurement techniques were applied. An optical scratch depth device employed

5-20 Y
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t : BEFORE OXIDATION TESTING 1.4X AFTER OXIDATION 7c>TING 25 HOURS - 2400°F  1.4X
! VAC-HYD VH-109 SCRATCH TESTS BEFORE AND AFTER OXIDATION TESTING
: Figure 5- 16
457 -1191

| BEFORE OXIDATION TESTING 1.4X AFTER OXIDATION TESTING 25 HOURS AT 2400°F 1.4X

SYLVANIA R-512E SCRATCH TESTS BEFORE AND AFTER OXIDATION TESTING

457 -1190
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on the second set of test specimens indicated an average scratch depth of 1.5 to
2 mils less than the milling machine readings. These depths were confirmed by
metallographic examination which also revealed that the carbi’: tool in the
milling machine was deforming the metal slightly, accounting for the difference
in depth measurements (see figure 5-20). Thus, the scratch depths for the second
R-512E series of 2, 4, 6, and 8 mils were corrected to 0.6, 1.9, 4.2, and 5.8
mils, respectively, and those for the second VH-10¢ series of 2, 4, 6, and 8 mils
were corrected to 0.6, 2.2, 4.3, and 5.9 mils, respectively. After oxidation
testing conducted at 2400°F, the 6 and 8-mil cuts in both coatings fai. I in the
first hour at 2500°F, Lut the 2 and 4-mil scratches did not fail after 25 hours.
Figures 5-18 and 5~19 show these specimens before and after oxidation testing,
and figure 5-20 shows a metallographic section through scratches of 4 mils in
depth (2 mils by optical measurement device). Note that the coating is cracked
and broken in the scratch area, indicating that a clean cut was not being made.
In actual practice, it is unlikely that a material of sufficient hardness will
contact the coating to cut or scratch without physically damaging the remaining
coating.

5.6 ABRASION DAMAGE - Abrasion, which occurs when two surfaces in contact
are caused to move with respect to each other, may adversely affect a surface by
wearing away or by galling.

5.6.1 Coated Refractorv Metal Experience - MDAC has considerable experience

with abrasion in the production of the ASSET and BGRV flight systems. Abrasion
has occurred in low cycle/low load applications, such as thread interaction in
fasteners, spring clips, panel seals, etc. Although abrasion was considered care-
fully, it has never been a problem. The BGRV program employed coated coluwbium in
a flare seal application and in a special monoball bearing. In these applications
the LB-2 aluminide cnating was applied to Cb-752 columbium alloy, which proved to
be very satisfactory. Figure 5-21 shows a sliding seal test specimen after 6,000
cycles of 8 1b/in loading, with a l-inch stroke length and a frequency of 47
cycles per minute. A photomicrograph through the area of highest wear is shown
in figure 5-21.

A detailed test program was conducted to select and qualify coat -olumbium
as the bearing material to be used at 2500°F. (The final bearing c3 u. *tion
is shown in figure 5-22.) Candidate materials, including LB-2-coated Cu-75Z, ware

fabricated into simple radial bearings and *ested under BGRV reentry conditions.
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1.2X
| 2 BEFORE OXIDATION TESTING AFTER OXIDATION TES1ING AT 2400°F FOR 25 HOURS
: SYLVANIA R-512E SCRATCH TEST SPECIMENS
457-1192 Figure 5-18

: 1.2X 1.2X
: BEFORE OXIDATION TESTING AFTER OXIDATION TESTING AT 2400°F FOR 25 HOURS b
— —
-9 VAC-HYD VH-109 SCRATCH TEST SPECIMENS Lot
3 (
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457 -1155
BGRV COATED COLUMBIUM BEARINGS Figure 5-22

Since coated columbium proved to be the material with the lowest coefficient of
kinetic friction and best withstood wear under the requira2d loads, this material
was selected. The bearings qualified and were used successfully on the flight

hardware. Generally, no major problems have been encountered in our comprehensive

! experience in abrading applications of coated columbium.
5.6.2 Program Considerations - The several possibilities for which abrasion
; will need to be considered include thread interaction in fasteners, spring clips
for insulation or iistrumentation, door seals, and panel expansion joints. Speci-
fic applications fcr which specific test parameter~ could be defined were not
- identified.
~——ji 5.6.3 Abrasion Testing and Results - An abrasion test apparatus, set up an.

available in the Materials Laboratory, was employed. Since speciiic design con-
ditions and parameters were not defined, a broad-interest abrasion test was sought.
The apparatus reciprocated a loaded specimen hcluer against solidly mounted
coupons, by means of a tydraulic ram coupled to the specimen holder through a

strain measurement link. The internal details of the test apparatus are shown in
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figure 5-23. A square inch of each coated alloy was epoxy bonded to the wear pads
\ and the common coated material was positioned on the carrier bar with mechanical

fasteners. The apparatus was assembled and the stroke length adjusted to 0 22

inch, a normal force of 875 lbfin2 of bearing area was applied, and a ram force

of 2,000 1lb was required to sustain the motion. One set of specimens was tested

for 1139 cycles (2278 strckes) and when the strain indicator showed a major

change in the surfaces of the ccatings, cycling was terminated. A second set of

specimens was tested for one-half the number of cycles (631) as the first set.

The following table gives the normal loading for each combination of specimens

tested:
NUMBER WEAR AREA NORMAL STRESS
SPEC. NO. OF CYCLES (IN2) (LB/IN2)
VAC-925 0.91 961
. VAC-934 1139 0.88 994
‘ SYL-6 0.96 910
SYL-7 0.94 931
.3 VAC-936 0.87 1006
: ( VAC-92 631 0.90 972
SYL-9 0.74 1182
SYL-10 0.67 1306
! The specimens after testing are shown in figure 5-24. Oxidation testing was not
f conducted, since the specimens would have failed immediately in the areas in
é: wnich ga’ling had occurred and the underlying substrate had been disturbed.
E 5.7 COATING DEFECTS - Coating defects are chemical or physical anomalies
2 which occur in the coating and lead to premature oxidation failure.
»: 5.7.1 Past Experience - Although documented cases of chemical anomalies or
i defects in coated columbium hardware exist, these are usually associated with
% coatings in which sufficient reliability has not been demonstrated. Quality
I assurance testing on a regular basis can be expected to identify such cases. The

presence of physical anomalies is much more common and represents the area of
greatest concern. Intermetallic or diffusion coatings generally reproduce the
physical surface of the cclumbium accurately, therefore, physical defects in the
coating are commonly associated with disturbance of the columbium surface being
coated. Edges and corners represent disturbances in the surface being coated and

g {i‘ have proven to be the most probable area of early ccating failures.
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t 15X 1.6X
y R=512 VH-109
; 4571197 TYPICAL RESULTS OF ABRASION TESTING Figure 5-24
? ( While coatings vary in their ability to protect sharp edges, it has become

-

standard practice to radius all edges and corners, and the more gener-us the radii,

the better the performance of sheet metal parts. MDAC has paid particular atten-

T vt

tion, on all refractory metal programs, to edge preparation to limit coating

T

defects on edges.
5.7.2 Edge Defect Testing - A series of edge defect test specimens was pre-

pared to study the effects of sharp edges. Standard 2 by 2-inch coupons, described

in paragraph 3, were prepared from 0.020-inch columbium alloy sheet. To increase

g e T

the length of linear edge distance, four 1/2-inch diameter holes were drilled in

each coupon. The burrs were removed from the edges but they were not radiused,
and the coupons were coated with the request that the edge preparation not be
improved.
- The dimensional change coating thickness was determined to be 2.2 mils per
surface for the Sylvania R-512E and 2.6 mils per surface for the VAC-HYD VH-109.
A careful examination for edge cracking revealed very little edge cracking in the
s R~512E and a moderate amount in the VH-109, with the differences noted attributable
to differences in coating thickness. The specimens were tested 1or 25 hours at
: 2400°F. The VH-109 specimens did not show any oxidation failures in the 25-hour
test. One of the holes in the R-512E series showed an oxidation failure after 20
5~29
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hours at 2400°F. Figures 5-25 and 5-26 show these specimens before and after )

oxidation testing.
Judging from the quality of the edges after coating, it wes not surprising

that these specimens performed reasonably well in oxidation. However, edge crack-
ing is clearly a potential point for early coating failures and should be avoided.
It is believed that the fused slurry silicide process has a tendency to produce
better edge quality than coatings available in the past. Assuming there is
adequate slurry present on the edges, the chemical reactions at the coating tem-
peratures are so aggressive that areas such as sharp edges ¢ 2 consumed at an
increased rate bv the slurry. This smooths out the edges, reducing the tendency
of the coating to crack on the edges. Coating thickness is an important factor in

edge quality, and must be closely controlled to yield optimum edge coating quality.

o ——

L]

- AS COATED 6X AFTER OXIDATION TESTING 20 HOURS - 2400°F 42X

TYPICAL SYLVANIA R-512E COATING ON EDGE TEST COUPONS
Figure 5-25

i 457 -1198
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6. STRUCTIURAL INTEGRITY TESTING OF PANELS WITH UNREPALRED COATING DAMAGE

A series of rib stiffened panel specimen: was £iizht simulation tested in an
intentionally daﬁaged and unrepaired condition to define the necessity for field
repairing local damage to coated columbium thermal protection panels. The speci-
mens employed were 1 by 4-inches, which was the largest that could be tested with
existing facilities. Subsequent iesting of repair-coated panels was accomplished
in a new flight simulation apparatus described in section 2. The 1 by 4-inch
specimens were quite acceptable for obtaining thc o-.alitive results desired to
demonstrate field repa . requirements. The gener .l procedure involved the alt-r-
nate exposure of the panels to reentry simulation under load and boost acoustic
fatigue loading.

6.1 SPECIMEN PREPARATION - The riuv stiffened panel specimens described in

L paragraph 3 were intentinnally damaged after protective coating. All defects were
located on the exterior skin side of the panels to simulate damage which would be

ﬁ ! repairable in the field. Two sizes of defects were employed, (.12 and 0.06 inch

in diameter. The coating was completely removed to the columbium substrate by

; gritblasting. A Porta-blast gr_tblaster was used to remove the coatiug from the

: (- 0.12-inch diameter defects and a Micro-blaster was employed to produce the 0.06-

inch diameter defects. The defects were placed in the center of the panels (2

inches from each end) to match the center of the maximum bendin; moment area on

the specimen. Two defect iocations were investigated - on the skin over the rib

and on the skin midway between the ribs. Defects on the edges of the skin were

not tested because previcus testing has shown that the edgec are the least criti-

cai area (reference 1). Figure 6-4 illustrates the defected specim=ns pricr to

testing.
6.2 PROFILE TESTING - The profile simulation testing was conducted in the

- 'Nﬁw«.u-I-&Mn-ﬁ.\ CHPSRIE FORR PSSP WS

profile simulator shown in figure 6-1 and employed the profile shown in figure

4-1. The load was applied to the panel specimens using a four point loading

Rl e

fixture fabricated from FS-85 alloy columbium and protected w.th the R-512E

ler- B

coating. The loading fixture and the bending moment distribution it produced

are shown in figure 6-2. The loading fixture containiug the specin~n was then

positioned in the furnace and secured to the loading drive mechanism. The boosr

load was applied and released, and the facility then automatically followed the |

time, temperature, pressure, and stress profile. After retu:ning to approximately -
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room temperature, the boost load was reapplied and the entire procedure repeated.

—

After each 10 cycles, the panel was removed and visually examined to determine the
extent of oxidation within the defect area, and to check for crack initiation.
Deflectior measurements were made after each 10 profile cycles in a nondefected
area. Prior to starting the second series of 1 profile cycles, the panels were
vibration tested to simulate boost acoustic loading.

6.3 ACOUSTIC SIMULATION TESTING - The initial step was to fabricate and
calibrate a fixture for the acoustic simulation testing. Initial attempts were
made to use a random acoustic driver; however, at the maximum output of 173 db, it
would not produce the desired stress level in the skin. A new fixture was fabri-
cated and mounted to an electrodynamic exciter svstem.

A speciai vibration fixture was fabricated to support the rib stiffened panel

specimen in a simply supported configuration. The fixture consisted of two

l e & U-shaped clamps mounted on each end of an aluminum plate. The panel was installed
i within the clamps of the fixture to obtain a pin-ended clamp condition on each

end of the specimen. A machined aluminum block was positioned in eich eni of the
. ; panel specimen to prevent the panel's ribs from buckling when a preload was
; applied to the panel by the clamp assembl‘es. The panel/fixture assembly was :)

installed on a 6,000 pound-force electrodynamic exciter unit. A singl: piezo-

A .

electric type accelerometer was mounted on the vibration fixture to control the
input acceleration levels to the test specimen. Figure 6-3 shows the panel and

vibration fixture assembly.

e e ——

The calibration panel had a 3-element strain rosette attached to the skin in

* the center of the panel. The panel was initially excited sinuseidally from 500 to

3,000 Hz at an input acceleration level of approximately 17.7 8 ia” Sinusoidal
excitation was used to identify the panel’s predominant bending frequencies.
During sinusoidal excitation, on-line frequency response plots were made to deter-
mine the irequencies of peak respcnse. The frequency response plots were obtained
by plotting the ratio of the strain response amplitude to the input acceleration

amplitude as a function of frequency. The bending mode of interest was determined

to be in the frequency range of 1500 to 1900 Hz. The panel was then subjected to

random excitation at an input overall acceleration level of approximately 79 Brms
This acceleration level was the nighest random acceleration level attainable wich
the exciter system. The exciter/equalizer system was fully atten 1ted below

1500 and above 1900 Hz, using bandpass filters to provide the max..ium acceleration
1 to the test specimen in the frequency band of 1500 to 190C Hz. The rms stress

6-4
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RIB STIFFENED PANEL SPECIMEN IN VIBRATION SETUP

457-1202 Figure 6-3

level measured from the output cf the strain gage installed on the panel during

; . 2 . io
the random vibration test was 3510 1b/in and was considered to be a sufficient

ol s

stress level for testing the rib stiffened panels with unrepa‘red damage. The test
= panels were subsequently subjected to the same random vibration environment used

for the calibration panel. The unrepaired specimens were alternately subjected

to profile cvcling and vibration testing after every 10 cycles until structural

failure occurred.
6.4 UNREPAIRED DAMAGE TEST RESULTS - A total of eight rib stiffened panel =_—

“. specimens were tested, four Sylvania R-512E coated Cb-752 and four VAC-EYD VH-109

5-5
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coated C-129Y alloy. The initial set of four specimens (two coated alloy combi-
nations and two defect locations) had 0.12-inch diameter defects. The second set

of four specimens had 0.060-inch diameter defects placed at the same defect locatioms.
Table 6-1 summarizes the profile and boost acoustic simulation tests.

The initial set of 4 specimens was given 10 profile cycles. In the case nf
both the Cb-752 and C-129Y panels, a hole was oxidized through the skin. The holes
associated with the defects located between the ribs were equal in diameter to the
0.12-inch diameter coating defect. In the case of the defects located in the skin
over the ribs, the additional volume of columbium restricted the oxidation hole
area to one small hole through the skin on each side of the rib (see figure 6-5).

The acoustic simulation testing of the initial set of four rib stiffened panel

specimens was conducted after the tenth profile cycle in accordance with paragraph

Table 6-1
RIB STIFFENED PANEL SPECIMEN TEST RESULTS

3 : PANEL | ALLOY | DEFECT SIZE | TOTAL w%?zTTTmN
i NileER AND (IN DIA) PROFILE EXPOSURES= RESULTS OF TESTING

COATING | & LOCATION | CYCLES | qye (sEcs)

VH-12 | C-129Y- | 0.12 - 21 2-421 OVERLOADED ACCIDENTALLY AND
VH-109 | OVER RIBS CRACKED BOTH RIBS

VH-14 | C-129Y- | 0.12 - 10 1-400 RIBS CRACKED ADJACENT TO LOAD PAD
VH-109 | BETWEEN RIBS

SYL-5 | Cb-752- | 0.12 - 10 1-400 RIBS CRACKED ADJACENT T2 LOAD PAD;
R-512E | OVERRIBS SKIN CRACKED FROM DEFELT AREA

SYL-6 | Cb-752- | 0.12 - 10 1-400 RIBS CRACKED ADJACENT TO LOAD PAD
R-512E | BETWEEN RIBS

VH-16 | C-129Y- | 0.06 - 50 5-135 NO STRUCTURAL FAILURE
VH-109 | OVERRIBS

VH-15 | C-129Y- | 0.06 - 50 5-135 NC STRUCTURAL FAILURE
VH-109 | BETWEEN RIBS

SYL-3 | Cb-752- | 0.06 - 50 5-135 NO STRUCTURAL FAILURE
R-512E | OVER RIBS

SYL-2 | Cb-752- | 0.06 - 3l 2-54 OVERLOADED ACIDENTALL"; BROKE
R-512E | BETWEEN RIBS IN THO

457-1199 RIB STIFFENED PANEL SPECIMENS
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( 6.3. The time selected was 900 seconds, equivalent to ten 90-second boost dura-
f tion periods. Cracks were observed in two specimens at approximately 270 seconds,

and testing was terminated at 400 seconds, with three of the four specimens

having experienced cracking. Typical failures are shown in figure 6-6 with the
crack initiating from the inside edge of the load pad and progressing into the rib.
Of the eight possible ribs in the initial series, five ribs cracked in a similar
manner. One panel, C-129Y panel number 12, did not show any cracking after the
400-second test. These failures were not associated with the damage spots inten-
tionally put into the coating. There was, however, one crack in Cb-752 panel

number 5 which initiated in the coating damage area and progresse! parallel to the

rib, through the electron beam weldment on both sides of the aamage site area.
This failure is shown in figure 6-5. : |

An analveic nf thaca fatione failurec was conducted prior ro performing h
additional panel acoust.c loading tests. The original stress levels and predicted

number of cycles had been compared with C-129Y alloy fatigue strength data 3

(reference 5) and it was concluded that the selected conditions would not fail the !

unaffected C-129Y alloy. With the random cycle energy input test procedure being :

(‘ employed, the early failure made the use of this data suspect. It was further i
L

- concluded that the point of crack initiation had experienced a stress level of :
{

approximately 11,000 lb!in2 due to the fact that the back of the rib was farther
from the panel neutral bending axis and a local stress concentration area (estimated
concentration factor cf 3) was caused by the termination of the load pad (see !
figure 6-6). The point of failure initiation was estimated to have experienced
11,000 lbfinzms for 460,000 cycles. This condition was compared with a probable
fatigue strength cirve for Cb=752 which employed simple tension-tension loading
data correc‘ed for compression-tension load and random loading effects. According
to this adjusted data, the rib failure was predicated at 300,000 cycles, which
compares favorably with the 460,000 cycles experienced; thus, the rib was shown to

be the critical member and it was decided to adjust the test time (number of cycles)

to preclude rib fatigue failure in an undefected area for the remaining panels to
be tested. A test time of 27 seconds was selected, which was expecred to yield
fatigue failure initiation in the rib after 60 cycles.

The second series of 4 rib stiffened panel specimens containing the 0.06-inch R

diameter defects were profile tested for 10 profile cycles and a 27-second vibra-

tion test without initiating a structural failure. The oxidation of the skin for )
‘ either alloy or damage location did not quite produce a hole through the skin.
6-7 B
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DEFECT IN SKIN BETWEEN RIBS
DEFECTS IN COATED RIB STIFFENED PANEL SPECIMENS PRIOR TO TESTING

457-1200 Figure 6-4

TYPICAL RIB STIFFENED PANEL SPECIMENS WITH

457-1204 .12 INCH DEFECTS AFTER 10 PROFIL: CYCLES B
igure 06—
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457-1205

FATIGUE CRACK INITIATING AT TERMINATION OF LOAD PAD

Figure 6-6
The only change in the 4 panels after the second sequence of 10 profile cycles and
a 27-second vibration was that a hole had been oxidized through the skin at each
defect site. The average diameter of the hole in the free skin was 0.07 inch in
diameter. Oxidation failures in the area of clamping for the vibration tests were
ignored, since they were in a low stress area and not close to the coating damage
sites.

Between the twentieth and thirtieth profile cycles, Cb-752 panel number 2 was
overloaded and broken in twe. A failing load was not obtainable. Interestingly,
the panel did not fail through the hole located at the damage site. The contamina-
tion zone around the defect area was determined metallographically to be 0.067 inch
in diameter greater than the perimeter of the oxiuation hole. Since the failure
occurred 0.15 inch from the perimeter of the defect oxidation hole, the failure
occurred in the unaffected Cb-752 alloy. Apparently the increase in oxygen con-
tent strengthened the Cb-752 sufficiently to compensate for the loss of load
bearing cross section in the defect. Figure 6-7 shows the broken panel and figure
6-8 shows a cross section of the skin through the defect oxidation area.

The remaining three panels, 2 C-129Y alloy and 1 Cb-752, progressed through
50 profile cycles and the associated vibration cycles without structural failure.
The only evident change was in the diameter of the cxidation hole located in the
defect arca. The average hole diameter was 0.2 inch in the skin. Figure 6-9
shows the panels after the 50 profile and acoustic cycles. The testing was ter-
minated at this point because the holes had become so large that rhe condition
would not be tolerable in an operational flight panel.

Creep deflection during the testing was negligible. The same specimen con-
figuration, test conditions, and equipment were employed on another program in

which the panels were not defected. The creep deflections compared favorably with

6-9
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PANEL SPECIMEN FAILED FROM ACCIDENTAL OVERL.OADING -

#oT=1aR FAILURE NOT THROUGH DEFECT
Figure 6 -7
STRUCTURAL
FAILURE
OXIDATION
HOLE
Cb-752 R-512E NICKEL s
SUBSTRATE COATING PLATING
. PANEL SHOWN IN FIGURE 6-6 IN DEFECT AREA -
NOTE FAILURE IN OUTSIDE CONTAMINATION AREA Figure6 -8

those predicted during the test profile selection (reference 6). This verified
that the test method meets the desired conditions and indicated that lack of
deflection was attributable to a strengthening of the columbium due to oxygen

migration into the substrate from the defect area.

6.5 COMMENTS AND OBSERVATIONS - rhe following comments and observations are
pertinent to the testing of the rib stiffened panel specimens having unrepaired

coating defects:

(a) Local coating damage sites in the skins of columbium panels reauire

6-10
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PANEL SYL -3

|
' PANEL VH -15
(

PANEL VH - 16 ®

RIB STIFFENED PANEL SPECIMENS AFTER 50 PROFILE CYCLES 1

(END FAILURES DUE TO CLAMPING IN VIBRATION FIXTURE) _ ’;

457-1208 Figure 6-9 E‘

repair coating to prevent holes from being oxidized through the s'in. 1

Holes would be undesirable because they would permit houndary laver ;

e ol gasses to enter the vehicle. -t

The structural integrity of rib stiifened
panels was not impaired by holes in the skin up to 0.2 ir<h in diameter.
(b) The panel specimen emploved was not designed for arn adequate c¢valuation

of the fatigue effects associated witih *n  .%“_n deiects under evaluation.

llowever, the testing performed indicates th~_ grossly delztericus tatigue

i strength effects are not associated witi the loral loss of coating pro-
tectiveness.

6-11
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7. CERAMIC FIELD REPAIR DEVELOPMENT

The most common type of field repair coating employed n the past haz been
ceramic cements. Ceramic repairs have the advantage of being easy to apply in the
field, since they require little, if any, special equipment. MDAC has successfully
used these types of repairs on coated refractory metals for glide reentry vehicles
which did not require 1long lives or high reuse cipabilities. Reference 7 describes
the use of a commercially available cement (Sauereisen No. 63) as a field repair
material for the ASSET vehicle. Subsequent studies (references 8 and 1) indicated
that longer life compositions were available while maintaining the advantage of
easy application.

The chief disadvantage of the ceramic cements is that the life was found to
be much less than that of the fused slurry silicides. Also, the ceramic cements
were found to allow oxygen to penetrate to the columbium substrate, causing
contamination due to oxygen solution. The passage or leakage of oxygen was always
higher during the initial heating to elevated use temperatures, at which point the
high temperature bonding mechanism of the cement was realized and the cement became
sealed. Further oxygen contamination typically occurs at a lower rate, causing
the contaminated area to increase slowly. Thus, past experience had shown that an
improvement in ceramic cements could be achieved by increasing their lives and
reducing or eliminating the contaminated and embrittled area in the columbium
substrate below the ceramic repair.

7.1 BASIC APPROACH AND PROCEDURES - The ceramic cement compositions of
interest were evaluated on the two columbium alloy and coating systems u.ed on
this program, namely the Sylvania R-512E coating on Cb-752 and the VAC-HYD VH-109
coating on C-129Y. Both coatings are fused slurry silicides though differing in
composition. The initial evaluation was conducted by oxidati n te:ting at 1
atmosphere in 1 hour cycles up to 25 hours at 2400°F., This was arbitrarily
selected as a screening test to yield an oxidizing potential similar to 100
reentry profile cycles under external surface conditions. Repair compositions

which passed the 1 atmosphere screening test were evaluated under the reentry
profile conditions of time, temperature, and a:r pressure shown in figure 4-1.

The ceramic field repair development was conducted over a period of several

months and was divided into the following general phases:

7-1
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a) identify ceramic compositions employed in the past and evaluate promising ')
repairs on coatings of cu:.ent interest

b) perform compatibility testing of candidate repair materials in contact
with both fused slurry silicide coatings

_ c) develop ceramic repair compositions to meet specific requirements of

! this program

I d) develop an alternate low temperature vehicle system with improved physical

characteristics and performance .

e —— T
The final evaluation of all developed repairs, including the ceramics, was accom-
plished with 3 by 12-inch rib stiffened panels. These repaired panels were
tested under simulated reentry flight conditions as described in section 12.

7.2 INITIAL CERAMIC REPAIR DEVELOPMENT EFFORT - A review of past development
| effort indicated that three basic compositions should be evaluated on the Sylvania
_ R-512E and VAC-HYD VH-109 co.*tings. Coated coupons 2 by 2-1/4 inches were prepared
| with intentional defects 1/4-inch in diameter. A standard defect was selected to
; enable comparison of repair compositions. Defects were produced by gritblasting

the coating from the desired area down to the columbium substrate. The init.al {:)

compositions (see appendix A for complete composition) evaluated were:

z) pyrex frit, aluminum oxide, and boron :u a iacquer binder (with and

without Al,0, flame spray undercoat)

3
b) pyrex frit, columbium disilicide, and silicon carbide in a colloidal

l
F
; silica binder .
} c) pyrex frit, Sauereisen no. 8 ceanent, columbium disilicide, and éluminum ;. 4
1 oxide in a colloidal silica binder. et
|
in a discolored area around the repairs. A series of experiments (numbers 1

The repair coating thicknesses ad test results are presented in table 7-1. The
composition £ was effective in protecting the columbium substrates for 25 hours at

: 2400°F. 1In both alloys there was an adverse reaction between the repair and the

b

fused slurry silicide coating on the periphery of the ceramic for those repairs
in which the precoating with flame-sprayed aluminum oxide was not present. The

s

reaction withk the VH-109 coating was severe and geueral coating failures occurred
through 4 in table 7-1) were conducted in which the thickness and diameter of the

aluminum oxide {iame-sprayed undercoating was verified. It was determined that a

larger diameter and thickness of aluminum oxide imprcved the compatibility (reduced ) p—

7-2

MCDONNELL DOUGLAS ASY TGNAUTICS COMPANY - EAST




COATED COLUMBIUM
TPS FIELD REPAIR

1

REPORT MDC E0681

FINAL REPORT 15 SEPTEMBER 1972

{ Toble 7-1
INITIAL EXPERIMENTS
SPECIMEN DESCRIPTION AND TEST RESULTS OF CERAMIC FIELD REPAIR DEVELOPMENT
FLAME OXIDATION CHECK TEST
SPRAY |REPAIR .
exp | SEC REFAR | AL,0; | THICK: AThocuere | GENERAL COMMENTS ON REPAIRED AREA,
No. | "EN | COMPO-| 1k | wss PROFILE S AFTER OXIDAT:GCl CHECK TEST
| ' NESS | ILS) | CYCLES | 1.4R cYCLES
: (MILS) AT 2400°F
1 | S-1E | A 12 | 145 25NF  |DULL oLACK SURFACE
S-IF | A 13 | 126 25NF  |DULL BLACK .URFACE
s-16 | A 19.7 15F FAILED IN DEFECT AREA
s-1H | A 16.9 25NF  |DULL BLACK SURFACE
v-1A | A 13 | 155 25NF  |MANY SMALL REPAIR COAT REACTION
v-13 | A 18.0 25NF | FAILURES OTHER THAN REPAIRED AREAS, AT § HR
V-1 | A 15 | 164 25 NF
. V-0 | A | 15.0 25 NF
2 | s | B 40.2 1F FAILED IN DEFECT AREA
s2F | B 3.7 1F FAILED IN DEFECT AREA
-6 | ¢ 14.8 25NF  |WHITE SURFACE
s2H | ¢© 12.0 97 FAILED IN DEFECT AREA
V-2A | B 2.4 1F FAILED IN DEFECT AREA
v-28 [ 8 23.9 IF FAILED IN DE: ZCT AREA
( v=2c | ¢ 131 . 25F WHITE REPAIR SURFACE
v-20 | ¢ 10.5 2F FAILED IN DEFECT AREA
3 |s3e | o | 32| 18 25NF  |LIGHT GRAY SURFACE
S-3F | A 40 | 100 Z5NF |LIGHT GRAY SURFACE
$-36 | D 15 | 168 25NF  |LIGHT GRAY SURFACE
s3H | A | 20 | 80 25NF  |LIGHT GRAY SURFACE
v-3a | D 30 | 160 25NF  |DULL BLACK TO LIGHT GRAY
v-38 | ¢ | 37 [ 159 25NF  |DARK GRAY TO LIGHT GRAY
v-3c | D 15 | 191 25NF  |DULL BLACK TO MEDIUM GRAY
P v-30 | ¢ | 14 [ 167 15 F FAILED IN DEFECT AREA
{ ¢ || A 48 | 138 | 10NF TEST TERMINATED - SECTIONED FOR PHOTD-
‘ -8 | D 41 | 239 | 10NF MICROGRAPHS OF INTERNAL STRUCTURE
\ S-76A | A 48 | 165 | 20NF TEST TERWIN’ ED - SECTIONED FOR PHOTO-
o S-76B | A 200 | 20NF MICRCGRAPHS OF INTERNAL STRUCTURE
; s-17A | A 33 | 187 | BONF TEST TERMNATED - SECTIONED FOR PHOTO-
E s-773 | A 25 | 8ONF MICROGRAPHS OF INTERNAL STRUCTURE
: V-5A | A 52 | 129 | 20NF SHRINK CRACKS IN REPAIR COAT
l v-58 | A 163 | 10F FAILED IN REPAIRED AREA
b v-1A | A 49 | 125 | 30NF SHRINK CRACKS IN REPAIR COAT
il V-18 | A 145 | 20F FAILED (COATING REACTION)
5 |S-85A| E 220 17 COATING REACTION
V-BA | E 19.7 1F COATING REACTION
5 | S-86A| F 16.9 1F FAILED IN DEFECT AREA
v-36A| F 17.3 1F COATING REACT!ON ~ DEFECT AREA. FAILED
7 | s-%A| G 14.1 1F COATING REACTION
V-62A| G 15.1 1F COATING REACTION
L |
F - FAILURE NOTE:

NF - NO FAILURE

457 -2321

CERAMIC COMPOSITIONS WERE APPLIED IN ACCORDANCE WITH APPENDIX C.
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Table 7-1
INITIAL EXFCRIMENTS
SPECIMEN DESCRIPTION AND TEST RESUL ", OF CERAMIC FIELD
REPAIR DEVELOPMENT (Continued)

FLAME OXIDATION CHECK TEST
SPRAY |REPAIR
exp | el (REER | aLy0; | ThICK. ATospuEre | GENERAL COMMENTS ON REPAIRED AREA,
+ NO. [ “ko. |sirion | THICK-| NEss | PROFILE AF 1 ER OXIDATION UHFCK TEST
: NESS | MiLS) | CY"“ES | 1.4R CYCLES
(MILS) AT 2400°F
‘ 8 | S-9A| H | 53 1F FAILED IN DEFECT AREA
V-33B | H 14.6 1F COATING REACTION & DEFECT AREA. FAILED
« 9 | S-85B [ | 12.4 1F FAILED IN DEFECT AREA
v | v-36B | I 13.0 1F COATING REACTION & DEFECT AREA. FAILED
'_ 10 |S-86B [ 16.2 “F COATING REACTI?N
j V-628 | ) 15.4 1F COATING REAC o
-' 1 [s-2B| K | 20 | 76 IF FAILED IN DEFECT AREA
¢ v-33¢| K | 201 [ 70 1F COATING REACTION & DEFFCT AREA. FAILED )
i 2 |s-9B| L 185 IF NC GREEN STRENGTH - SPALL") -
§ V-36C | L 17.0 1F DEFECT AREA FAILURE - COATING SPALLED '
i 13 |S-85C | M 13.7 1F HEAVY COATING REACTION ,
v-62C | M 125 1F COATING REACTION |
¢ 14 |S-86C | N 17.9 1F COATING REACTION
i V-330 | N 16.7 iF COATING REACTION -
i 15 |[s-92¢| 0 15.5 1F HEAVY COATING REACTION \
V-620 | 0 15.1 1F COATING REACTION & DEFECT AREA. FAILED :
: 16 |S-4C | P 12.6 1F FAILED IN DEFECT AREA L
: V-26D | P 13.0 1F COATING SEACTION & DEFECT A' M en Yot
7 |s-9D | R 5.6 IF P00 ADHESION ~ POWDERED OF |
? V-33E | R 4.9 1F I'OOR ADHESION - PCWDERED OFF N
i F - FAILURE NOTE: : :
£ NF — NO FAILURE CERAMIC COMPOSITIONS WERE APPLIED IN ACCCRNANCE WITH APPENDIX C.
i. as7-3322
! |
& :
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{ reaction betweer ceramic and coating), but higher levels of contamination of the
§ columbium substrate oc arred. Reduced pressure profile tests were conducted cn

baotn coatings (R-512E and VH-109) repaired with the repair compositien A, with and
without the fiame-sprayed aluminum oxide undercoating.

The =2xperiments indicated that for R-512E composition A was acceptable without
the flame-sprayed aluminum oxide for up to 80 reentry pr file cycles. Figure 7-1
shows the results of 1 atmosphere and Figure 7-2 shows the effects of aluminum
oxide flzme spray in the low pressure reentry profile testing.

The repair or the VH-109 with the ceramic composition A requireé a flame-
spraved alumina unde>c¢. ating of 3 mils to eliminate oxicdation failure of the VH-109Y,
adjacext to the r»- *- caused by incompatibility. Figure 7-3 is a photomicrograph
of a vepair inco wng *he flame spray after 25 hours at 2400°F. There was
minimal oxidation contamiration of the columbium below the repair. However, bz

reduced pre.sure prefile test causea failures in 10 to 30 cycles. Figure 7-4

‘) shows 2. example of the 2xtensive suhstrate contaminat.ion present when the aluminum
oxide was used. In the case in which the aluminum oxIde was not include” (figure
; 7-4), the oxvgen contamination wa2s minimal, but oxidatier failures cccu. 4 in the
; ( Vli-lud adjacent to the repairs. The aluminum oxide flame spray undercoating was
§

not satisfactory fcr VIi-109 since it permitted substrate contamination. At the

S—

same time, the pyrex frit, aluminum oxide, and boron repair composition A was
chemically incompatible with the VH-109 coating. Thus, it was concluded that a
new repair coemposition for the VH-109 coating had to be developed.

A n'mber of other cand:ijate repair materials which were either used in the
past, found in the literature, or newly identified were evaluated for both the
R-512E and VH-109 coatings. The results are described in table 7-1 under
experirments 5 through 17. Coating compositions E through R were employed and the
exact ccnpositions are presenced in appendix A. All of the compositions failed
quckly and were therefore not pursued Observations on particular materials,
howe.er, were us2? in subsequent experiments for correction of the compatibility
problem noted with the VH-109 coating.

7.3 COMra C1LITY TESTIFG - As an initiel step in developing a new cumpcosi-

t’ﬂ'ﬂhnﬂvb€VfTﬂnﬂhime';n“f““'“

tion Jor the VH-109 coating, . series of compatibility tests was performed. A
total of 26 materinls, representing potential ceramic binders, fillers, modifiers,
ard venicle systems were mixed and placed on the coating in a small spot  Coupons

were prepared for both the V -109 and R-512F coating, as it was very little
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NICKEL BACKUP———— ¥

REPAIR

Ve
- feas -
‘s‘ !

R-512E COATING ——ww 4 . - &b -
R TP L et

Cb-752 SUBSTRATE —

4571717 NOTE: REPAIR WITHOUT FLAME SPRAYED Al0; 150K

REPAIR OF R-512E COATED Cb-752 WITH COMPOSITION A
AFTER 25 HOURS AT 2400°F s

o 9

NICKEL BACKUP

REPAIR —

VH-109 COATING ———= - "™ e 0,

C-129v
SUBSTRATE
NOTE: REPAIR INCLUDING FLAME SPRAYEL Al03 150X
457-1722
REPAIR OF VH-109 COATED C-129Y WITH COMPOSITION A
AFTER 25 HOURS AT 2400°F S
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REPAIR

—~——— R-512E COATING

WITH AL,0 FLAME SPRAY

NIiCKEL BACKUP

REPAIR

R-512E COATING

e P

Cb-752 SUBSTRATE

WITHOUT AL,03 FLAME SPRAY

REPAIR COMPOSITION A ON R-512E SILICIDE COATING AFTER
LA 80 REENTRY PROFILE CYCLES T
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NICKEL BACKUP
REPAIR

GROSS CONTAMINATION ASSOCIATED WITH
FLAME SPRAYED AL,0; UNDERCOATING

/—7 NICKEL BACRUP

)
VH-109
COATING
REPAIR
——— OXIDATION
C-129Y
SUBSTRATE

OXIDATION FAILURE OF VH-109 COA" ING ADJACENT TO REPAIR
WITHOUT ALy 04 FLAME SPRAYED UNDERCOATINS

REPAIR COMPOSITION A ON VH-109 COATING AFTER 30 PROFILE CYCLES !

457=-1727
Figure 7-4
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additional effort to test a second coating system. After applying the candidate

. oy, W LI A
F

materials, the coupons were exposed to 2400°F in air at 1 atmosphere for 1 hour.

The results of these compatibility tests are presented in table 7-2. Figure 7-5

S ol e L

shows typical coupons befcore and after thermal exposure.

‘he information gained from these tests was used to select ceramic repair
ingredients for developing a repair fer both the VH-109 and R-512E coatings. In
selecting ingredients for repair, a controlled amount of chemical reactivity is
desirable to achieve chemical bonding and ensure good adhesion. The results of
these tests gave a first approximation oi the better repair materials, and the
relative amounts of them that should be used.

7.4 CERAMIC DEVELOPMENT =MPHASIZING REPAIR OF VH-109 - The results cf the
compatibility testing described in paragraph 7.3 provided a group of materials which
were potential irgredients for a compatible VH-109 repair. The following set of
criteria was emploved based upon the initial experiments:

a) the composition must provide adequate protection of the uncoated columbium

oA -y

substrate in the defect area

b) the composition must be compatible with VH-109 coating in the overlap area,

o~

while having sufficient reactivity with the VH-109 to ensure good chemical

bonding
c) the repair must not cause failure of the VH-109 coating at the periphery
of the ceramic repair.
An Edisonian experimental approach was employed in which a substantial number of
cmpositions were produced and evaluated against the above ceiteria. Table 7-3
presencs the compositions studied, the repair coating thicknesses used, and the
oxidatior. results zchieved in experiments 18 through 30. The product 3f this
investigation was four compositions which passed the 25-hour oxidation screening
test at 2400°F in 1 atmosphere air. These compositions are:
a) H-1 composition (columbium disilicide, a Si-Cr-Fe alloy powder, pyrex

frit, and boron powder in a lacquer vehiclz)

b) P-1 (columbium disilicide, pyrex frit, and boron in a lacquer vehicle)

]VPIHF"NW“%31r!l’l!ﬂild!ﬁ«wnnn-vnv¢wuauﬂiv-nrwm-mw-ndwuuw

B i

¢) T-1 (columbium disilicide, pyrex frit, iro.:, and boron in a lacquer
vehirle)
d) U-1 (pyrex frit and boron in a lacquer vehicle).

(tee appendix A for exact compositions.)
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2400°F

™ -512E Coating
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VH-109 Caating

COMPATIBILITY TESTING OF REPAIR MATERIALS AND FUSED SLURRY SILICIDE COATINGS

457 -3323

(See Table 7-2)
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Table 7-3

REPORT MDC E0681
15 SEPTEMBER 1972

VH-109 COATING REPAIK STUDIES
SPECIMEN DESCRIPTION AND TEST RESULTS

FLAME OXIDATION CHECK TEST
SPRAY |REPAIR
exp | SPECH [P [ ALOs | THICK ATHOSPuERe | GENERAL COMMENTS ON REPAIRED AREA.
NO. | ‘wo. |smion | THICK- NESS | PROFILE AFTER OXIDAT!ON CHECK TEST
. NESS | (miLS) | CYCLES | | HR CYCLES
(MILS) AT 2400°F
18 | V-19A| §S 18.0 1F FAILED - POWDERY, POOR ADHERENCE
19 |v-198| T 22.0 1 NF CRACKS THROUGHOUT REPAIR COAT - OVERALL
PINK DISCOLORATION, SLIGHT REACTION
20 V-40A | U 15.0 1F FAILED IN DEFECT AREA
V=408 | V 9.0 1F FAILED IN DEFECT AREA
v-40C [ W 16.0 1F FAILED IN DEFECT AREA
v-40D | X 14.0 1F FAILED IN DEFECT AREA
21 | v-i9c | Y 11.0 9F ONE SMALL FAILURE ON EDGE OF DEFECT: MEDIUM
COATING REACTION
V-190 y Z 20.0 1F GROSS FAILURE IN DEFECT - MAY HAVE STARTED
i ON IST CYCLE - COMPATIBLE
2 | v-8A | v-l 10.0 6F 3 DARK GREEN AREAS IN DEFECT AFTER 1ST
CYCLE - TOTAL DEFECT FAILURE AT 6 HR
v-48 | B-l 23.0 1F GROSS IN DEFECT AREA
' v-4C | Vi | 19.0 6F 2 VERY SMALL FAILURES IN DEFEAT
| V=30 ¥ 17.0 1 GROSS IN DEFECT AREA
F - FAILURE NOTE.

NF - NO FAILURE

457-2322

MCDONNELI

CERAMIC COMPOSITIONS WERE APPLIED IN ACCORDANCE WITH APPENDIX C.
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Table 7-3

VH-109 COATING REPAIR STUDIES
SPECIMEN DESCRIPTION AND TEST RESULTS

REPORT MDC E0681
15 SEPTEMBER 1972

(Continued)
FLAME OXIDATION CHECK TEST
SPRAY |REPAIR
gxp | SPECH |REPAIR| 5y iy | ThicK. e GENERAL COMMENTS ON REPAIRED AREA.
w0, | MEN [ COMPO-| putel | vecc” | PROFILE | ATMOSPHERE AFTER OXIDATION CHECK TEST
NO. [SITION | ness | miLs) [ CYCLES | 1R cycLES
(MILS) AT 2000°F
23 | v-25A [ W-1 10.0 2F GREEN ERUPTIONS — YELLOW OXIDE BENEATH IN
DEFECT AREA
v-258 | D-1 1.0 2F GREEN ERUPTIONS — YELLOW DXIDE BENEATH IN
DEFECT AREA
v-25¢ | E-1 9.0 2F GREEN ERUPTIONS — YELLOW OXIDE BENEATH IN
DEFECT AREA
v-250 | F-1 120 IF GROSS IN DEFECT AREA
24 | v-3n | G-l 9.0 2F FAILED IN DEFECT AREA
V=438 | H-1 3.0 25NF  |LITTLE TO NO REACTION-VERY GOOD APPEARANCE
v-83¢ | 11 12.0 LF GREEN WHITE SPOTS ON DEFECT AREA. YELLOW
OXIDE AFTER 3 HR
| v-830 | J-1 12.0 1F FAILED IN DEFECT AREA
25 | v-2en | K-l 3.0 ; GROSS IN DEFECT - BLACK & GLASSY ELSEWHERE
v-248 | L-1 8.0 2F GROSS IN DEFECT — ATTACK ON BASE METAL
ACCELERATED
v-24c | M-1 15.0 2F GROSS IN DEFECT ~ BLACK & GLASSY ELSEWHERE -
SLIGHT COATING REACTION
v-24D | N-1 17.0 2F GROSS IN DEFECT — MEDIUM TO HEAVY COATING
REACTION
%6 | V-10A | H-l 15.0 145F  [DISCONTINUED - NO FAILURES TO THIS POINT
v-108 | H-1 6.0 13F FAILED IN DEFECT AREAS WHERE ERUPTIONS IN
REPAIR COAT FROM INITIAL FUSSION OCCURRED
V-10C | H-1 100 13F
V=100 | H-1 9.0 4F DISCONTINUED ~ NO FAILURES TO TAIS POINT
27 | v-8A | 0-1 19.0 25NF  |3,8 IN. PINK STAIN RING AROUND DEFECT -
COMPATIBLE
V-8B | H-l 7.0 1F ONE SMALL SPOT ON DEFECT EDGE ~ VERY SLIGHT
REACTION
v-8C | H-l 100 25NF  |LIGHT YELLOW DISCOLORATION AROUND DEFECT
V-8 | H-l 16.0 25NF  |LIGHT YELLOW DISCOLORAT!ON AROUND DEFECT
28 | v-na| o-1 23.0 25NF  |VERY LIGHT BROWN RING AROUND DEFECT -
COMPATIBLE
V=718 | H-1 5.0 IF 4 SMALL FAILURES IN DEFECT
v-71c | H-1 100 25NF  |COMPATIBLE
V=710 | H-l 17.0 25NF  |COMPATIBLE
29 | v-18a | H-1 140 | SONF SLIGHT SPALL ON ONE EDGE. SECTIONED FOR
PHOTOMICROGRAPHS
V-17A | H-1 140 | SONF IN PROCESS. (HOLD FOR FURTHER TESTING)
F - FAILURE NOTE:

NF - NU FAILURE

457 -3325%

CERAMIC COMPOSITIONS WERE APPLIED IN ACCORDANCE WITH APPENDIX C.
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Table 7-3
VH-109 COATING REPAIR STUDIES
SPECIMEN DESCRIPTION AND TEST RESUL ™

(Continued)
FLAME OXIDATION CHECK TEST
SPRAY |REPAIR
SPECI- |REPAIR AIR
EXP AL,0; | THICK- GENERAL COMMENTS ON REPAIRED AREA.
NO. “‘NE;‘ {S:I[]Th:g: m?gﬁ. NESS PCF:{“CFL“Eg ATMOSPHERE AFTER OXIDATION CHECK TEST
' NESS | (MILS) 1-HR CYCLES
(MILS) AT 2400°F
0 |V-6A | P-1 | 138 25NF  |REPAIR C2 ATING APPROXIMATE THAT OF THE
COATING IN APPEARANCE
V-6B | R-1 | 1456 3F REPAIR SPALLED ON 2ND CYCLE — ONE VERY
SMALL FAILURE IN CENTER OF DEFECT
v-6¢ | s-1 | 100 20F ONE VERY SMALL FAILURE IN CENTER OF DEFECT -
DULL BROWN
V60 | T-1 | 105 25NF  |DULL BLACK .
v-sE | u-1 | 103 25NF  |GROSS BLACK CVER DEFECT - GRAY AREA 1 4 IN. )
AROUND REPAIR :
sa1A | A-1 | 97 25NF | TEST TERMINATED FOR METALLOGRAPHIC
EXAMINATION
31 [s-a2a | H-1 | 108 25NF | TEST TERMINATED FOR METALLOGRAPHIC
EXAMINATION
2 [s-aa | p=1 | 109 25NF | TEST TERMINATED FOR METALLOGRAPHIC
EXAMINATION
13 [s-40n | s-1 | 108 21 F FAILED 4T PERIMETER OF REPAIR
3 [s-a5A | T-1 | 108 25NF | TEST TERMINATED FOR METALLOGRAPHIC
EXAMINATION
% [s-a6a | u-1 | 105 25NF | TEST TERMINATED FOR METALLOGRAPHIC
=XAMINATION
F - FAILURE NOTE-
NF = NO FAILURE CERAMIC COMPOSITIONS WERE APPLIED IN ACCORDANCE Wi fH APPENDIX C.
457-3326
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A metallographic examination was performed to determine the degree of contamination
associated with each of the repairs which passed the one atmosphere screening test.
Typical results are shown in figure 7-b. In the case of each of the compositions,
with the exception of T-1, the degree of contamination was minimal, and the compo-
sitions were considered to have passed the air atmosphere screening test and to be
ready for reentry profile evaluation.

The three compositions specifically developed for the VH-109 coating, which
passed the air atmosphere screening test, were applied to R-512E-coated Cb-752
coupons. The results of this experiment are shown in table 7-3 under experiments
18 through 22. The 25-hour screening oxidation test was conducted at 2400°F at
1 a:mosphere air. Each of the compositions (H-1, P-1, and U-1), passed the
screening test without oxidation. The rcupons were checked metaliographically,
and the internal contamination of the Cb-752 substrate was minimal. It was
concluded that these compositions should be profile tested since they appeared to
be equal to, or better than, the A-1 composition which had -lready been developed
and shown to be satisfactory for R-512E coated Cb-752. Figure 7-7 illustrates
typical results obtained with these compositions.

A series of reentry profile tests was performed on the ceramic repair compo-
sitions whicn satisfactorily passed the 25-hour screening test at 2400°F in
1 atmosphere air. The test conditions were the time, temperature, and air pres-
sure reentry 1 -ofiles shown in figure 4-1. The ceramic repailr compositions H-1,
P-1, and U-1 were applied to defected coupons of bcth R-512E-coated Cb-752 and
VH-109-coated C-129Y. The composition A-1, previously reentry profile tested, was
inclvded with the R-512E-crated Cb-752 group for comparison. Two repairs were
included on each coupon tested. In cases in which one of the two repair areas
failed, the repair was replaced to provide for the continuation of the testing
of the unfailed repair site. The testing was terminated after 100 profile cycles,
or when both repair areas had failed. Upon completion of the profile oxidation
testing, metallographic examinations were used to determine the extent of substrate
contamination.

Profile oxidation testing results are presented in tgble -3, The A-1 compo-
sition repair on tane R-512E coating proved to be effective in preventing oxiiaticr
and allowing minimal cxygen contaminatior. below the repair in 100 simulated
reentries. The H-1 composition showed 1 failure after 80 profile cycles, and the
second H-1 repair passed a 100-cycle exposure without oxidation. Metallographic

examination of the 100-cycle H-l repair site showed more depth of contamiration
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VH-109 COATING———=

C-129Y SUBSTRATE ——

N 150X
457-1725 Composition P-1

CERAMIC REPAIR

VH-109 COATING

R Syt X b e R e N =)
>

~———(C-129Y SUBSTRATE

150X
Composition U-1

CERAMIC REPAIR COMPUSITIONS FOR VH-109 COATING
AFTER 25 IiOURS AT 2400°F

457172
Figure 7-6
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CERAMIC REPAIR

R-512E COATING

Cb-752 SUBSTRATE — i ' & e

COMPOSITION U-1

CERAMIC REPAIR———=

R-512E COATING —

Cb-752 SUBSTRATE ——

COMPOSITION P-1

CERAMIC REPAIR COMPOSITIONS ON R-512E COATING AFTER 25 HOURS AT
24000F IN AIR

4571724 Figure 7-7
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than either A-1 or U-1 compositions, .ut this depth was nut cousidered excessive. .)

The U-1 repaired coupons bYefore and after testing are shown i.. .igure 7-8 with a
metallographic cross=s2ction. tThe U-1 rep.ir proved to be a dense uniform marerial
which allowed minimal c¢xygen to pass into the Cb-752 substrate. The P-1 vonsico
were the least effective, permitting oxidation failures to occur in the :2pair
area within 30 to 60 profile cycles.

The repair ot the VAC-HYD VH-109 coating was not .. saccesc.ul as the repair

of the R-512E, but chowed satisfactory results with tue H-1 ang U-1 repairs. The
H=1 repair showed very little surface porosity and a good exterior appeararce.
The depth of oxygen penetration (average 6 mils) “ightly lower than for the

same H-1 repair cn Cb-752, and the results were ~onsidered satisfactory. The

U-1 repair of the VH-109 coating showed the lowest amcunt of contamination of

the systems tested. an average of 2.5 - 1ls into the C-129Y substrate. Some

? surface porosity associated with the U-1 is believed responsible for the early
failure of specimen 55A. The coupon before and after 100 simulat=d profile
; cycles is shown in figure 7-9 with a photomicrograph of the repair area. As
f was the cas with the Cb-752, the P-1 repairs on the VH-10%-coated C-129Y were
; the least effective. One of the specimens showed oxidation failure after 80 -;)

simulated ‘‘eentry cycles, and the s>cond after 100 ry les.

It was concluded iiom this series of profile tests that the compositions H-1
andé U-1 show promise as repair methods for VH-109 coatad C-129Y and should be
structurally evaluated on panels. Tue same compositions, plus the A-L r-nair,
appear sez'isfactory for the R-512E coating on Cb-752. In ez h «:ie, the chemical
compatibility was excelleni. The physical cuaractrristics cf the repairs wersz
not as consistent as desirable. Both surface and iate.nal porosity needed urther
study, -ince we believe that early ‘«ilures are related tc porosity within the
repairs.

7.5 IM’ROVEMENT OF CERAMIC REPA™ LOW TEMPERATURE VEHICLE SYSTEM - Previous

a2valuations of ceramic composition repairs have showr a multimission r-entry
L

casability of 100 rycles. There were a fow random e. )y failures and some vavia-

L-n' AN T RS S T AT TSR Tt < TR e st gy ety

2

tiv'. in the extent of substrate contamination below thes ce- ai. repairs, cond ioms
which have beer. atcributed to porosity in the ceramic repair systems. The causc

of this porosity was ascribed to the low tenperature cellulose nitrate lacguer
vehicle system. At room tempe ature, the lacquer forms a *ig! :ly bonded repair

which does not permit the uniform outward diffusion of gaseuvus decompo=ition pro-

= ducts during heating to the ceramic fusion temperature. 3ince the ceramic
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AS REPAIRED = AFTER 100 CYCLES

U-1 REPAIR OF R-512E COAVING

457 -2B 16

150X
CROSS SECTION OF U-1 REPAIR OF R-512E COATING AFTER
4s7-2017 100 SIMULATED REENTRY CYCLES
7-19
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2X

U-1 REPAIR

NICKEL BACK-UP

R-512E COATING

~——Cb-752 SUBSTRATE

Figure 7-8
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AFTER 100 CYCLES X
U-1 REPAIR OF VH-103 COATING
U-1 REPAIR
MOUNTING

VH-109 COATING

~—— C-129Y
SUBSTRATE

. e o e e M et ™ o e v e =
e ﬂﬁ:’ e S VH-109 COATING

. ¥

50X
CROSS SECTION OF U-1 REPAIR OF VH-109 COATING AFTER
4572012 100 SIMULATED REENTRY CYCLES Figure:7-9
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constituents performed effectively, a criterion of the study was established in

which only the low temperature vehicle system would be altered so that desirable
elevated temperature properties could be maintained.

The first approach to eliminating the surface porosity was to increase the
time to achieve the ceramic fusion temperature. While this technique appeared
to reduce the surface porosity, it was not an improvement sufficient to meet the
objectives. The second approach was to replace the lacquer with another organic
vehicle. Coupons of R-512E coated Cb-752 and VH-109 coated C-129Y were defected
by grit blasting with fused aluminum oxide (220 mesh) to produce 1/4-inch diameter
defects. A total of 22 different experiments involving 36 ceramic compositions
was conducted. The experimental and test results are presented in table /-4. The
systems which showed the best oxidation performance and the least porosity were
repair compositions which had been previously developed, but in which the low
temperature vehicle system was changed to an ethyl alcohcl base. The ethyl alcohol
was saturated with a commercial corn starch (Eastman Organic Chemical Company's
Technical Grade Zein) which functions as a suspension agent.

Oxidation test evaluations conducted at both 1 atmosphere oressure and under
reentry profile test conditions proved the new compositions to be equal or
superior to the previous compositions. We emphasize that the high temperature
components remain unchanged. The following list shows the current ccamposition
designations and the previous compositions from which they were derived:

COMPOSLTION DERIVATIVES
FOR IMPROVED CERAMIC REPAIRS

Original
Composition Improved Derivative
Designation Composition Designation
U-1 J-2 (for R-512E)
U-1 E-2 (for VH-109)
H-1 0-2 (for VH-109)
A-1 N-2 (for R-512E)

The improved versions of the ceramic compositions have in common a substan-
tially improved surface texture and physical appearance. Figure 7-10 shows the
final improved composition having no significant surface porosity after 110 reentry
profile cycles. The physical microstructure has been substantially improved, as
shown in figure 7-11. Improved ceramic repair ccmpositions were ready for evalua-
tion on 3 by 12-inch rib stiffened panels under reentry flight simulation in order

to prove adequacy of the repairs under structural strains and acoustics.
7-21

MCDONANELL DOUGLAS ASTRONAUTICS COMPANY - EAST

A i i‘:.-.w'.ﬂn.; e




Table 7-4

DEVELOPMENT OF IMPROVED VEHICLES SYSTEM
SPECIMEN DESCRIPTION AND TEST RESULTS

| OXIDATION CHECK TEST
REPAIR
exp | e (e | THICK- | Arwosuere | GENERAL CONMENTS ON REPAIRED AREA,
o, | WEN | COMPO.| e proFiLE | AT AFTER OXIDATION CHECK TEST
P PR sy | CYCLES | g cCLES
AT 240°F

% s | x-1 | 7.0 3F | REPAIR SPALLED

s-756 | Y-1 | 1.4 25NF | ROUGH | EXTURE WiTH POROSITY

s-198 | z-1 | 14 10F | INTERREACTION WITH R-SI2E
y |v-soa | z-1 | 1o 25NF | MEDIUW POROSITY
W |s8ia | Az | 14 25NF | MEDIUM ROUGHNESS & POROSITY

s-818 | B2 | 1. 25NF | BLACK. GLASSY & SMOOTH
» |saa | c2 | 65 IF  |SPALLED

828 | 0-2 | s 17F | OXIDATION FAILURE IN DEFECT
0 |s4m | E2 | 13 25NF | BLACK. GLASSY & SWOOTH
a |V-UA | E2 | 99 25NF | BLACK, GLASSY. SMOOTH & SLIGHT REACTION

WITH VH-103

@ |v-3B | E2 | 2.3 | nowF GLASSY. SMOOTH & SLIGHT REACTION WITH VH-109

V-8 | E-2 | 180 | 1IONF GLASSY. SNOOTH & SLIGHT REACTION WITH VH-109
B |s-6IA | F2 | 13 SNF | ROUGHNESS & POROSITY

v-18 | F-2 | 142 IF | DEFECT EDGE FAILURE
w [s-61B | G2 | 171 1F | ROUGHNESS. POROSITY & OXIDATION

v-17c | G2 | 9l IF | EDGE FAILURE
6 S | H-2 | 106 2F  |SPALLED

S-3B | 12 | 1.0 2F  |SPALLED

F - FAILURE NOTE:

NF — NO FAILURE

as? AanT

CERAMIC COMPOSITIONS WERE APPLIED IN ACCORDANCE WITH APPENDIX C.
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; ( Table 7-4
; VH-109 COATING REPAIR STUDIES
g SPECIMEN DESCRIPTIOM AND TEST RESULTS
» (Continued)
FLAME OXIDATION CHECK TEST
SPRAY |REPAIR !
exp | ST [REPAR | AL,G, | ThiCK: ATooshugre | GENERAL COMMENTS ON REPAIRED AREA.
: no. [ Mo [STneN Tick- | wess | PROFILE |~ 27 AFTER CXIDATION CHECK TEST
' NESS | (iLS) | CYCLES | 1hR CYCLES
(MILS) AT 2400°F
% iS-S0A | J-2 9.5 25NF  [SEMI-GLASSY - SMOOTH
V-ISA | -2 101 25NF |SEMI-GLASSY - SMOOTH. MEDIUM REACTIVITY WITH
VH-109
P g 's-am | 12 155 | 110NF | GLASSY WITH SLIGHT ROUGHNESS
b S-ATE | )2 135 110NF {smssv WiTH SLIGHT ROUGHNESS
4 i 8 |s-200 | K2 116 | SNF  |ROUGHNESS & POROSITY
%] 5208 | L-2 104 | SNF  |HEAVY ROUGHNESS & POROSITY
s-20C | M-2 97 | SNF  [MEDIUM ROUGHNESS & POROSITY
49 |s-53A | N-2 150 | 25NF  [SLIGHT ROUGHNESS
V-38A | N-2 146 20NF  |COUPON FAILURE - NOT REPAIR RELATED
: 50 |S-A12A | N-2 145 | 110NF NON-GLASSY ~ SLIGHT ROUGHNESS
f S-A128 | N-2 112 | 110NF NON-GLASSY - SLIGHT RUUGHNESS
3 51 [s-52A | 0-2 121 25NF  |NON-GLASSY — SLIGHT ROUGHNESS
E C V-22A | 0-2 12.3 25NF  [NON-GLASSY -~ SLIGHT ROUGHNESS
E - S-13A-A 0-2 155 | 110NF NON-GLASSY — SLIGHT ROUGHNESS
: S-13A-B| 0-2 140 | 110NF NON-GLASSY ~ SLIGHT ROUGHNESS
52 |v-26A | P2 9.8 SNF  |MEDIUM ROUGHNESS — POROSITY
V-268 | R-2 113 SNF  |MEDIUM ROUGHNESS ~ POROSITY
53 |s-18A | S-2 10.5 1F SPALLED
s-188 | T-2 11.0 2F SPALLED
s-18C | U-2 10 SNF  |SHRINKAGE CRACKS — HEDIUM ROUGHNESS
s-180 | V-2 9.6 5NF  |SHRINKAGE CRACKS — HEAVY ROUGHNESS
54 |S-14A | W-2 123 25NF  |SMOOTH & GLASSY
: s-148 | X-2 105 25NF  |SMOOTH & GLASSY WITH SLIGHT REACTION WITH
R-512E
s-14C | Y-2 11.2 SNF  |GLASSY - MEDIUM ROUGHNESS
55 |s-17A | Z-2 9.9 25NF  |SMOOTH & GLASSY
s-178 | A-3 103 SNF  |GLASSY WITH SLIGHT ROUGHNESS
¢ 5 |v-39A | H-l 134 | 110NF NON-GLASSY - MEDIUM ROUGHNESS
s v-398 | H-1 128 | 110NF NON-GLASSY — MEDIUM ROUGHNESS
' 57 |v-52a | H-1 11 | 110NF NON-GLASSY ~ MEDIUM ROUGHNESS
V-53A | P-l 103 | 110NF NON-GLASSY - MEDILM ROUGHNESS
= V-55A | U-1 109 | 110KF GLASSY ~ MEDIUM ROUGHNESS
58 (S-65A | A-1 107 | 110KF GLASSY ~ MEDIUM ROUGHNESS
S-66A | H-1 122 | 110NF NON-GLASSY ~ MEDIUM ROUGHNESS
S-67A | P-1 13 | 60F FAILED ON EGGE OF DEFECT
. S-68A | U-I | 113 | 110NF GLASSY ~ SLICHT ROUGHNESS
F - FAILURE NOTE:
r NF - NO FAILURE CERAMIC COMPOSITIONS WERE APPLIED IN ACCORDANCE WITH APPENDIX C.
&> 4573328

7-23

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST

- 2 g "

| ST

e eI . | AT S W dal Ll o i b | i S RO e T 7 Wt - W




457 -2855

COATED COLUMBIUM REPORT MDC E0681
TPS FIELD REPAIR FINAL REPORT 15 SEPTEMBER 1972

J-2 REPAIR N-2 REPAIR 0-2 REPAIR

SYLVANIA R-512E COATED Cb-752 COUPONS =

E~2 REPAIR H-1 REPAIR '8
VACHYD VH-109 COATED C-129Y COUPONS L.

CERAMIC COMPOSITION REPAIRS WITH IMPROVED VEHICLE
SYSTEM AFTER 110 REENTRY PROFILE CYCLES Figure 7 = 10
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(- N-2 CERAMIC REPAIR

. \f = R-512E COATING

ahE -‘.1—-(.)1
(- Cb~752 SUBSTRATE

250X
N-2 COMPOSITION AFTER 25 HOURS AT 2400°

457-2879

== -2 CERAMIC REPAIR

A \e..n,\.
o b < ReSIE COATING
':)t'}!t* S ni‘?ﬁ

@ Cb-752 SUBSTRATE

Lk ’ . 8 1
0-2 COMPCSITION AFTER 25 HOURS AT 2400°F 250K

PHOTOMICROGRAPHS OF CERAMIC REPAIR SHOWING DENSE STRUCTURE

o ans ASSOCIATED WITH IMPROVED VEHICLE SYSTEM S
igure 7-
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8. DIFFUSION BARRIER STUDIES

Ceramic composition repairs are attractive because they can be applied quickly
and easily in the field. Although these repairs effectively prevent oxidation of
columbium by eliminating formation of the bulky, nonprotective Cb205, thev do

permit some oxygen to reach and dissolve in the columbium substrate. This oxygen
solution contamination occurs in two stages: (a) initially, in the ocuter 2 to 5
mils of the substrate in the repair area during the first heating to 2000°F, at
which time fusion occurs and seals the repair; and (b) during subsequent service
cycles (up to 190 reentries), in which additional contamination occurs which
brings the total depth to 4 to 8 mils. While this minor oxygen contamination in

a local defect area has not been shown to impair the structural integrity of heat-
shield panel skins, it is believed that ceramic repairs would be more universally
utilized if such an oxygen solution zone could be eliminated.

The diffusion barrier concept would eliminate the oxygen solution zone by
inte.posing a barrier between the ceramic repair and the substrate which would stop
oxygen diffusion before it reached the columbium. The initial approach to such a
diffusion barrier was to brush plate one of the noble metals from the group cf
rhodium, rhenium, and iridium. The primary criterion for selection of these
metals was their predicted compatibility with the fused slurry silicide coatings
and their oxidation resistance. The brush plating process was selected as the
application technique because it could be readily accomplished in the field. The
initial experiments were conducted with rhodium because it was the easiest metal
to brush plate.

8.1 DEVELOPMENT AND EVALUATION OF DIFFUSION BARRIERS - The first task in
development of the diffusicn barrier concept was to determine the parameters for
obtaining an adherent plating of the two columbium alloys of interest. The Meta
Chemical Division of SIFCO Company, Cleveland, determined that preparatory cleaning
by light alumina gritblasting was sufficient to provide an adherent plating. The
light alumina gritblasting was used with the ceramic repairs and was considered a
functional cleaning method for brush plating. The cleaning and processing derived
for the uncoated alloys were applied to coated coupons having a 1/4-inch defect.

Tt was found that the rhodium plated satisfactorily on the aefected coupons (as
shown in figure 8-1) in which 0.2 mil of rhodium is applied to a defected R-512E

coated Cb=752 coupon. Brush plated rhodium diffusion barriers of 2 and 4 mils were

8-1
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evaluated in a l-atmosphcre screening test at 2400°F. In cases in winich oxidation

tests were ronducted on rhodium as the only means of protectiug the defect area, )
failure occurred within one 15-minute cycle at 2400°F. The rhodium was spalled
from the defect area by the formation of columbium oxide below the rhodium plate.
A series of specimens was prepared in w: ‘ch dzfective R-512E-coated Cb-752 coupons
were brush plated with 0.4 mil of rhodium. The plated defect areas were ceramic
repair coated with the A-1, U-1, and H-1 compositions. Each specimen was given an
oxidation exposure in air at 2400°F for 3C minutes. Ai:er this short exposure, a ®
metallographic examination was performed to determine the effectiveness of the

rhodium barrier during the critical initial ceramic fusion period. The rhodium was

found to be ineffe~tive in preventing oxygen contamination of the substrate for

each of the three ceramic compositions. The U-1 composition is shown in figure

8-2. Although the rhodium was the desired thickness (over 0.4 mil) and physically
satisfactory, oxygen diffused tnrough the rhodium, causing substrate contamination.

The A-1 repair was found to be less compatible with the rhodium than the U-1 com-

position. 1. > rhodium was partially destroyed, causing an uneven barrier coverage

with oxygen contaminztion of the Cb-752 substrate. The H-1 repair compesition was

found to be totally incompatible with the brush plated rhodium. We concluded that

the diffusion of oxygen through the rhodium is so great that rhodium is not a good

diffusion barrier within the practical limit. of rhodium plate thicknesses.

8-2
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Figure 8-2

Attempts were made to brush plate rhenium. The ruenium adhesion was satis-
factory but the rate of deposition was too slow to b2 practical. At the rates
achieved, it would require 4 hours to brush plate 0.4 mil of rhenium, an impracti-
cal time for field repair procedure. Iridium was considered to be more difficult q
to plate than rhenium and was, therefore, eliminated from consideration.

Other metals and intermetallics were considered as diffusion barriers.
Molybdenum and tungsten were candidates because of their compatibility with the
repairs and with the fused slurry silicides, their low oxygen solubility, and their
low oxygen diffusion rates. Attempts to formulate plating solutions in conjunction
with iron or chromium provided useless. A second approach pursued was toc use a

metal which would form an intermetallic compound upon reaction with the columbium

substrate. Chromium was successfully plated but proved to be incompatible with

the ceramic repair, and oxidation failures occurred rapidly. Aluminum was used by
applying foil to defect areas in coupon specimens using overlapping tack spot welds.
As was the case with the chromium, incompatibility with the ceramics destroyed the
aluminum before a columbium aluminide could be formed. While the concept of the

diffusion barrier is sound, a satisfactory combination of materials has nct been

identified.
8-3 2,
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9. PLASMA NEEDLE REPAIRS

The plasma needle is a low amperage wz2lding machine designed for joining thin
gauge materials. It employs an argon stabilized plasma flame with the electrical
arc struck within the torch, or between the torch and work place. Since the flame
is rzlatively small, quick local heating with adequate temperature control was
expected. The object was to .evelop a repair method in which the fused slurry
silicide coating could be replaced in a defective area by techniques similar to
torch brazing.

The plasma needle used was a Linde model with Torch No. PT-12. The machine
was operated in the transferred and nontransferred arc modes. Initial experiments
were conducted with uncoated and coated C.-752 coupons with gritblasted defects.
The processing cycles were performed in air with the torch mounted in an adjustable
micrometer holder over the ccupon. The coupons were instrumented on the back with
a thermocouple. The following observations were made:

a) The target temperature, 2700°F, could be achieved only with difficulty.

Overheating could burn holes through the coupons and the torch had to be

located directly over the thermocouple to stabilize at 2700°F. After

stabilizing, a lateral torch displacement of 0.050 inch produced a tempera-

ture drop of 200 to 400°F.

b) Attempts to effect reformation of the fused slurry silicide coating pro-
duced varying results. Although some encouraging melting and appareunt
reaction occurred, consistent results could not be obtained. Nonuniform
wetting of the defect area o-curred with evidence of slurry oxidation.

¢) Eguipment problems caused by reradiation from the coupon tended to over-
heat the torch.

An experiment was conducted in an argon welding chamber to isolate the cause
of the inconsistent results. Wetting and flow of the R-512E slurry occurred, but
sufficient time and temperature could not be obtained to produce the desired coat-
ing structure. Figure 9-1 shows a repair attempt in argor in which melting
occurred but the reaction of the slurry with the columbium was not achieved. The
repairs show evidence of nxidation presumed to be coming from minute amounts of
water leaking from the water cooled tor~:. A clean weld bead could be run on
titanium sheet in the argon chamber with - heliarc torch. However, discoloration
of the titanium oc.curred when weld beads were run with the plasma needle torch.

This confirmed that the plasma needle flame was not free of oxidizing gas.

9-1
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It was cencluded that the plasma needle torch was not a practical method for

repair «f the fused slurry silicide coating for *tne following reasons:

a) The flame from the plasma torch heated an area which was too small to be
used effectively in a handheld repair method. (A more diffused flame
torch might help.)

b) The flame was not sufficiently clean to allow uniform wetting of the
slurry or coating formation.

¢) The equipment was difficult to use and to control.

9-2
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lu. PLASMA SPRAYE™ REPAIRS

The field repair of coated columbium panels by plasma spraying was investigated

because of the ease and practicality of plasma spraying. "he following advantages
were identified:

a) Portable equipment can be readily used in the field

b) Repairs can be made quickly

I —

¢) The repair is fully protective as applied.

Plasma deposited coatings have been evaluated for the protection of refractory
metals with limited success. The development of new plasma sprayiong techniques
and the availability of smaller particle size spray materials have permitted the

deposition of improved coatings. The density and uniformity of the current plasma

sprayed coatings would make them high potential candidates as field repair coatings.

10.1 OXIDATION EVALUATION OF PLASMA DEPOSITED REPAIRS - The plasma spraying
was accomplished by METCO Incorporated of Westbury, New York. Of primary interest
were intermetallic compounds, which have been shown to be the most successful ?
materials for protecting the refractory metals. In addition to the intermetallics, 3
other candidate materials were evaluated for repairs.

Cb-752 coupons with the R-512E coating were intentionally defected by grit-
blasting the coating f- -1 a 1/4-inch diameter spot with 220 mesh alumium oxide.
After METCO plasma deposited various repairs to an area 1/4-inch in diameter, the
coupons were returned to MDAC for evaluation. The standard screening oxidation
test of twenty-five l-hour cycles in air at 2400°F was conducted on each type of
repair. In addition, each repair material was profile tested to the conditions
shown in figure 4-1. The exposures were conducted in sets of 10 prof.le cycles
until repair failure occurred, or until a total of 100 cycles was run. Metallog-
raphic specimens of the promising repairs were e:amined atter the screering and
profile oxidation exposures.

A summary of results for the evaluation of rhe plasma sprayed repairs is pre-

sented in table 10-1. The first series of plasma spray.l repairs includes the
oxide specimens 1 through 12 of table 10-1. These repairs were aluminum oxide and
aluminum oxide-titanium oxide composites. The powders and spraying procedures
were developed by METCO to produce high density coatings. Figure 10-1 shows the
type of early failures experienced, in which spalling of the repair ocrurred upon

cooling after the first cycle. It is believed that a combination of chemical
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Table 19-1 “‘-‘

EVALUATION OF PLASMA DEPOSITED FIELD REPAIR COATINGS

TEST CONDITIONS !
. spec| METCO REPAIR ONE J‘-\ITMOSPHERE REDUCED .
, No. | REPAIR REPARTYPE L vrcc s | OMDATION CYCLES PRESSURE TEST RESULTS
[ * | DESIGNATION AT 2400°F PROFILE CYCLES
1 130 ALUMINUM OXIDE ~ 10.6 1 - FAILED - REFAIR SPALLED
2 TITANIUM OXIDE 10 - % FAILED - REPAIR SPALLED
COMPOSITE . - =
10 | 131VF. ALUMINUM OXIDE - 5.8 1 FAILED - REPAIR SPAL_ED
12 TITANIUM OXIDE 9.9 10 FAILED - REPAIR FERIPHERY
COMPOSITE i
5 | 105SF. ALUMINUM OXIDE 10.6 1 - FAILED - SEPAIR SPALLED |
6 6.6 I - 10 FAILED - RCPAIR SPALLED
i 14 443 ALUMINUM NICKLE - 93 ! 11 - | FAILED - OXICE GROATH
CHROMIUM COMPOSITE| | | LIFTED REPAIR
16 6.2 ! - 1] |SMALL FAILURE - REPAIR
v ! i PERIPHERY
- 18 | XP137 | CHROMIUM SILICIDE 104 1 2 - ' FAILED - REPAIR CENTER
__“‘gg_} 6.6 [ - ! 30 'FAILED - REPAIR SPALLED
. 1 | XP1133 | MOLYBDENUM 6.3 | 25 i | NO FAILURES - GOD
DIZILICIDE 13 ! | APPEARANCE
: 2 6.5 1 i 100 iNO FAILURES - GOOD
4 ) | | APPEARANCE .
f; % | zB, | ZIRCONUM 8.2 ! 2 | FAILED - REACTION AT )
i | DIBORIDE ! ,_REPAIR PERIPHERY ‘
i 2] 9.9 ! 10 "FAILED - REACTION AT
- _ { REPAIR PERIPHERY
2 | TS R-IN97-5 | GLASS-CERAMIC 93 | 1 - [FAILED - REPAIR SPALLED |
3 9.9 1 - _ 10 [FAILED - REACTION #ITH
1 . SILICIDE ]
3375 2-103-2 | cLasscerwer | e 2 : NOFAILURE |
35 ; 1.0 - ! 10 {FAILURE - REPAIF. SPALLED |
3% is 1 ) B FAILED - REPAIR SPALLcD |
| 37| TS R-1033-7 | GLASS CERMET R 1 - FAILED - REPAIR SP2LLED ’
39 10.1 - 10 FAILED - REPAIR SPALLTD
i 0 10.1 13 - 'FAILED - OXIDATION REPAIR ,
i , I | , CENTER 3
‘1) SPECIMEN 33 HAD A CERAMIC REPAIR APPLIED OVER PLASMA SPRAY TO DETERMINE IF INSUFFICIENT OXIDATION
: RESISTANCE CAUSED FAILURE.
_-' %= -28a3
¢
’_ = incompatibility and thermal expansion mismatch contributed te the rallure. The
R-512E fused slurry silicide coating beneath the oxide iepair in the overlap area
spalled off with the oxide repair down to the Cb-752 substrate. ®rofile exposurcs
. resulted in the same :ype of failures rfor the spraved oxides.
[ The second type of material evaluated as a plasma Jepcsited repair was MITCO
443, This is an exothermic aluminum/nickel-chromium alloy composite. The air
10-2 _ n
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atmosphere oxidation specimen failed after 11 cycles, with a considerable volume
of columbium oxide growing beneath and lifting off the repair. The profile exposure :)
specimen had a small oxidation failure after 10 cycles. It was concluded that the
METCO 442 did not provide sufficient oxidation resistance. A series of glass
boided ceramics and cermets under the METCO designationm T/S R-1097-5, TS-4-1033-2,
anu 1,S R-1033-7 were evaluated. These materials failed in oxidation tests, both
screening and profile, at relatively short times but with some scatter. Ome
specimen, number 33, had a ceramic repair of the U-1 composition applied over the
plasma deposit. This specimen survived twenty-five l~hour cycles at 2400°F, thus
est:blishing that the glass bonded ceramics and cermets offered insufficient
oxidation protection.

A series of intermetallic plasma sprayed repairs were evaluated which showed
promise as reliable repairs. The first intermetallic material evaluated was
zirconium diboride. The 1 atmosphere screering test coupon failed at 22 hours at
2400°F by a small oxidation spot on the periphery of the repair area. The sample
wnich was profile tested experienced the same conditions at 10 profile cycles. 1In
both cases it was concluded that a subtle compatibility problem was present since
the oxidation failures were in the overlap area of the R-512E coating. Figure 10-2
shows a cross section of the zirconium diboride repair area after 22 hours at ,f)
2400°F. The amount of contamination of the columbium substrate below the repair -
was minimal. The porosity of the plasma sprayed coating appears to be the greatest
of the three intermetallic materials sprayed.

The second intermetallic material evaluated was chromium silicide. Table 10-1
summarizes the results of the evaluation. The air atmosphere oxidation test pro-
duced oxidation failures within the repair area after 22 hours at 2400°F. Part of
the repair thickness spalled off by failing cohesively after thirteen l-hour
cycles, reducing the remaining coating thickness to approximately 2.5 mils. The
profile test specimen similarly spalled a portion of the repair thickness at 20 !
cycles and general oxidation failures occurred after 30 profile cycles (see figure
10-3). A metallographic exar‘nation of the air atmosphere test specimen revealed
that the contamination below _he repair was minimal, as shown in figure 10-3. It
was concluded that a repair thickness of 6.6 mils was too thick to prevent cohesive
spalling of the exterior of the repair. Oxidation testing indicated that a lesser
thickness (approximately 4 mils) would be sufficient for oxidation resistance.

The third intermetallic material evaluated as a plasma sprayed repair wes : oo

molybdenum disilicide. The r. 1ir passed the screening oxidation test at 2400°F

10-4 o
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in 1 atmo chere for 25 hours without oxidation failure (see figure 10-4). The
metailo;- .phic examination showed that very little substrate contamination had
occurret The profile tests were conducted and no oxidation failures or adverse
rea:tiors were observed through 100 profile cycles. The metallographic examination
revealed that the repair was dense and compatible; the contamination zone in the
suhstrate was limited to about 8 mils, as shown in figure 10-4. It was concluded
thet the nolybdenum disilicide showed a high potential for being a high quality
pro~tici. repair. Further testing of the molybdenum disilicide repair was under-
tu.en anu other intermetallics, zirconium diboride and chromium silicide, which
had a lowver potential as repairs were dropped froum consideration.

The oxidation resistance of the molybdenum disilicide plasma spraved repair
was adequitely demcnstrated. However, prior to the repair of panels for structural
evaluation, it was 1ecessary to establish that the plasma spraying did not cause
disto: tion of the thin (10-mil) columbium skins being used. A single faced cor-
rugated panel (as shown in figure 3-6) with the R-512F fused slurry silicide coating
was used to evaluate tne distortion effects of plasma spraying. A series of
defect :, both 1/8-inch and 1/4-inch diameter, were gritblasted on the skins at
locations oser the v¢ ds and between the welds. Molybdenum disilicide was plasma
sprayed crer each defect, overlapping the repair of the R-512E coating by approxi-
mately 1/8-inch. A mask of 1/8-inch thick steel was employed to protect the
surroundizg area from overspray and to act as a heat sink to minimize the heat
input to the thin skin. This technique proved highly successful and the panel was
repaired in six location~ with no measurable distortion. Figure 10-5 shows this
panel after Hlasma s, .ay repair.

The plasma s :ayed repair using molybdenum disilicide was considered to be a
highly practical and effective repair fully qualified for flight simulation profile

testing on 3 by 12-inch rib stiffened panels.

10-6
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PLASMA SPRAYED MOLYBDENUM DISILICIDE FIELD REPAIR OF CORRUGATED

PANEL SHOWING LACK OF DISTORTION OF 10 MIL SKIN Y
Figure 10-5 '
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(' 11. FIELD REPAIR BY REAPPLICATION OF THiE FUSED SLURRY SILICIDE COATING
The fused siurry silicide coatings have demonstrated the longest and most

reliable protective lives for columbium base alloys. It would, therefore, follow
that a field repair -oating, based upon the fused slurry silicide coating would be
the longest life repair that cculd be expected with the current status of coating
technology. The replacement of the coating in a local defect area has the dis-
advantage that it is not as easy and practical to accomplish in the field as othe
types of field repairs. The main purpose of this study was to develop a repair
method which was simple and easy to acconplish whiie maintaining the advantage

of long and reliable protective life.

Sylvania High i=mperature Composites Laboratorv conducted the study of field
repairs methods for replacing the fused slurry silicide coating in a local defect
area. The technical effort was divided into two parts. Iritially, a new and
practical rep ~ method was developed; thern, the limitations of the method and the
applicability to thin skinned hardware were determined.

11.. BACKGROUND AND TECHNICAL APPROACH - The reapplication of intermetallic

: coatings under field repair ccnditions tar been accomplished several times in the
- (h past. The repair of LB-2 cozted columbium assemblies by two different field

repair methods was accomplished on the ASSET program and is described in reference

3
=
*
-
2
-

7. The first method employed the induction heating of the repair area with the
rvequired protective atmosthere provided by constructing an argon tent around the
-3pair area. The second method successfully employed a ceramic retort, or shell,
molac.. over the repair with heat supplied by a large oxyacetvlene torch. The
repair of 2 fused slurry silicide zcated columbium heat shield panel by Sylvania

1s described in reference . The method involved using a portable induction

IR pe—— R L

furrace. A vacuum retort is sealed to the panel to be repaired through an O-ring

R

seal, and the temperature suppliecd by induztion heating. In each of these cases
the repa‘r metinod sought to duplicate the processing conditions which were employed

in criginally rorming tre coating (see figure 11-1).

Past success in reapplving protective coatings to colimbium under field
conditions clearly demonstrated the feasibility of the general method. Two dis-
advantages were obvious 1in the past efforts. First, each cf the methods was
specialized for a particular area to be repaired, and, in the case of the three

examples cited, fthe methods cwuid not be interchangad if they were still to

11-1 Erwilig

MCDONANELL DOUGLAS ASTROMNAUTICS COMPANY - EAST

i




COATED COLUMBIUM REPORT MDC E0681
TPS FIELD REPAIR FINAL REPORT 15 SEPTEMBER 1972

457-1732

4571731
Sylvania Portable Induction Heated
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Torch/Ceramic Shell Repair of ASSET Upper Body
REPAIR METHODS USED IN THE PAST TO REPLACE ORIGINAL INTERMETALLIC COATING

Figure 111
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( maintain their effectiveness. Thus, each repair job was unique and specialized,

with associated high costs. A practical field repair method must be able to cover
a wide range of hardware locations and conditions without requiring specialized
techniques or equipment. The second disadvantage was in approximating the typical
processing time at high temperature of 1 hour. Cne hour, or even one=half hour,
at 1900 to 2500°F may be difficult to maintain without overheating backup struc-
tures or onboard equipment. Also, the maintenance of an inert atmosphere becomes
more critical and difficult with increasing processing time. To eliminate or
minimize these disadvantages, the object of the development study was to minimize
processing time and atmosphere requirements, while maintaining the advantage of

a long-life repair associated with replacing the fused slurry silicide coating.

The technical approach was to investigate the possibility of forming the coa"-
ing rapidly while maintaining the same coating structure and oxidation resistance.
A second step was to investigate potential heating sources which would reproduce
the rapid process conditions identified with practical equipment. Minimum atmo-
sphere requirements were studied to further improve the practicality of the method.

11.2 INITIAL DEVELOPMENT OF REPAIR METHOD - The initial experiment was to

(:3 determine if the processing time for the fused slurry silicide coating could be
reduced to 1 to 5 minutes without sacrificing the protectiveness of the coating.

Coupons of Cb-752 alloy were prepared and R-512E slurry was applied to a

T ——

nominal mass of 20 mgfcmz. The coupons were processed in a Brew Vacuum Furnace
in which the heating and cooling time could be minimized. Figure 11-2 shows the
heating cycle employed for this study. The processing temperatures investigated

were 2600, 2700, 2800, and 2900°F, and holding times of 1 and 5 minutes were

¢

i

employed for each temperature condition.

Each of the eight processing conditions was examined metallographically to
determine if the coating was structurally the same as that formed during a standard
processing cycle (1 hour at 2580°F). Figures 11-3 and 11-4 show the micro-

structures observed. The microstructures for the l-minute processing show normal

)

mma—: Ly el
LA
¥

coating structures at 2700 and 2800°F. Incomplete reaction is indicated at 2600°F
with excessive reaction and coarse columnar structure at 2900°F. The 5-minute
processing specimens show a normal coating structure at 2600 and 2700°F, with
excessive reaction indicated at 2800° and 2900°F. Triplicate coupons were oxida- -
tion tested to the reentry time-temperature-pressure conditions shown in figure 4-1,

and the results are presented in figure 11-5. It can be seen that the l-minute —_—

;“\

processing at 2600, 2700 and 2800°F produced a coating with a cyclic profile life

11-3
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of 200 or more cycles. The 5-minute processing gave an optimum life at 2700°F,
which is in excess of 200 reentry profile cycles. It was concluded that processing
at 2700°F would produce a coating of satisfactory quality, with temperature varia-
tions of 100°F not being of significant concern. A processing time of 1 minute was
shown to be sufficient, with up to 5 minutes being satisfactory at 2700°F. These

‘ results were considered very encouraging as the potential appeared good for

P developing a rapid coating repair method with wide prucessing tolerances and broad

-4 7/
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R-512E COATING —=

|

Cb-752 ——=

1 MINUTE AT 2600°F 400X 5 MINUTES AT 2600°F

457=1711

R-512E COATING —=

Cb-752 -

1 MINUTE AT 2700°F 400X 5 MINUTES AT 2700°F

4571712

PHOTOMICROGRAPHS OF RAPID COATING FORMATION STUDY
Figure 11-3

applicabili‘y.

Several heating sources were reviewed for applicability to a practical field

'F-j-*;"“‘"w‘ R

repair method. A focused radiant lamp manufactured by Research Incorporated,

designated model number 40-85, in which the focal point of the radiant energy was

O

1/8 inch below the shield, was selected, and an argon gas supply was connected to
cool the ’amp and provide an inert atmosphere for the repair area (see figure 11-6).
The initial experiments were designed to determine the maximum temperature attain-
able with the lamp spot heater, and its heating and cooling characteristics. “—
Instrumented coated columbium samples were readily heated to 2900°F (lamp operated
at 150 volts), and the heating and cooling rates were fouad to be more rapid than =
those experienced in the laboratory vacuum furnace. Therefore, it was decided ru
|

11=-5
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~— R-512E COATING —=

Ch-752

1 MINUTE AT 2800°F 400X 5 MINUTES AT 2800°F

457=1713

g
R-512E COATING —— i
)
Cb-752
1 MINUTE AT 2900°F 400X 5 MINUTES AT 2900°F
457-1714
»
PHOTOMICROGRAPHS OF RAPID COATING FORMATION STUDY Ficure 114
igure 1 1=
employ a processing condition of 2 minutes at 2700°F to account for the difference
in bheating rate between the lamp and the vacuum furnace (figure 11-14 shows the I
lamp in operation).
Defects were produced in R-512E-coated Cb-752 coupons by grinding a 1/8-inch
- area through the coating to the substrate. A slurry of 20Cr-20Fe-60Si was applied

to the area with an evedropper, and the radiant spot heater was used to heat the
repair area to 2700°F for 2 minutes. Examination of the resulting repair coating
metallographically showed the coating structure to be normal for the R-512E;

the thickness was considered good (2.5 mils) and no contamination or other

deletericus effects to the substrate were noted. The repair was repeated sever.i

11-6
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'_,_.. ki
times with satisfactory results. As a final demonstration of the feasibility of
the lamp repair method, five coupons of R-512E-cc .ted Cb-752 were defected and
repaired using the radiant lamp method. The coupons were reentry profile tested
per the time, temperature, and pressure conditions of figure 4-1. The testing was

terminated at 110 cycles and no evidence of coating failure was noted in any of the

11-7
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coupons. Metallographic examinations were made of the coupons after oxidation
testing, and the condition of the coating and substrate appcared normal in every

respect.

11-8
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It was concluded from this phase of the field repair development program that
the radiant lamp method of repair met all the objectives of simplicity and broad
practicality as a means of replacing the fused slurry silicide coating. The
properties of the repair coating have been shown to be more than adequate.

11.3 LIMITATIONS AND HARDWARE CONSIDERATIONS ASSOCIATED WITH LAMP REPAIR
METHOD - The lamp repair method appeared to have a high potential for being a
simple procedure for achieving reliable repair of defect sites with broad appli-
cability. A series of experiments was conducted to investigate the liritations of
the method ard to demonstrate that typical hardware could be safely repaired under
field conditions associateu with ar operational reentry vehicle.

11.3.1 Process hefinement - The initial development effort indicated that

control of the repair coating thickness required consideration. This was studied
from the standpoint of the mass of slurry applied to the defect site and the wetted
area produced. Since it was very difficult to determine the thickness or unic
weight of slurrv that is sprayed or brushed over a defect site, it was coisidered
advantageous to be able to apply the repair materials as dry preforms of uniform
thickness. Preforms were prepared by pouring an acryvlic base slurry of the R-512E
composition onto a silicone coated paper. After air drying at ambient temperature,
the flexible sheet of dried R-512F slurry was removed readily frc~ the paper and
was able to withstand punching, shearing, or nand scissor cuttir, into any desired
shape. Figure 11-7 illustrates tihe preforms cut from such a sheet.

A study was performed to determine the effect of heating rate, final tempera-
ture, and heating cvcle time on the size of the resulting wetted area and on the

structure cf the repair coating. These tests rere performed on uncoated (b-752

sheet coupons with R-512E preforms, 1/8 by 1/8 by 0.025 inch in size and having an
average unit weight of 50 mg!cmz. The cycles investigated ard the results are
listed in table 11--1. The processing sequence designated C was judged superior on
the basis of visual and metallographic observations.

In a subsequent series of tests the effect of the heating cyvcle on the pro-

tective efficiency of the repair was studied. The Cb-752 coupons were furnace
coated with approximately 30 mgfcm2 R-512E. Defects, 1,/8 by 1/8 inch, were ground
through the coating and into the base metal. A 1/8 by 1/8 bv 0.025-inch thick

(50 mg}cmz) R-512E preform was placed over the defects in :ach of the three
specimens and fired with the spot heator under three different sets of ceonditions,
as shown in vable 11-2. Two of the heating cycles were jcentical to those emploved

in the wetting study (designated B and C, in table 11-1) and the third was a

11-9 | ¥
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Preforms and Sheet
Preform in Place on Defect
357 9087 R-512E PREFORMS CUT FROM SLIP CAST SHEET

Figure 11 -7
modification of heating cycle C, designated C-2. Heating cycles C and C-2 resuited
in better wetting and in generally cleaner surfaces. All three specimens were
tested in the l-atmosphere slow cyclic test. The sample representing heating cycle
C was removed for metallographic study after 20 cycles and the other 2 were tested
for 31 cycles. No defects were noted in or near the repaired areas. A fourth
specimen which was defected similarly, but not repaired, was tested as a control
along with these three repaired specimens. It showec obvious signs of base metal
oxidation very early and, after 10 cycles, it had developed a hole through the

entire sheet thickness.

Metallographic sections through the repair areas of the coupons representing

1'-10
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Tablel11-1
EFFECT OF HEATING CYCLE ON WETTING AND STRUCTURE OF REPAIR COATING

3 HEATING CYCLE
< TIME AT
SAMPLE | = MAXIMUM AREA
5 MAXIMUM COATING STRUCTURE
NO. Q RATE TEMP%!;ATURE TEMPERATURE WETTED
12014301 | A | PREHEAT AT 900°F 2700 21,2 MIN 40X PREFORM |STRUCTURE WELL DEFINED
30 SECUPTO AREA COATING TOO THiN
TEMPERATURE IN 3 SEC (1 = 1-1 2 MILS)
1201431-2| B | PREHEAT AT 900°F APPROX 3 SEC 9X PREFORM | COATING VERY THICK
30 SEC UP TO NELTING 2400~ AREA (-5 MILS): STRUCTURE
POINT IN 3 SE2, POWER 2500 NOT WELL DEFINED
OFF
1201431-3( C | PREHEAT AT 900°F UP 2700 1-1 2 MIN 16X PREFORM [ STRUCTURE WELL DEFINED
TO TEMPERATURE IN AREA THICKNESS GOOD (ABOUT 2
1 MIN J MILS)
Table 11 -2
EFFECT OF HEATING CYCLE ON PROTECTIVENESS OF REPAIR
SAMPLE | = MAX UM Sl AREA | SLOW CYCLIC TEST
no. |28 HATE TEMPERATURE |  MAXIMUM WETTED s
" 2 5 TEMPERATURE 40 MIN CYCLES
1201434-2| B |FREHEAT AT900°F- | APPROX 3 SEC 4X PREFOR’) 31~
30 SEC UP TO MELTING 2400-2500°F AREA
POINT IN 3 SEC, POWER
OFF
1201434-1| C | PREHEATED AT 900°F - | 2700°F 1-1,;2MIN | 40X PREFORM 207
i 30 SEC UP TO TEMPERA- AREA
! TURE IN 1 MIN
1201434-3 | C-i | PREHEAT AT 900°F - 2700°F i-1.2 MIN 40X PREFORM =
30 SEC UP TO 2500°F IN AREA
1 MIN THEN UP TO
MAXIMUM IN 1 MIN
1201434-4| -~ | UNREPAIRED CONTROL | - | - = 10-*

“TEST STOPPED AT INDICATED TIME; NO FAILURES NOTED
**HOLE DEVELOPED THROUGH UNREPAIRED CONTROL SPECIMEN

457 -2880
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heating cycles C and C-2 were prepared. In each case a well formed coating roughly
equivalent to the original coating thickness covered the entire repaired area.
There was a slight buildup at the rim of the defect, but by far the major portion
of the coating from the preform went into the defect area. Most of the adjacent
area wetted was covered by a very thin layer of the repair slurry which blended
into the originzl coating. Microhardness traverses were made which indicated no
evidence of substrate contamination, thereby establishing complete effectiveness

of the revuir procedure. '

11.3,2 Repair Size Capability - Tests were performed to determine-the maximum

size area that could be satisfactorily repaired using the techniqu¢’ described
above employing the modified spot heater.

An R-512E preform, 0.350 inch in diameter, weighing 100 mg, was placed in
the center of a 1 by l-inch Cb-752 uncoated coupon. The preform was then fused
with the spot heater using a second modificaton of the heat cycle (C-3), which
consisted of preheating for 30 seconds at 900°F, heating to 2500°F within 1 minute,
continuing to heat to 2700°F within an zdditional 15 seconds, and holding at
2700°F for 1-1/2 minutes. The specimen was sectioned through the center and photo-
micrographs showing the microstructure at the centerline and at a radii of 1/8, 1/4

and 3/8 inch are given in figure 11-8.

CENTER LINE 1/4 3/8

400X

457-2870

EFFECT OF DISTANCE FROM CENTERLINE OF REFAIR ON R-512E COATING STRUCTURE
Figure 11-8
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A group of 10 coupons were R-512E furnace coated to a finished coatiag unit

weight of 18 tc 20 mgfcmz. These coupons were subsequently preoxidized in air for
one hour at 2400°F to simulate a used, coated pilece of hardware. The coating was
then remcved completely from large, circular areas by grit blasting with fused
aluminum oxide grit at 60 lbfin2 with rubber masks to prctect the remainder of the
specimen. Half of the group was stripped of a 3/8-inch diameter arez and the
remaining group was stripped of a 1/2-inch diameter area. A c¢lightly larger mask
(approvircately 1/4 inch larger than the defect diameter) was then used for cleaaning
the annular area surrounding the defect. 1in this case, steel grit was used at

29 lb,fin2 tc remove the oxide film without damaging the coating. A 0.2Z5-inch
diaseter R-512E preform, weighing 65 mg, was placed at the certer of each defected
area and fused using the C-2 heat cycle. In every case the preform wet the entire
defect plus the cleaned annulus surrounding the defect. The repaired specimens
were evaluated by l-atmosphere slow cyclic testing ard by reduced pressure reentry
simulation testing. The test conditior: and results are given in table 11-3.
Photographs illustrating every important step of defecting, repair, and proof
testing of these specimens are shown in figure 11-9. Note that not a sing.e coat-
ing failure occurred in the repaired area of any of the 10 specimens. Photomicro-
graphs of the repaired coatings after testing, shown in figures 1i-10 and !1-11,

are generally typical of R-512E coatings that have been similarly exposed. It was

L A s iSeca, AW T

Table 11-3
PROOF TEST RESULTS OF LARGE AREA DEFECT REPAIRED SPECIMENS
DEFECT 1 ATM SLOW ] SIMULATED
SPECIMEN SIZE CYCLIC TEST i EXTERNAL PRESSURE -
NO. DIAIN) 800-2400°F REENTRY PROFILE
: (NO. 40 MIN CYC) (NO. 40 MIN CYC)

120018 ~38-8 12 - 114
-10 12 - 114+ _
-11 172 - 114 4
-12 12 36* - <
-13 172 36* - é
-14 iR - 114%
-15 iR - 114++
~16 N 36" 114*
-17 A 36" -

*TOP EDGE FAILURE

Ss2crat **TEST STOPPED - NO COATING FAILURE NOTED =
11-13 s
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3’8 INCH DEFECT SPECIMENS 1°2 INCH DEFECT SPECIMENS

AFTER DEFECTING

REMOVAL OF OXIDES SURROUNDING THE DEFECT

glolopoelé

REPAIR OF DEFECT

AFTER UXIDATION TESTING
As%=#R1) RESULTS OF REPAIRING 3/8 AND 1/2 INCH DEFECT AREAS Figure 11 -9
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114 REDUCED PRESSURE PROFILE CYCLES

A

1201437-13 36 AIR SLOW CYCLES

PHOTOMICROGRAPHS OF 1/2 INCH DIAMETER DEFECT SPECIMENS
AFTER REPAIR AND TEST Figure 11-10

concluded that defects up to 1/2 inch in diameter could be satisractorily repaired

using the radiant spot heater. ; ¥
11.3.3 Repair bility Of Contaminated Defects - Since defects may occur or

manifest themselves in flight and result in contamination of the underlying sub-

strate, it is necessary to demonstrate that the repu.ir technique can be applied to

LR o R

such defect sites. Two R-512E-coated Cb-752 defected coupons were exposed in an
air furnace for 15 minutes at 2400°F, resulting in the formation of a yellowish
- columbium oxide over the entire defected areas. This treatment also undoubtedly
resulted in contamination of the columbium alloy substrate by the solution of
oxygen in the substrate. Oue of these specimens was then remasked to allow irit
2 blasting of the oxidized and contaminated area and a small annulus adjacent to the
defect. This was done with steel grit at 20 lb/in2 in order to permit removal

{ cf any additional metal in the defect atrea or coating in the surrounding area.

11-15 =
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1201437-15

1201437-18 36 AIR SLOW CYCLES

200X

PHOTOMICROGRAPHS OF 3/8 INCH DIAMETER DEFECT SPECIMENS
AFTER REPAIR AND TEST Figure 11-11

This specimen was then repaired using an R-512E perform and the C-2 heat cycle.
Both specimens were then exposed to 9 atmospheric pressure slow cycles. The
repaired specimen evidenced no sign of substrate oxidation as a result of this
exposure. The unrepaired control specimen contiunued to oxidize, resulting in a
1/4-inch diameter hole through the sheet. Metallographic examination of the
repaired coupon revealed a normal repair coating thickness and structure.

11.3.4 Repairability Of Hole-Type Defects - An experiment was performed to

evaluate the applicability of the developed repair methods to hole-type defects

and, if necessary, to modify these techniques so that the lamp method could be

11-16
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used satisfactorily. The repairs were to be accomplished by recoating hole edges
or by some combination of patching and recoating. It was also required that the
technique be applicable to the repair of hole defects in the skins of typical
panels.

The experimental specimens were ). by 1 by 0.016-inch Cb-752 coupons coated
with R-512E, preoxidized for 1 hour at 2400°F, after a 1/8-inch diameter hole was
drilled through the center. The first experiment consisted of grit blasting (steel
grit at 20 lb/inz) a 0.350-inch circular area centered over the drilled hole,
placing a 0.350-inch diameter R-512E preform over this cleaned area, and firing
the preform through the C-2 heat cycle. The specimen was supported by two 1/8-
inch diameter ceramic rails during application of the heat cycle. The coating wet
the cleaned area on the face side, but did not wet the opposite side. The specimen
was tested in the atmospheric slow cyclic test and showed substrate oxidation at
the hole defect after the first cycle. This experiment was repeated with two
changes: a washer preform was used in place of a solid disc, and the hot spot
placed off center rather than over the hole. Results were identical.

In the next experiment a washer-type R-512E preform was placed over the grit
blasted hole area. This assembly was then sandwiched between two pieces of R-512E
coated Cb-752 of which the bottom piece had been preoxidized. This whole assembly,
sketched in figure 11-12, was then fired through heat cycle C-2. After firing,
both the top and bottom coated Cb-752 sheets readily parted. The coating appeared
to have completely wet the cleaned area on the front face, the cut hole edge,
and some of the backface adjacent to the hole edge. This specimen was slow cycle
tested in air for 14 standard test cycles with no evidence of substrate oxidation.
Photomicrographs of sections through the repaired hole edge after oxidation testing
are included in figure 11-12. Apparently the bottom sheet serves to form a faying
surface which helps to draw the fused coating materials around and ovur the hole
edge by capillary action and hold it there long enough for it to react with the
base edge and with the oxidized back surface which it normally would not wet. The
top sheet acts as a heat transfer agent, capturing the most intensive heat flux
over the iiole which would otherwise be lost and transferring it to the preform
and sample by conduction and reradiation.

Efforts then were directed to adapting this procedure to make it applicable
to typical panel configurations. Obviously, in many panel designs, one cannot
readily position a backup sheet under a hole defect. The first attempt at repair-

ing a hole in a simulated panel face sheet was performed by placing a defected

11-17 = 5]
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specimen across the open end of a small folded columbium box, placing a washer-
type R-512E preform around the defect, covering the area with a smal.l coated
Cb-752 coupon, and firing this assembly through heat cycle C-2. The coating did
not wet the hole edge or the back side surfaces adjacent to the defect, and the
specimen showed substrate oxidation all around the hole after one slow air cycle.
Obviously, the absence of the backing sheet was crucial.

In the next experiment a small, uncoated columbium plug was pressed into the
hoie, the R-512E preform was put in place and subjectea to the (-2 heat cycle with
the spot heater. After firing, it appeared that the entire cleaned area of the
face side and all the plug surfaces, top and bottom, were wetted and coated, and
that the plug had been brazed into the hole. The specimen was exposed to two air
slow :ycles (with no evidence of substrate oxidation) and subsequently was
sectioned for metallographic examination. Figure 11-13 shows the repair apparatus
schematically and includes photomicrographs througin the patch repaired nole. The
hcle edges were protected by coating and the plug was well coated. Again, this
was a result of capiliary action in the crevice between the plug and the hole edge,
drawing the coating down over the edge where the ncrmal good wetting properties of
the fused silicides on uncoated columbium resulted in complete coating of the plug.

11.3.5 Evaluation Of Panel Distortion - A small 7 by 7-inch R-512E coated

single faced, vee-corrugated panel fabricated from 0.012-inch Cb~752 was defected
and repaired using the techniques described above. The ohject was to evaluate the
ability of these techniques to accomplish repairs in typical hardware, and to
determine the extent of panel distortion caused by this procedure.

The panel was defected by grinding through the coar‘ng approximately 3 mils
into the substrate. An R-512E preform v s placed over the defect and the standard
C-2 heat cycle was applied with the spot heater. This procedure is illustrated
in figure 11-14. Dial guage readings were taken at numerous points on the panel
face before and after the repair procedure, with the panel unrestrained (lightly
taped to surface plate). Three séparate repair cycles were performed. The first
repair caused an average depression between the welds of 5 mils with a maximum
displacement of 13 mils. The second repair attempt produced similiar, but slightly
less, distortion. During the third repair sequence, an average inward displacement
of 7 mils occurred with a maximum distortion being 30 mils. 1In most cases the
displacement was below the plane of thec skin between the corrugations.

Repairs 1, 2, and 3 to the corrugated panel did not wet as well as previous

repairs nerformed on specimens using the same parameters, probably because of the

! 11-19 /
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457207 REPAIR OF A HOLE IN A SIMULATED PANEL FACE SHEET Figure 11-13

loss of heat from the repair site to the panel and into the metal surface plate.

Another repair was made the same way, except that a

sheet of Silfrax insulation

was placed between the panel and the surface plate and the spot heater was lowered

so that its housing contacted the panel. The repair produced by this modified

procedure wet an arvea essentially equivalent to that produced on specimens in the

earlier work. 9bviously, in practice, some minor variations in procedure and ir

processing parameters will have to be made to account for variations in panel rize
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$POT HEATER ON PLACE HEATING CYCLE
PANEL REPAIR SEQUENCE

Fiqure 11-14
and construction, surface conditions, location of defect and size of defect.
Another 7 by 7-inch single faced, corrugated panel fabricated of C-129Y alloy
and coated by VAC-HYD with the VH-109 process was similarly defected, repaired and
subsequently evaluated for effectiveress of repair and for the extent of distortion
caused by the repair procedure. Two sites were defected by grinding through the
coating into the substrate. Surface height measurements were taken along a line
parallcl to and 1 inch from the revair line with the p-nel lying unrestrained on
a su: face plate. The distortion which occurred was similar to thac noted for the
R-512E coated Cb~752 ranel. The distortions were generallv down or inward close

to the repair sites because the test panel face sheets were generally dimpled down-
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ward between the stiffeners. A few isolated sites on each panel were found in ,

which the face sheets were bowed upward 2nd, when simulated repair runs were made
at these locations, the distortion in eack case was upward. Both repaired | by 7-
inch panels wer~ given a l-hour, 2400°F, l-atmosphere a.r proof test after repair.
The defect sites all apoeared to be fully protectec by the repair precedures
developec in this program.

While the evaluation of potential skin distortion was only qualitative, the
results indicate that possible distortion could occur and wculd have to be con-
sidered in actual field repair applications. It is believed that distortion wouid
not be a prohibitive factor in most cases.

11.4 OBSERVATTONS AND CONCLUSIONS - Field renair achioved by replacing the
fused slurry silicide i1n a defect area employing the focused radiant lamp spot
heater is considered a successful method ready for structural testing. The repair
method meets the original requirements of a simple and reliable field repair
prucedure. The equipment required is verv inexpensive, the repairs are accomplished
quickly without special atmosphere or sea's, and the repair lives are well in

excess of 100 cycles under reentry conditions.

ot -
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12. FLIGHT SIMULATION TESTING OF FIELD REPAIRS

A major objective of this program was to develop reliable repair methods and
orocedures which are easy to accomplish in the field. Establishing the perfor-
mance and reliability of the repairs requires an evaluation procedure which
realistically imposes the operational and environmental parameters which the field
repairs will experience in service. The test conditions defined in Task I (as
reported in section 4) included boost acoustic loading, boost and landing static
loads, and simultaneously imposed reentry parameters of temperature, air pressure,
and stress as a function of time. Each is an important parameter in evaluating
the combined effects of predicted service. The evaluation used a panel of typical
hardware design, rib stiffened and of a realistic size, 3 by 12 inches. Since the
main function of the field repairs is to proteci the columbium panels from oxida-
tion so that the load bearing properties can be maintained, the proper criterion
for evaluating repaired panel performance is the ability to carry design loads
under simulatec flisht conditions. The purpose of the evaluation was to demon-
strate that the field repairs developed would adequately protect coclumbium heat
shield panels and maintain structural integrity under simulated flight conditions.
The repairs w'..ch demonstrated this functional protection for more cthan 100
missions were put on full-size (20 by 20-inch) rib stiffened panels for evaluation
by NASA-MSFC.

Two groups of rib stiffened panels with field repairs on the external skin
were tested under simulated flight conditions. The first group of panels was used
to evaluate ceramic ana silicide coating replacement field repair methods at a
midpoint in their development. Although the field repairs generally performed
well, the panels did not perform tc expectations. A second set of rib stiffened
panels was fabricated and coated to improve the panel performance and thus make
possible better evaluation of the repair coatings. The final repair developments,
including ceramic compositions, the lamp repair method and the plasma sprayed
repairs, were tested on the second set of panels.

12.1 REENTRY PROFILE TESTING PROCEDURE - The evaluation of the field repair
coated panels was accomplished in the apparatus illustrated in figure 12-1.

A 7-inch diameter Astro Furnace was modified to provide for a vacuum sealed load-
ing rod to pass through the bortom of the furnace. The tour-point loading fixture

(described in section £) was attached to an electric drive motor through a strain

12-1
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FLIGHT SIMULATION TEST FACILITY USED TO EVALUATE 3 BY 12-INCH

RIB STIFFENED PANELS
= Figurr: 12-1

link which was automatically controlled to foilow a predetermined bending stress
profile. Air pressure and temperzfnre were automatically recorded and controlled

to follow their respective profiles.

-t

The test conditions empleved were to be the same as these emploved with the

1 by 4-inch panels tested in Task I of the prugram and reported in section 6.

Since it was found that the larger Astro Furnace could not be ~ooled as gquickly i
as the smali furnace, a l-hour cyvcle was selected vo replace che original 45-

minute cvcle. The same time and temperature relationships were maintained between i
the two profiles. The total time above 2000°F was 1200 seconds, above 2200°F was

780 seconds, and at 2400°F was 300 seconds. The difference between ths profiles

occurred in the conling time below 2000°F. The large furnace cooled to approxi-

mately 1100°F at the end of the I-hour cvc'z. The ascent load of 77 percent of
room temperature rib tensiie¢ ultimate vield load was applied before ecaca series

of reentrv profile cvcles. This functiconed as a proof load to cetermine whetio”
the previous cvcie had impaired the lecad bearing capabilities. The stress profile
was expanded to a l-hour cvele bv emploving the same temperature/stress relation-

ship used in the original test profiile. The air pressure profile increased fror

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - EABT
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REENTRY PROFILE TEST CONDITIONS

results obtained in testing the 1 by 4-inch panels described in section 6.
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12.2 BOOST ACOUSTIC TESTING PROCEDURE - The general procedure used for the
first grovp of panel specimens was to determine the frequency and decibel level
The

9
required to proluce 4000 1b/in~ (rms). Stress level selection was Lased upon the
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1 by 4-inch rib stiffened panel specimens which were acoustic fatigue tested indi- )

cated that the ranuom loading fatigue limit for the columbium substrate was
10,000 lb;’in2 (rms) for 800,000 cycles. The rib was the critical member :n the
rib stiffened parel design, with the rib stress being 2.5 times higher tlan the
skin stress. 7The 4,000 lb,’in2 (ms) skin stress corresponds to the 10,000 lbfin2
(rms) limit stress of the ribs. After the frequency and decibel level necessary
to achieve 4,000 lb.f’in2 (mms) skin stress were established, each of the repair
coated panels was evaluated at the same conditions for 28.6 seconds for ¢ach

profile cycle, the time corresponding to 800,000 cycles for 100 panel prc¢file

exposures.

The calibration was accomplished using a Cb-752 3 by 12-inch rib st: ffened
panel identical to the panels which were profile tested, except that the calibra-
tion panel did not contain the iepair ccatings. The panel specimen was ‘nstru-
mented with a strain gage (3-element 45-degree strain rosette) in the center of

the load area. A special acoustic fixture was fabricated to support the panels in

-t
.

a simple supported configuration. The fixture consisted of two V-shaped clamps
mounted on eact =nd of a steel plate. The panel was installed within the clamps
of the fixture to obtain a pin-ended clamp condition on each end of the narel. -)
Machined aluminum blocks were positioned in each end of the panel between the load
pads and the skin to prevent the panel webs from buckling when a preload was
applied to the panel by the clamp assemblies. A double-walled test chamber of
1 ft2 cross-sectional area was positioned in front of an acoustic horn. The panel
and fixture assemblv was then installed in the test chamber. A bcx cons:tiructed of
wood and filled with acoustic insulation was attached over the back of the panel o
to reduce the sound pressure incident upon the backside of the panel. Photographs
of the panel and acoustic fixture assembly are presented as figures 12-3 and 12-4.
The calibration panel was initially excited sinusoidally from 50 to 500 Hz
at an input acoustic level of 161 db. Sinusoidal excitation was used to ideatify
the panel's predominant bending frequencies. The outputs of the strain rosette

and microphone were recorded on FM magnetic tape. The frequency response plots

L.

were obtained by using a log ratio computer which plotted the ratio of the
recorded response strain amplitude to the recorded input pressure amplitude as a
function of frequency. The signals were filtered using a dual-channel tracking
filter employing 5 Hz bandwidth filters b_fore obtaining the ratio. The exciter/

acoustic system was fully attenuated below 50 Hz and above 500 Hz due to the ‘ =

12-4 [ [N

AMCDORNANELL DOUOLAS myncl COMPANY - EAST




COATED COLUMBIUM REPORT HDC EO681
TPS FIELD REPAIR FINAL REPORT 15 SEPTEMBER 1972

ACOUSTIC TEST APPARATUS

e

T Figure 12-3
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RIB STIFFENED PANEL IN ACOUSTIC FIXTURE -

Figure 12-4
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characteristics of the system. The acoustic level on the calibration panel was
increased until the rms stress level, determined from the output of the strain
gage, measured 4000 lb/in2 (rms). An acoustic level of 167 db was rejuired to
obtain 4000 1bfin2 (rms). All subsequent panels were subjected to the same random
acoustic environment as used for the calibration panel. The repair coated rib
stiffened panels were alternately tested thermally and acoustically after every

10 cycles until structural failure on the panel occurred.

The testing of the second group of rib stiffened panels was conducted in a
similar manner to that of the first group with a few exceptions. The pin-ended
support was changed to a floating support to eliminate the possibility of local
damage to the coating by repeated preload in the clamp area. This change in sup-
port required a recalibration whick was conducted as described above. The second
change involved the test stress level which established at 3,080-1b;’in2 random
mean skin stress. The original 4,000-1bfiu2 rms was selected because [t was
determined to be the rib failing limit at 800,000 cycles. The evaluation of the
first group of panels and other related testing (reference 10) confirmed this
(4,000 lb/:ln2 rms) as the limit stress. Therefore, a level of 77 percent of the
established limit stress was selected as a realistic testing level. The acoustic
exposure was conducted after each series of 22 profile cycles for a time of 660
seconds. The number of profile cycles per series was increessed from 10 to 22
cycles to accommodate 3-shift testing.

12.3 PANEL EVALUATION - GROUP 1 - The first group of 3 by 12-inch rib
stiffened parel specimens was fabricated and coated per section 3.3. The testing
was conducted midway in the development of the field repairs and represénts
preliminary results. The structural performance of the panels prohibited a full
evaluation of the repairs which necessitated making the second group of rib
stiffened panel specimens.

12.3.1 Panel Specimen Preparation - Prior to applying the field repair

coatings to be evaluated, standard defects were gritblasted through the fused
slurry silicide coating on the panel skins. Gritblasting was selected as the
method of defecting because the size, shape, and depth of the defects could be
accurately reproduced. A suction-type gritblaster was used at 40 lb/ir-.2 air
pressure with 220 mesh fused aluminum oxide. A template with a 1/8 or 1/4-inch
diameter hole was employed. The change of color between the coating and substrate
was used to determine when all of the coating had been removed. Figure 12-5 shows

the defect pattern selected. Two defect locations were used for each repair, one

12-7
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REPAIR SITE LOCATIONS FOR 3 by 12 INCH PANELS
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Figure 12 -5

directly over a rib and a second halfway between two ribs. Taule 12-1 presents
the type, size, and location of the repair coatings evaluated.

Each of the four panels had two 1/8-inch diameter defects gritblasted at
locations d and e. The panels were then sent to Sylvania for repair coating, P
employing the method of replacing the fused slurry silicide coating with the
focused radiant lamp. At this point, Sylvania was only halfway through the devel-

WG

opment effort for this methed. However, the method had proved satisfactory on

coupon specimens, and typical hardware experience and test data would be valuable

ot s e
.

in guiding further development. Al!so, a second set of 3 by 12-inch rib .tiffened
panels would be tested at a later date. Sylvania employed the general procedure
iescribed in section 11,2, One drop of R-512E slurry was placed on the defect
area, which was then heated to 2700°F ancé held for 2 minutes. The thickness of
the repair arcas was believed to be marginal, “ased upon nondestructive coating
thickness evaluations. It was decided to repeat the repair procedure on two of ) BN

the four panels. Panels SYL 6 and VAC 11 were double repaired and panels SYL 4

12-8 L -
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( Table 12 -1
FIELD REPAIR COATINGS EVALUATED
REPAIR TYPE
REPAIR SITE DEFECT SIZE DEFECT Cb~752/R=512E C-129Y VH-109
DESIGNAT\ON | (DPIAMETER-IN.) LOCATION PANELS PANELS

_ a 1/4 OVER RIB CERAMIC A-1 CERAMIC H-1
b b NONE - - -

c 1/4 BETWEEN RIBS | CERAMIC A-1 CERAMIC H-1
t d 178 BETWEEN RIS | SYL R-512E /LAMP SYL R-512E /LAMP

& 1/4 BETWEEN RIBS | CERAMIC P-1 OPEN SITE

f 1/8 OVER RIB SYL R-512E/LAMP SYL R-512E/LAMP

g 174 OVER RIB CERAMIC U-1 CERAMIC U-1
¥ h NONE - - -
i_ i 1/4 BETWEEN RIBS | CERAMIC U-1 CERAMIC U-1
:: i 174 BETWEEN RIBS | CERAMIC H-1 CERAMIC P-1
;E- k 1/4 OVER RIB CERAMIC P-1 OPEN SITE
& iSTosean 1 174 OVER RIB CERAMIC H-1 CERAMIC P-1
and VAC 10 were left with the single repair cycle. The appearance of the ESylivania b

!: lamp repairs before testing is shown in figure 12-6. The physical appearance was
considered good. One panel, SYL 6, had a small depression in the coating located
0.2 inch from the defect area and on the outer periphery of the overlap area,

as noted in figure 12-6.

!

¥

£
'-9!
3
S
e
|

After the lamp repairs were completed, the remaining 1/4-inch defects were
gritblasted on the panel skins and ceramic repaired. The repairs were applied

according to the procedure described in appendix C. The repairs were furnace fused

j simultaneously at 2050°F for > minutes. Table 12-1 gives the designations of the
four ceramic compositions applied to the Cb-752/R-512E panels and the three compo-
! sitions applied to the C-129Y/VH-109. Figure 12-6 shows the ceramic repairs prior
i to testing.

“ 12.3.2 Results of Profile Test Evaluation - Resuvlts of the profile evaluation
< of the 3 by 12-inch rib stiffened panels are summariz=d in table 12-2., Most of the

field repairs performed well in preventing oxidation of the columbium substrate.
The panels did not structurally perform up to expectations because of early
acoustic failures or poor coating performance, independent of the repair sites on s

the paiiel skins. Results of each of the four panels will be discussed separately.

12.3.2.1 Profile Evaluation Results of Cb-752 Panel SYL-4 - The R-512E ccat~-
- % ing and repairs previously described were applied to panel SYL-4. It then
12-9 <
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REPAIR SITE a

{
i Cb-752 Panel SYL-6 IX |
REPAIR SITE 2 |
_}
»
TYPICAL APPEARANCE OF FIELD REPAIR COATED
PANELS PRIOR TO TESTING
437 -2837 {See Table 12-1 for Repair Designations) Figure 126
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Table 12-2

OXIDATION TEZT RESULTS OF FIELD REPAIR COATING SITES

TYPE AND LOCATION OF REPAIR SITES

SYLVANIA R-512E
SPEC T T ] OXIDATION CYCLES -
NO. At ue = 3 REASON FOR
A-LR | A-1BR | P-IR |P-IBR | U-0% | U-1BRH-IR | H-1BR | peonipp | REPMIRBR | reqmmaring JesT
SYL-4 | 20NF | 20F'2' | 20NF | 20NF | 20NF | 20NF | 20NF | 26NF | 20NF 20 NF 20 - ACOUSTIC
. PANEL FAILURE
! l =5 T
SYL-6 ,BONF | 80NF | SONF | BONF [ 4071 | BONF | 70F | 20F 10F 0F | 80 - ACOUSTIC
- PANEL FAILURE
1 =ik S—
vac-1y | NOT | NOT 50 NF I SYNF | SONF | SONF | SONF| SONF | SONF 10F 50 - EXCESSIVE
TESTED | TESTED l = PANEL
| CEFLECTION
I | L
VAC-11 | NOT |'NEIT 100 NF .' 100 NF | 100 NF 100 NF | 100NF | 30F 100 NF I 100 NF ' 100 -
| TESTED | TESTED 1 |
"I'REPAIR CHIPPED DURING THIRD ACOUSTIC EXPOSURE SYMBOLS:
(2) FAILURE CAUSED BY INTERFERENCE WITH LOADIN  .XTURE F - FAILURE

NF - NO FAILURE
R - REPAIR CVER RIB
BR - REPAIR BETWEEN RIBS

457 -2847

experienced a total of 20 profile simulations and two 286-second acoustic
exposures. The panel failed in acoustic fatigue during the second acoustic
exposure, and is shown in figure 12-7. The acoustic failure was judged to be
unrelated to the repairs on the skin. One A-1 ceramic repair located at repair
site c failed after 20 profile cycles, Lut it shculd be noted that this repair was
damaged by the fixture load rod during the Zinitial 10 exposure cycles.

After the initial set of 10 profile exposure cycles, numercus in_ipieant coat-
ing failures were noted on the reverse side of the panel on the edges of the ribs.
This condition had been noted on the ribs of other R-512E coated panels (refer-
ence 6) and was assumed to be caused by a thin coating on the rib edges. There-
fore, the rib edges were repair coated with the U-l compositior after the initial
set of 10 exposure cycles, and further oxidation of the rib edges was eliminated.
Metallographic examination of a rib edge confirmed that the R-51ZE coating was
thin. Minimum thickness noted in four different areas sectioned was 0.3 mil.

Panel SYL-4 was metallographically examined to determine the status of the

12-111
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PANEL SYL-4 AFTER ACOUSTIC FATIGUE FAILURE e

repairs. The cerami~ repairs appeared basically as expected. The depth of con-
taminat?on because of oxygen solution below the repairs was slightly more extensive
than that noted in profile exposures of repair coupons where the bending stress
was absent. Sylvania's nondestructive inspection results of thin coating were
confirmed. Although an oxidation failure was not initiated, the substrate shows
oxygen contamination and failure would be expected to cccur in less than 100
profile cycles.

12.3.2.2 Profile Evaluation Results of Cb-752 Pznel SYL-6 - The second R-512E

coated Cb-752 alloy panel was repair coated as previously described and was iden-
tical to parn.. SYL-4. Panel SYL-6 failed in the boost acoustic simulation cycle
after 80 reentry profile exposure cycles and 7 intermediate acoustic exposures of
286 cycles each. The failure was similar to the acoustic fatigue failure
experienced with panel SYL-4 shown in flgure 12-7. The panel and coating performed
well through the 80 reentry profile exposure cycles. The edges were assumed to be
thin (as previously described) fer panel SYL-4, and the U-1 ceramic repair compo-
sition was applied to the edges of the rilks prior to testing.

The repair area prior to testing is shown in figure 12-6, while the repair
area after 80 flight simulation cycles is shown in figure 12-8, Ceramic repair
compositions A-1 and P-1, applied over and between the ribs, did not experience
any oxidation failures through the €0 reentry profiie cycles. The U-1 ceramic
repairs located between the ribs did not fail in oxidation through tne 80 profile
cycles. The second U-1 site (located over a rib) failed after 40 profile cycles.
The failure initiated in a chipped area of the repair, which occurred during the
acoustic exposure after 30 profile cycles, and is che only case noted in which a

ceramic repair was damaged during acoustic exposure. Each of the oxidation

12-12
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REPAIR SITE a |

REPAIR SITE |

REFAIR AREA OF PANEL SYL-6 A “TER 80 PROFILE REENTRY CYCLES

l. 457 -2838 Figure 12 -8

failures was repaired with the U-1 ceramic composition to provide r:xidation pro-
tection during subsequent testing of unfailed repairs. The H-1 cerawic composition
proved to be the poorest, with 1 repair site failing after 20 profile reentry
cycles, and the second site failing after 70 profile cycles.

The repairs effected by replacing the R-512E coating employing the focused A
radiant lamp failed after 10 profile cvcles in 1 case, and after 20 prefile cycles .
in the second case. Figure 12-9 shows the failure of the lamp repair over the rib
at repair site f after 10 reentry profile cycles. The oxidation failure occurred
at the periphery of the heat affected zone of the repair area approximately 0.2
inch from the 1/8-inch defect gritblasted in the coating. It can be noted from
figure 12-8 that the actual defect areas in which the coating had been removed had
not failed after 80 reentry profile cycles, but there was a tctal of 5 oxidation
failure spots on the periphery of the 2 lamp 1epair sites.

12.3.2.3 Profile Evaluation Results of C-129Y Panel VAC-11 - The initial

C-129Y alloy panel was coated with the VH-109 fused slurry silicide coating and

was repair coated a. eight sites as described above. The panel was exposed to

12-13 -~
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[

ORIG!NAL 1 8 IN.
DEFECT AREA

PERIPHERY OF

HEAT AFFECTED ZONE
4.8%
Enlarged View of Lamp Repair Site f
Showing Oxidation Failure
i PANEL SYL-6 AFTER 10 REENTRY PROFILE CYCLES Figure 12-9 )

100 reeatrv pressure oxidation cycles with only 1 repair failing in oxidation.
The panel structural performance was secerclv limited by poor coating performance,
and the loading had to be terminated after 20 reentry profile exposure cvcles.
he performance of the repair sites was considered very good. Figure 12-10
shows the repair area of panel VAC-il after 100 cvcles. The only repair oxidation
f' faiilure vas a ceramic H-1 compesition at repair site i, which failed between
expooure cvcles 20 and 30. A small hole was oxidized through the skin, fo .ing :
the assumption that the cxidation failure occurred during or shortly ziter the :

twestieth cvcle. The second H-1 repair site, as well as the U-1 and P-1 ceramic

repairs and the two lamp vrepairs, perfcrmed satisfactorily through 100 cycles. i
- The structural serformaace of the VAC-11 panel was posr. An excessive amount '
of deflection and general coating oxidation failure of the ribs were noted after
20 reentry pro.ile exposure cycles. The panel deflection, 0.22 inck in the center
-3 s oi the load span, was considered :n censtitute a structural failure, and all sub-
sequent dynamic acoustic and static loading was terminated. All profile exposure —

cycles greater than 30 rere conducted using the time, temperature, and air pres-

12-14 [ -2
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REPAIR SITE a

H-1 OXIDATION
FAILURE OCCURRING
AFTER 30 CYCLES

1X

PANEL VAC-11 AFTER 107 PROFILE CYCLES SHOWING
457-2640 GOOD REPAIR PERFORMANCE Figure 12-10

sure of figure 12-2, without emploving the stress profile.

The coating was found to be failing in several locations after 20 reentry
profile cycles. Extensive and generalized coating failure occurred or the ribs.
The extensive area affected and the severity of the oxidation permitted a con-
siderable volume of oxygen to dissolve and react with the rib. This generalized
condition is believed to be responsible for the excessive amount of panel deflec~
tion. The mechanism of high elongation during prufile cyzling is believed to be
caused by the internal oxidation of the hafnium with concurrent loss of its solid
solution strengthening benefits. In addition to the oxidation failures on the
ribs, extensive oxidation failures occurred on both ends of the panel in the load
pad area. One panel, without repair coating, was sectioned ror metallographic
examination of the coating structure and of the thickness in the areas found to be
failing prematurely. It was discovered that the coating thickness was uneven and
thin on one suriace of the ribs and in the load pad area. Rib cecating thickness
was found to be uneven, reaching a minimum of 0.7 mil per surface. The coating

thickness in the load pad area was a minimum of 0.4 mil. The codting was 3.5 to
12-15
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4.5 mils per surface on the exterior of the skin and the coatirng performed well.

2.3.2.4 FProfile Evaluation Results of C-129Y Panel VAC-10 - The second

C-129Y panel was coated and repaired in the same manner as that used for the pre-
viously described panel VAC-1l. Punel VAC-10 experienced the same type of nnor
structural performance as panel VAC-1l. Excessive panel deflection caused termi-
nation of the loading after 20 reentry profile cvcles. The temperature and air
pressu.e profiles were terminated after 50 cycles, at which time oxidation failures
cccurred at only 1 of the 8 repair sites.

The three ceramic repair compositions being tested, H-1, U-1 and P-1, each
appeared in excellent condition. One of the Svlvania larp repair areas, site d,
had a small coating failure after 10 reentryv cvcles. This was a repair site which
was single-cycle repaired and was suspected to be thin (see paragraph 12.3.1).

Panel VAC-10 experienced a general coating failure in the middle of the center

¢, rib. The cocating failure on cone rib surface caused a bow in the rib due t~ the
4 unbalanced compressive stresses on tha two opposite surfaces of the rib. (Cocling ]
Y from the coating process causes a comdressive stress in metal due to thermal expan-

sion differences.) The coating failure and bow in the ribt are shown in figure 12-19.
The bow in the center rib caused the tensile stress of the reentry load profile “)

ro be carried by the two outside ribs and an excessive deflection (0.16 inch) e

s i e Wi+ il

cccurred. On the second series of profile load cycles, the stress was reduced by i

33 percent to account for the 1 rib which was not carrying its share of the load.

PR

By the end of 20 profile cvcles, the remaining 2 ribs were experiencing generalized

coating failures, the panel deflection had increased to 0.18 inch, and the applica-

tion of lecads during profile cycling was terminated.

12.3.7 Results cf Brost Acoustic Load Exposures - The results of the acoustic

expcsures for group 1 panels were generallv poor. The CE-752 panels tested, a

total »f three, showed considerable variation in the number of cycles, or total

- n.v—-uw.'“-—..‘- .

exposure time, to failure. Tae C-129Y alloy panels being profile tested received

very few acoustic exposure cycles, since excessive panel deflections occurred

early in testing and structural loading was terminated. One C-1297 panel without

L"!-‘M'.wn-m—n-r-r.-ﬂ,-. SR,

repairs or thermal cycles was exposed tc a full 800,000 cycles without failure.
The analysis of the acoustic fatigue resuits was vigorously pursued to insure that
the problems experienced in these panels could be rectified prior to testing the
second group of rib stjiffened panel specimens.

The results of thre acoustic testing are sum .arized ir table 12-3. The first

il panel to fail in acoustic exposure festing was Cb-752 lloy specimen SYL-4. The
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Toble 12-3

TEST CONDITIONS USED FOR EVALUATING FIELD REPAIR COATED RIB STIFFENED PANE'S

ACOUSTIC
PANEL | ALLOY AND NUMBER
CONDITION EXPOSURE RESULTS

NUMBER COATING TIME sEconps) | OF CYCLES
SYL—4 FIELD S2PAIRED AND 570 150,000 SKIN AND RIB FAILURE

s ALTERNATE PROFILE
SYL=6 i EXPOSURES 2290 605.000 SKIN FAILURE PARALLEL

; TORIB

RSIZE ™ot RePARED SKIN FAILURE PARALLEL

SYL= '
= NO THERMAL CYCLES AL . TORIB
RIB BOWING PER PARAGRAPH
VAC-10 0 0 7.3.4 PRECLUDED ACOUSTIC
FIELD REPAIRED AND TESTING
C-129Y AL;ERN&‘EFE PROFILE PANEL DEFLECTION PER
AND EXPCSURES PARAGRAPH 7.3.3
Tt VH-109 = SR8 TERMINATED ACOUSTIC
TESTING WITHOUT FAILURE.
NOT REPAIRED
s
437 -2849
failure occurred after 20 reentry profile cycles and during the second acoustic 3

exposure cycle (570 seconds or 150,000 cycles). The failure was extensive, as
shown in figure 12-7, and included fracture of the skin parallel and adjacent to
the rib welds and fracture of two ribs in the center of the panel. The original
analysis of the panel indicated that the ribs were the most highly stressed and
should fail prior to the skins. However, the failure occurred at less than 20
percent of the predicted number of cycles. Because of the extensive damage, it
should be noted that after the initial failure, independent of where it occurred,
the dynamic response of the panel was significantly changed and was no longer

represented by the conditions =stablished by the calibration panel. The following

questions were posed by the failure:
a) Was the failure initiated in the rib, leading to excessive amplictude
and skin failure?
b) Was the failure initiated in the skin, leading to rib instability and -
failure?
c) Were the field repairs the cause of, or a contributor to, the failure?
d) Were the skin buckles related to the failure?

12-17 i
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e) Were the welds of inferior quality, causing early failura? ‘;

f) Was the failure caused by scme unique zbnormality of the panel or

test procedure not considered in the originai analysis?

Answers to these questions were sought by examining the failed panel by
metallographic and fracture analyses. The fracture surfaces were smeared by the
surfaces rubbingz together zfter failure and no conclusions could be made about
the failure init:ation site or sequence of failures. Metallographic analysis
revealed a few « her cracks adiacent to the failure sites, but specific conclusions
were impossible. Unfortunately, the analyses of the SYL-4 panel were pnot able to
answer any of the above questions or indicate a probable cause of the poor perfor-
mance.

Two panels which did not have repairs on the skin and had not been thermal
cycled were acoustic tested to failure or to 800,000 cycles. The C-129Y panel,

VAC-7, survived the test without failure or damage. The Cb-752 panel (SYL-3)

failed after 300,000 cycles. The failure occurred in the skin parallel to the

ribs in the same manner as that observed with the previous panel, except that the

ribs remained intact. Metallographic sections were prepared which showed a signi-

ficant number of fatigue cracks in the Cb-752 substrate adjacent to the fracture )
plate. These fatigue cracks were present in both the weldments and in the unwelded :

shect. The following conclusions were indicated from the results of this test:

a) the skin failures were not initiated from the ribs failing :
b) the field repairs were not a major factor in failure initiation of the !
skin
c) the failures were a normal acoustic fatigue failure and not an-anomaly ; q
of the panel or test procedure. |
i

While several questions were resolved, the cause of the skin failures was
not yet established. ¥
The final Cb-752 panel, shown in figure 12-11, to fail in acoustic exposure i
was panel SYL-6 which failed after 605,000 cycles. The panel had experienced 80 ‘
reentry profile cycles. This length of time at elevated temperature was sufficient =)
to allow a thin layer of coating oxide to be formed on the panel skin. This oxide
layer showed compression spalling in several areas which were 0.4 to 1.0 inch in
length and parallel to the rib welds. The spalled areas were coincident with the -
skin buckles, which were concave below the nominal plane of the skin and were
located only on the side of the rib which was a concave buckled surface. Figure —

12-12 indicates the location of these spalled areas. It was established that sucii
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LS —

o ———

PANEL SYL—6 AFTER 80 REENTRY PROFILE CYCLE SHOWING
e AREAS OF ACOUSTIC FATIGUE FAILURES Elasre 131

RIB WELDS

i o»
¢
~
b
-4 i
(White Arrows Show Spalled Areas)
FAILED AREA OF PANEL SYL-6 SHOWING COMPRESSION SPALLING OF
as7-2829 COATING OXIDE SURFACE COINCIDENT WITH CONCAVE SKIN BUCKLES .
Figure 12-12
LN
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spalled areas are caused by deflecting the columbium to produce compressive load-
ing. Tensicn loading produces hairline cracks, as opposed to spalling of the
surface of the coating. Thus, it was confirmed that the buckles which were con-
cave below the plane of the skin had dynamically popped to a convex position above
the plane of the skin. It is not known that the buckles popped through on every
cycle. However, when pop-through did occur, the locai stresses in the skip adja-
cent tc the weld would be at, or above, the material yield strength, and would be
expected to fail rapidly in a fatigue-type loading.

It was concluded that the skin buckles had to be eliminated, and steps were
taken to replace the 3 by 12-inch rib stiffened panels for the second group of
reentry profile evaluation of field repairs. 7Tt was predicted that this would
eliminate the failure of the skins and that the rib would become the critical
member as originally predicted.

12.4 PANEL EVALUATION - GROUP 2 - The second group of 3 by l12-inch rib
stiffened panel specimens were refabricated to eliminate the skin distortion as
described in section 3.3. The panels were of satis-actory manufacturing and
coating quality. The field repairs applied represent ? “he final development
product for the ceramic compositions, lamp spot heater repair method, and the
plasma spraying of molybdenum disilicide.

12.4.1 Panel Specimen Preparation - Defects were gritblasted on the skin as

described in section 12.3.1. The same defect pattern as shown in 12-5 was
selected, except the first and second rows of repairs on each side of the panel
centerline were 5/8 and 1-1/4 inches, respectively. Two defect locations were
used for each repair, one directly over a rib and a second halfway between two
ribs. Table 12-4 presents the type, size, and location of the repair coatings
evaluated.

Two panels of each alloy and coating combination had 1/8-inch diameter
defects gritblasted at locations d and f. The panels were then sent to Sylvania
for repair coating by replacing the fused slurry silicide coating with the focused
radiant lamp coating. Sylvania, using the procedures described in sectaon 11,
experienced some difficulty in achieving and maintaining the required thermal
conditions on the rib stiffened panels due to heat losses from the relatively oapen
structure of the rib side of the panel. A bat-type insulation was used to mini-
mize these heat losses. This is a valid condition as panels in actual service
will have insulation on the inside surface. Early failures occurred on panel

SYL-72, the first panel to be repaired. Subsequent panels showed a marked improve-
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Table 12-4
FIELD REPAIR COATINGS EVALUATED
REPAIRSITE | DEFECT SIZE DEFECT — ’R—SIZEEPAIR JVEE T
DESIGNATION | (DIAMETER-IN.) LOCATION PANELS PANELS
a 14 OVER RIB CERAMIC J-2 CERAMIC E-2
b 14 OVER RIB CERAMIC N-2 -
c 14 BETWEEN RIBS CERAMIC J-2 CERAMIC E-2
d 18 BETWEEN RIBS | SYLVANIA R-512E LAMP | SYLVANIA R-512E LANMP
e NONE BETWEEN RIBS = <
i 173 OVER RIB SYLVANIA R-512E LAMP | SYLVANIA R-512E LAMP
g 14 OVER 1IB CERAMIC 0-2 CERAMIC H-1
h 114 BETWEEN RIBS CERAMIC N-2 -
i 174 BETWEEN RIBS CERAMIC 0-2 CERANIC H-1
j 173 BETWEEN RIBS | METCO-PLASMA MoSiy METCO-PLASMA MoSi,
k NONE OVER RIB - =
I 178 OVER RIB METCO-PLASMA MoSi, METCO-PLASMA MoSi,

457-2357

TYPICAL 3 BY 12-INCH RIB STIFFENED PANEL SHOWING FIELD REPAIRS
BEFORE FLIGHT SIMULATION TESTING

457 -2860

ment with proper temperature control maintained by using the insularion behind the

repair area.
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Defects in the four panel specimens were gritblasted at locartions j and 1 and
the panels were sent to Metco, Inc. for plasma sprayed molybdenum disilicide
tenairs. Mstco cleaned the area to be repaired by lightly gritblasting and masking
the panel with 2 1/8-inch thick piece of steel having a 3/8-inch diumeter hole in
the desi-ed repair area. The steel mask served to limit the spray to the des’'red
area but also served as a heat sink during spraying to limit the heat input to the
panels. The molvbdenum disilicide then was applied to a thickness of 8 to 10 mils.

The final repairs to be applied were the ceramic composition repairs. The
dafect sites for ceramic repair were 1/4-inch diameter and were gritblasted as
described sbove. Three ceramic compositions, J-2, N-2, and 0-2, were selected for )

application to the R-512E-ccated Cb-752 panels. The E-2 and H-1 compositions were

appiiea to the Vh-103-coated C-129Y alloy panels. The ceramic compositions were

|~
4 applied by the procedures described in appendix C. Each of the field repairs was
‘ considered satisfactery as applied. A typical panel after field repairing is
iy
Y

shown "n figure 12-13.

3 12.4.2 Results of Panel Evaluation - The field repairs and panels both

perforn»d well with a few mincr oxidation failures and no structural failures.

LS T NP

The results of the field repair performance are summarized in table 12-5. The ;)
! two types of panels, Cb-752 with R-512E and C-129Y with VH-109 coating, will be

discussed g=narately, since they exhibited similar performance characteristics.

12.4.2.%. Results of Cb-752 Alloy Panels - Three Cb-752 panels with the R-512E

protective :octing were tested through 110 simulated mission cycles without struc-
tural failure. T:o panels, “YL-71 and SYL-72, had field repairs on the skin, as
shown in table 12-4, and panel SYL-74 was tested without repairs on the.skin. To
provide a reference standard, panel SYL-70, without repairs, was not exposed to
the boost acoustic fatigue exposure cycles.

Panels SYL-71 and 72 were the first to be repaired by Sylvania using the

focused rodiant lamp. As previously described, some difficulties were experienced.

...
T e -—'-*vmmvgv O T T T S

Two tepair sites ou paiel SYL-72 failed after 22 and 44 reentry profile cycles,

L‘_l,»—.‘,-m. ¢ 0P ey B a g s 0 et

as illustrated in figure 12-14. Oxidation failure occurred on the periphery of
the repair area pproximately 1/4 inch from the original gritblasted defect site.
The molten slurry flowed during the repair cycle to the peripheral line in which
the failures occurred. The slurry fusion temperature (2350 to 2400°F) was suffi-~

cient to dissolve part of original R-512E coating, but the temperature at this

point was not high enough to reform the desired intermetallic compound. The
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OXIDATION TEST RESULTS OF FIELD REPAIR COATINGS EXPOSED TO SIMULATED

FLIGHT CONDITIONS
TYPE AND LOCATION OF REPAIR SITES

PANEL CERAMIC FIELD R_PAIR SYLVANIA R-512E | METCO PLASMA
S 12 YD — 0-2 (SYD REPLACEMENT | MOLYBDENUM | TOTAL PANEL
b E-2 (VAC) H-1 (VAC) REPAIR DISILICIDE | DEFLECTION

LANP | LANP INCHES

OR BR OR BR OR BR OR BR OR BR
syL-71 | 1onF | 10nF [ 10nF | 1one | ssne | 1tone [ 1owF | 22F | monF | 10nF 0.012
SYL=72 | 1I0NF | 1I0NF | 110NF | 110NF | 110NF | 110NF | % F | 22F | 110NF | 110 NF 0.003
NOT | NOT
vac-93 [ nowe | mowe | XO0f ROT | 110NF | LONF | 110NF | 110NF | 1ONF [ LONF| 0029
vac-o4 | 1o nF | 110mF | NOT_ | NOT 1 yione | 110nF | 110NF | 110NF | 110 NF | 110 NF 0.021
TESTED | TESTED '
SYMBOLS:
F - FAILURE AFTER INDICATED NUMBER OF REUSE CYCLES
NF — NO FAILURE AFTER INDICATED NUMBER OF REUSE CYCLES
OR — REPAIR OVER RIB
BR - REPAIR BETWEEN RISS.
457 -255%38
REPAIR SITE 2

OXIDATION
FAILURE

sl B MDD, # 9. w7 e b
el ! ‘

PANEL SYL-72 AFTER 22 REENTRY PROFILE CYCLES SHOWING OXIDATION
FAILURES ADJACENT TO LAMP REPAIR SITE f Froors 1774

457 -3332
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problem was satisfactcrily resolved “»y reducing the heat losses from the back of
the repair area so that the wetted area of the molten slurry was hot enough to
reform the correct - rotective coating composition. While it was unfortunate that
these early failures occurred, it is believed that the problem is understood and
has been solved. The good performance of the lamp repair areas suvnports this
conclusion. The premature failures on the periphery of the lamp repairs were
field repaired with the U-1 ceramic composition to prevent further oxidation.
This procedure of repairing oxidation faflures to permit continued evaluation of
an adjacent area was employed in all panel evaluations.

One ceramic composition (0-2) at repair site ~ on panel SYL-71 failed after
88 reentry profile cycles. This particular compnsition has been found to permit
higher rates of oxygen penetration than the other two ceramic compositions (J-2
and N-2) when applied to the R-512E coating. One of the molybdenum disilicide
plasma sprayed rerairs showed an oxidation failure after 110 profile cycles at
repair site 1 on panel SYL-72. The failure was caused by the panel edge curling
during testing and putting a deflection of approximately 0.08 inch across the
0.5-inch repair site diameter.

The primary characteristic of panel performance was curling of the edges.
This occurred only in the Cb-752 alloy panels and occurred on all three panels of
this alloy, including the unrepaired panel. Two coating failures were initiated
by this edge curling. The first was discussed in connection with the plasma espray
repaired site. The second occurred on panel SYL-72, in which an oxidation failure
occurred in the rib to skin weld area on the end of the panel after 66 cycles, as
shown in figure 12-15. The skin was trimmed off and the area repair codted with
U-1 ceramic repair composition. The panels SYL-71, 72, and 74 are shown in
figure 12-16 after 110 reentry profile cycles. The panels and repair areas
rerformed satisfactorily.

Panel SYL-72 was metallographically sectioned to examine each of the repairs.
No additional failures or immediately pending failure areas were noted. The zones
of coatamination were generally lower than had been observed on previous panel or
coupon tests. The contamination zones below the ceramic and plasma sprayed repairs
were between 2 and 5 mils. Figure 12-17 shows the J-2 ceramic repair composition
from repair site c, located on the skin between the ribs. The repair was excellent
in all respects and was typical. The repair area in which the R-512E coating was

replaced with the Sylvania spot heater is shown in figure 12-18. The coating
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1X

AFTER REPAIR OXIDATION FAILURE

OXIDATION FAILURE OF PANEL SYL~72 AFTER 66 REENTRY PROFILE
CYCLES CAUSED BY EDGE CURLING pioar V2515

thickness was good and the repair area was protective for the 110 reentry profile

457 -2876

cycles.
12.4.2.2 Results of C-129Y Alloy Panels - Three C-129Y panels with the VH-109

coating were tested. Two panels, VAC-93 and VAC-94, were tested with repairs on
the skin, as shown in table 12-4., Panel VAC-91 was tested without repairs. None
of the field repair sites on either panel VAC-Y3 or panel VAC-94 failed in oxida-
tion. Each of the VH-109 coated panels nad a few small oxidation failures,

usually on edges. One common area of cvating weakness which appeared toward the
end of the exposure cycles was on the edge of the ribs. Panel VAC-93 showed
numerous coating oxidation failures on the central portion of the rib after 88
profile reentry cycles, as shown in figure 12-19. Both acoustic and profile ioad-
ing were terminated after 88 profile cycles because of the probability of excessive
panel deflections during subsequent cycles. (See section 12.3.2.3 for past experi-
ence with C-129Y rib oxidation failures.) The remaining two panels, VAC-91 ana
VAC-93, showed the same condition after 110 reentry cycles, but the loading did

not have to be terminated. Panels VAC-93, 94 and 91 are shown in figure 12-21
after 110 reentry profile cycles.

Metallographic examination of each of the repairs from panel VAC-93 was
corducted. The good repair performance observed visually after 110 reentry profile
cycles was verified by the metallographic results. No pending failures were noted
and the amount of contamination below the repair was very small (1 to 5 mils).

Figure 12-20 shows a molybdenum disilicide plasma sprayed repair with only 5 mils
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PANEL SYL-74

R-51ZE COATED Cb-752 ALLOY PANELS AFTER 110 FLIGHT SIMULATION
REUSE CYCLES o221

457-2875

of oxygen contamination below a dense adhzrent repair. Figure 12-22 shows two

ceramic repair compositions, E-2 and H-1, with virtually no contaminated zonc.
12,5 CONCLUSIONS OF PANEL EVALUATION - The field repairs in all cases

performed satisfactorily and were considered ready to be used in service. The

repair which passed 110 reentry flight simulation cycles satisfactorily were
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———— NICKEL BACK-UP

—=— J~2 CERAMIC REPAIR

o A : v ~e—————— Cb-752 SKIN
> J -"'—'
L R :
. fmsas aiiehe s (Y ,_’,_1 = .J e _‘? 0L
: B S O B . !-. ‘vq d-ot‘-r:;
o e L R ERR T RT
200X

J-2 CERAMIC REPAIR FROM PANEL SYL-72 AFTER 116 REENTRY
PROFILE CYCLES

Figure12 =17

457-3333

-—— - R-512E REPAIR

nmmm ,f.'u\-". ;
300X

R-512E REPAIR COATING APPLIED WITH SYLVANIA SPOT HEATER ON
PANEL SYL-72 AFTER 110 REENTRY PROFILE CYCLES

as7-3334 Figurel12-18
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0.37X

PANEL VAC-93 AFTER 88 REENTRY PROFILE CYCLES SHOWING OXIDATION

FAILURES ON THE RIB EDGES S——

HoSiy REPAIR

VH-109 COATING

C-129Y SKIN
Figure12—20
MoSip PLASMA SPRAYED REPAIR OF PANEL VAC-93
) AFTER 110 REENTRY PROFILE CYCLES
applied to fuli-size, 20 by 20-inch, rib _.{ '-ened panels, which were supplied to

NASA-MSFC for evaluation. The rvepairs considered to he readv for service and

supplied to MSFC wvere:

a)

for the R-512E coated Cb-752

o

o

o

Sylvania lamp replacement of silicide coating
plasma deposited molybdenum disilicide
ceramic composition J-2

cerawic composition N-2
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: ACCIDENTAL

)
2 ] -..':‘_i:-;: = MULER
.‘-"
WETTI 01T w-— ,‘.'9: > HULEM
PAREL VAC-91
VH-109 COATED C-129Y ALLOY PANELS AFTER 110 FLIGHT SIMULATION ~
‘ : REUSE CYCLES
157 2g59 Figure 12-21
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E-2 CERAMIC REPAIR
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E-2 REPAIR COMPOSITION

H-1 CERAMIC REPAIR

VH-109 COATING

*——————— (C-129Y SKIN

H-1 COMPOSITION 200X

CERAMIC REPAIR ON PANEL VAC-93 AFTER 110 REENTRY PROFILE CYCLES

Figure 12 -22
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{ b) for the VH-109 coated C-129Y
o Sylvania lamp replacement of silicide coating
o plasma deposited molybdenum disilicide
o ceramic composition E-2

o ceramic composition H-1.
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13. FIELD REPAIR OF FULL SIZE
RIB STIFFENED PANELS

A variety of different field repair coatings was developed anc the adequacy
of these repair systems has been demonstrated on 3 by 12-inch panel specimens
subjected to flight simulation testing. The final demonstraticn was to apply the
proven field repairs to fuil-size rib stiffened panels.

The design of the 20 by 20-inch rib stiffened panels was described in section
4 and the fabrication and coating are covered in section 3. It was decided to
apply 4 different types of repairs to a total of 20 different sites c¢n the panel
skin. Figure 13-1 shows the repair site locations and type of repair. The defects
to be repaired were formed by gritblasting the coating from the skin in the
desired locations using 220 mesh aluminum oxide at a pressure of 40 lb!inz. The
defects for the R-512E replacement repairs with the spot heater and the defects
for molydbenum disilicide plasma spray were 1/8 inch in diameter. The defects
for repair with the ceramic compositions were 1/4 inch in diameter.

The repairs were applied by the methods derived on this program and described
in the appropriate sections of this report. (Lamp replacemeat of R-512E is

described in section 11, the plasma spraying .. section 10, and the ceramic

e ) L [ SR

repairs in section 7 and appendix C.) As a final proof inspection, each of the

panels was heated to 2200°F for 10 minutes in an air atmosphere furnace. Each of :
the 40 repair sites was fully protective and functioning normally. The physical ;
handling involved in cefecting, repairing, and inspecting 20 separate areas on i
each panel produced a general soiling of the skin surface. The panels were cleaned ] ¥
by aluminia gritblasting at 15 lb/in2 pressure. The surface removal was not i

measureable by micrometer but is nominally 0.1 to 0.2 mil. The panels in general

had a good appearance and are shown in figures 13-2 and 13-3.

13-1 =
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REPAIR OF 20 BY 20-IN. RIB STIFFENED PANELS R
REPAIR C-129Y Cb-752 )
SITE VH-103 R-512E g
a E-2 CERAMIC J-2 CERAMIC
b . SYLVANIA LAMP SYLVANIA LAMP
c H-1 CERAMIC N-2 CERAMIC
d H-1 CERAMIC N -2 CERAMIC
e MoSip PLASMA SPRAY MoSi PLASMA SPRAY
f MoSio PLASMA SPRAY MoSi2 PLASMA SPRAY
g E-2 CERAMIC 1-2 CERANIC
h SYLVANIA LAMP SYLVANIA LAMP
i E-2 CERAMIC J-2 CERAMIC
j H-1 CERAMIC N-2 CERAMIC
] k E-? CERAMIC i-2 CERAMIC
| | h-1 CERAMIC N-2 CERAMIC
m MoSi7 PLASMA SPRAY MoSip PLASMA SPRAY
n H-1 CERAMIC N-2 CERAMIC
0 SYLVANIA LAMP SYLVANIA LAMP
p SYLVANIA LAMP SYLVANIA LAMP
q E-2 CERAMIC J-2 CERAMIC
' E-2 TERAMIC J-2 CERAMIC
g MoSi7 PLASMA SPRAY MoSi2 PLASMA SPRAY
t H-1 CERAMIC N-2 CERAMIC
PANEL €
Il.?" 291 18" 18,18 |18 ,18° 18" 2.9” 1.?\"'i
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Figure 13-1
REPAIR SITE LOCATIONS FOR 20 BY 20-INCH PANELS
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FULL SIZE Cb-752 R-512E RIB STIFFENED PANEL WITH
FIELD REPAIR COATINGS

4357-3339

FULL SIZE C-129Y/VH-109 RIB STIFFENED PANEL WITH
FIELD REPAIR COATINGS

457-3340
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14. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations were drawn from the results of
this field repai: program:

14.1 COATING DAMAGE TOLERANCE - It is difficult to assign quantitative values
to coating damage tolerance because of the multiplicity of possible conditions
causing damage and the variety of hardware configurations. Coated columbium hard-
ware should be handled with reasonable care, but this is equally true for any aero-
space metallic material, particularly when used in thin gages. The coatings have a
significant amount of damage tolerance and are in no way a hypersensitive material.

When damage does occur, it can easily be assessed by visual inspection. In
each of the iypes of damage studied, levels of damage were demonstrated that did
not affect coating life. Therefore, one need not be concerned about not detecting
damage that should be repaired. There will be a minor problem in educating
inspection personnel to recognize true damage so that excess amounts of needless
repairs are not conducted.

The final question of the consequences cf sustaining damage to the coating,
which is not datected and repaired, was dealt witl. effectively. If the coating is
totally r. ioved from a small area there are no structural or aerndynamic conse-
quences for more than one reentry. Estimates for hole formation through a thin
(0.010-inch) skin on a panel range from 3 to 10 reentry cycles reaching 2400°F.
Therefore, there is significant time to detect columbium oxidation and terminate
it with effective repairs. The formation of holes in a skin is the condition
which must be prevented in order to stop hot boundary layer gasses from entering
the vehicle. No panel structural failures due to skin oxidation were observed
through 50 reentry flight simulation cycles.

14.2 FIELD REPAIRS - Three types of field repair were developed which are
ready and qualified for application to an operational columbium system. The
first method employs a ceramic composition which is painted or sprayed on. Upon
fusior . eitner before or during service, for 5 minutes at 2100°F the repair
stops oxidation under reentry conditions for over 100 mission cycles. Associated
with the ceramics is a small amount of oxygen solution below the repair which is
less than 0.008 inch deep and causes no structural problem.

The second method provides for the reapplication of the original fused slurry

silicide coating. An inexpensive focused radiant lamp is the only equipment
14-1
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14. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations were drawn from the results of
this field repai: program:

14.1 COATING DAMAGE TOLERANCE - It is difficvlt to assign quantitative values
to coating damage tolerance because of the multiplicity of possible conditions
causing damage and the variety of hardware configurations. Coated columbium hard-
ware should be handled with reasonable care, but this is equally true for any aero-
space metallic material, particularly when used in thin gages. The coatings have a
significant amount of damage tolerance and are in no way a hypersensitive material.

When damage does occur, it can easily be assessed by visual inspection. In
each of the types of damage studied, levels of damage were demonstrated that did
not affect coating life. Therefore, one need not be concerned about not detecting
damage that should be repaired. There will be a minor problem in educating
inspection personnel to recognize true damage so that excess amounts of needless
repairs are not conducted.

The final question of the consequences of sustaining damage to the coating,
which is not detected and repaired, was dealt witl. effectively. If the coating is
totally r. joved from a small area there are no structural or aerndynamic conse-
quences for more than one reentry. Estimates for hole formation through a thin
(0.010-inch) skin on a panel range from 3 to 10 reentry cycles reaching 2400°F.
Therefore, there is significant time to detect columbium oxidation and terminate
it with effective repairs. The formation of holes in a skin is the condition
which must be prevented in order to stop hot boundary layer gasses from entering
the vehicle. No panel structural failures due to skin oxidation were observed
through 50 reentry flight simulation cycles.

14.2 FIELD REPAIRS - Three types of field repair were developed which are
ready and qualified for application to an operational columbium system. The
first method employs a ceramic composition which is painted or sprayed on. Upon
fusior, eitner before or during service, for 5 minutes at 2100°F the repair
stops oxidation under reentry conditions for over 100 mission cycles. Associated
with the ceramics is a small amount of oxygen solution below the repair which is
less than 0.008 inch deep and causes no structural problem.

The second method provides for the reapplication of the original fused slurry
silicide coating. An inexpensive focused radiant lamp is the only equipment
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required and the repair is effected in a Z-minute processing cycle at 2700°F.
Flight size hardware has beer vepaired with only minor distortion of the skin due

to local heating. The repairs are as effective as the original coating, lasting

in excess of 100 reentry cycles.
The final method effects a local repair by applying molybdenum disilicide by

Portable plasma spray equipment can be easily used in the field
The life of the

plasma svoraying.
and the repair is fully protective without heating or fusion.
molybdenum disilicide repair is in excess of 100 cycles and, like tne ceramic
repairs, a small zone of oxygen solution is formed below the repair which is not
detrimental to panel performance.

Each of the repairs is easy to apply, inexpensive, and reliable.

be highly recommended and each may have some contrasting subtle advantages or dis-

They car all

advantages for a1 particular application.
14.3 CCLUMBTUM PANEL PERFORMANCE - Rib stiffened panels, with and without

field repairs coatings on the skin, successfully performed for 110 reentrv flight

simulation cycles. The flight simulation included static boost loads, boost

acoustic loading, and simultaneous reentry flight conditions of temperatures, air

pressure and bending stress as a function of time. These comprehensive evaluations

established coated columbium as a visble thermal protection material system.

14.4 COLUMBIUM PANEL FABRICATION - The technology for manufacturing high

quality rib stiffened panels was established. The program also employed single

faced vee corrugated panels (7 by 7 inches) manufactured by forged upset diffusion

joining. This process has the potential of maxing high quality heatshield panels
at an attractive cost. It is recommended that this process be investigated fur-

ther in conjunction with other design and manufacturing approaches to determine

the minimum production costs for fabricating and coating reliable columbium

panels.
14.5 COLUMBIUM HEAT SHIELD PANEL REFURBISHMENT -~ This program has demonstra-~
ted that effective coating repairs can be easily applied in the field without

removing the panels from the vehicle. In those cases in which damage has been

sustained by the underlying columbium and the panel must be remove., there are
many potentially applicable repair methods for repairing the substrate and recoat-
ing. Thus, panels could be refurbishea, either at a factory or a2t an operational
base, and returned to service to effect a cost saving over replacing and discarding

the damaged panel. It is therefore recommended that a refurbishment study be

initiated to develop and demonstrate repair procedures.
14-2
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FINAL REPORT

APPENDIX A
CERAMIC FIELD REPAIR COMPOSITIONS

6V gm Pyrex frit, #7740
30 gm A1203

10 gm Boron
110 ml Cenilac

(MRC-3 Composition)

B:ssecoat

1.0 gm CbSi,

2.5 gm SiC

6.9 gm Sauereisen No. 8
2.1 ml D.H20

lst Overcoat

40 gm Pyrex frit #7740
40 gm PS-7

20 gm A1203

2nd Overcoat

30 gm SiC

19 ml Syton

0.5 ml AC-55

l-hour air dry or 1/2 hour @ 170°F.

Basecoat

7.0 gm Sauereisen No. &
3.0 gm CbSi2

1.7 ml Distilled H,0
Overcoat

2.0 gm Pyrex frit #7740
2.0 gm PS-7

1.0 gn A1,0,

A-1
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D.** 1) 60 gm Pyrex frit, #7740

30 gm A1203

5 gm Boron

110 ml Cenilac

gm Ceramacast 505

gm A1203

gm Boron

ml Distilled HZO

OO N
S WO O

gm A1203
gm Pyrex frit #7740
gm CbAlj

ml PS-7

O ~ ©
(S, N VS IRV BN @ o]

2) Air dried, then propane torched (2-1/2 inch distance) for 30

seconds.

‘;- ' "L 1) Basecoat

B : 2.0 gm Ceramacast 505
1.0 ml Distilled HZO

I, : 2)  Overcoat

MRC-3 with 1/2 the amount of Boron.

H.* 1) 2.0 gm Ceramacast 505
’ 1.0 ml Distilled HZO
! I.% 1) 1.0 gn ALQ,

1.0 ml Cenilac (binder)

- _i J.* 1) 1.0 gm A1203

2.0 gm Pyrex frit #7740
0.5 gm CbSi2
3.5 ml Cenilac
2)  Air driec, then propane torched (2-1/2 inch distance) for 30

seconds.
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K.* 1) 1.0 gm Pyrex frit

1.0 ml Cenilac

L.* 1) 2.0 gm CbSi2 ,
0.2 gm NaF i
2.2 ml Syton

Py

S

vt

M. * 1) 1.0 gm Pyrex frit #7740

1.0 gn CbSi2

ml Syton

(a4
o

0 gm Pyre:: frit #7740
0 gm CbSl2
0 ml Cenilac

o
S

Pyrex frit #7740

Cb812

PS-7

E 8 %

g
%,
3
3
A
§

Pyrex frit #7740

S
Cb 12

Boron

O =
= - O O

EE B G

Cenilac

(S

R. 1) 60% Si
Sprayed.

2) 02 @ 30 psi

Ac @ 30 pst

20% Cr - 20% Fe (-325 mesh alloy, 99.97 Purity) Flame

4 passes for preheat at 3 inches from specimen.

Feed speed set at 18.

25 passes at appreximately 2 inches/second and 2-1/2 inches from

specimen.

S.%k% 1) 1.0 gm 60% S1 - 20% Cr - 20% Fe (alloy)
1.0 ml Cenilac -

A-3 !FL
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T.%% 1)
U. ** N
V. %% 1)
W. %% 1)

2)
X.** 1)
Y. %% 1)
Z. k% 1)

4
1

gm
gm
ml

gL

mi

gm
gm

FINAL REPORT

Savereisen f{b
CbSi2

Distilled H20

Sauereisen {8
A1203
Distilled H20

A1203
Pyrex frit #7740

5.5 ml Cenilac

Basecoat

1.0 gm CbSi2
2.5 gm SicC

6.9 gm Sauereisen #8§

2.1 ml Distilled H,0

Overcoat

4.0 gm AlZO

3

1.6 gm Pyrex frit #7740

5.

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - BAST

R S
w o o o

5

ml Cenilac

0 gm Sauereisen {8
0 gm 60% Si - 20% Cr - 20% Fe (alloy)

o

o

ml Distilled H20

gm CbSi,

gm 60% Si - 20% Cr - 20% Fe (alloy)
gm Pyrex frit #7740

ml Cenilac

gin Sauereisen #8

0 gm 60% Si - 2C% Cr - 20% Fe (alloy)

ml Distilled HZO

A-4

REPORT MDC £0681
15 SEt TEMBER 1972

-~

.
e

. SR st

T T e MR € <Ny M gt
L] .
v



v merr v wee o

“\

COATED COLUMBIUM REPORT MDC E068]

E TPS FIiELD REPAIR FINAL REPORT 15 SEPTEMBER 1972

{ B-1.

D-1. k%%

R E-]. %%
. {

: F-1. %%

! (1. %%
| i

§
—— H~-1. %%

* “'

™

1)

Basecoat

Liquid gcld conversion ccat (brush application - 500°F for 1/2
hour).

Jvercoat

2.0 gz 60% Si - 2071 Cr - 207 Fe falloy)

3.0 gm S.©

10.0 gm Sauvereiscn #8

3.9 al Distilled H,0

8.0 gn 31203
4.0 gm Pyrex frit
0.26 gm Boron

13.5 m? Ceniiac

4.0 gm Al,‘o3

&
4.0 gm Pyrex frit #7740
0.26 ym Boron

8.2 m! Cenilac

8.0 gm Alzo3

2.0 gm Pyrex frit #7740
0.13 gm Boron

11.0 ml Cenilac

2.0 gm CbSiz
2.0 gu 607 Si - 20X Cr - 202 Fe (alloy)
2.0 gm Pyrex frit #7740

7.J mi Cenilac

2.0 gm CbSay

2.0 _m 60% S1 - 20% Cr - 20 7e (alloy)
2.0 ga Pyrex frit #7740

J.33 gm Boron

7.0 ml Ce~ilac
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TPS FIELD REPAIR

I-1.%%

J-1.%%

K-1.%

L-1. *1)

*k2)

M-1. *]1)

*x2)

N-1. *1)

FINAL REPORT

6.0 gm Pyrex frit #7740
4.0 gm A1203
1.0 gm Boron

12.0 m. Cenilac

6.C gm Pyrex frit
. Al
4.0 gm ¢ 203
0.5 gm Roron
12.0 m1 Cenilac
1.0 gm Boron

4.0 ml Cenilac

Bacacoat

1.0 gm Boron
4.0 ml Ceralac
Overcoat

1.0 gm Boron
1.0 gm A1203
4.5 ml Cenilac

Baseconat

1.0 gm Boron

4.0 ml Cenilac

Overcoit

2.0 gm CbSiy

2.0 gm 60% Si - 20% Cr - 20Z Fe (alloy)
2.0 gm Pyrex frit #7740

7.0 ml Cenilac

Basecoat

1.0 g~ Boror

4.0 ml Cenilac

A=6
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{ *%2)  Overcoat
60 gm Pyrex frit #7740
30 gm A1203
10 gm Boron

110 gm Cenilac

0-1.%** 4.0 gm Sauereisen #8

1.0 gm CbSi,

1.0 gm 60% Si - 20% Cr - 202 Fe (allov)
1.0 gm Pyrex frit #7740 :
0.17 g Boron

1.5 ml Distilled HZO

s R AR -

WIS PR TRRETIV g (7 P TR Y 90 W RPN S SR >y g s Y

1.0 gnm CbSiZ

1.0 gm Pyrex frit #7740
0.17 gm Boron

2.2 ml Cenilac

- .0
o VR
o
h
)0
*

R-1.% 1.0 gm CbSi,
1.0 gm Pyrex frit #7740
0.17 gm Boron
0.60 gm Silicon (-325 mesh)
3.3 ml Cenilac

S-1.#* 1.0 gm CbSi2
1.0 gm Pyrex frit #7740
0.17 gm Boron
0.20 gm Chromium (-325 mesh)
2.6 m1 Cen*’'~c

T-1.% 1.0 gm CbSi,
1.0 gm Pyrex frit #7740
0.17 gm Boron ———-
_.‘? 0.20 gm Iron (3 micronm) |
2.6 ml Cenilac -

t -
~
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U-1.% 1.0 _m Pyrex frit #7740 ~)

V-l.%%

W-1. k*x

X-1.%=*

Y-1.%%

Z-1.%*

A-2, %%

0.17 gm Boron
1.3 ml Cenilac

1) Basecoat
Liquid gold conversion coat (brush application ~ 500°F for 1/2
hour).
2) Qveccoat
4.0 gm Pyrex frit #7740
4.0 gm A1203
0.10 gm 3oron
9.0 ml1 Cenilac

8.0 gm A1203
4.0 gm Pyrex frit #7740
0.53 gm Boron

13.7 ! Cenilac

1.0 gm 60% Si - 20% Cr - 23Z Fe, alloy metal powder
0.1 gm Boron, amorphous

1.0 ml Cenilac

2.0 gm Pyrex frit, #7740

2.0 gm 60%Z Si - 20% Cr - 20% Fe, alloy metal powder
0.33 gm Boron, amorphous

5.0 ml Cenilac

0.6 gm Pyrex frit, #7740
0.3 gm 60% Si ~ 20% Cr - 20% Fe, alloy metzl powder
0.1 gm Boron, amorphous

1.1 ml Cenilac
2.0 gm Pyrex frit, #7740

0.34 gm Boron, amorphous

2.0 ml Krylon aluminum spray paint
A-8
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B-2.%%

C-7. k%

D-2_ k%

E-2.%%

F-2.%%

G-2.%%

H-2.%*

I-2.%%

J=2,%%

FINAL REPORT

Z.0 gz Pyrex frit #7740
0.3% gm Boron
2.0 ml Krylon spray, clear (No. 1303)

1 gm Bororn

2.0 ®l Krylon aluminum spray paint (No. 1402)

1.0 gm 60% Si - 20% Cr - 20% Fe (alloyed powder)
1.0 gm Boren
2.0 ml Krylon spray, clear (No. 1303)

1.0 gm Pyrex frit #7740
0.17 gm Boron

REPORT MDC E0681
15 SEPTEMBER 197%

2.0 ul Supersaturated soluticn of Zein in denatured alcohol, herein

designated "Alze"

J~1, 3 mils thick
H-1, 1st overcoat, 12 mils thick

A-2, 2nd overcoat, 2 mils thick

H-1, 3.5 mils thick
A-2, 3.6 mils thick

2.0 gm Pyrex frit #7740
0.34 gm Boron
2.0 ml, Pratt & Lambert aluminum paint (No. 7897)

2.0 gm Pyrex frit #7749
0.34 gm Boron
2.0 ml Phelan's aluminum paint (No. 292)

1.0 gm Pyrex frit #7740
0.17 gm Boron
0.1i0 gm 3XD aluminum powder

2.0 ml Alze

A-9
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K-2.%x -1 + 3XD aluminum powder (10:1)
L-2.%% A-1 + 3XD aluminum powder (10:1)
M-2.%*  H-1 + 3XD aluminum powder (10:1)
N-2.*%* (.6 gm Fyrex frit #7:40
0.3 gm AlZO3
0.1 gm Boron
1.1 =l Alze
0-2.%% (0.2 gm Pyrex frit #7740
0.2 gm CbSi,
0.2 gm 60% Si - 20% Cr - 20% Fe (alloyed powder)
0.03 gm Boron
1.5 ml Alze
P-2.%% 0.6 yun Tyrex frit #7740
1 om A
0.3 gm 1203
0.1 gm Boron
0.2 gm 3XD aluminum powder
2.0 ml Alze
R-2.** 0.2 gm Pyrex frit #7740
0.2 gm CbSi2
0.2 gm 6074 Si — 20%Z Cr - 20% Fe (alloyed powder)
0.03 gm Boron
0.07 gm 3XI aluminum powder
1.3 ml Alze
§-2.*%% 1.0 gm Pyrex frit #7740

0.5

gm Silicon

0.17 gm Boron
2.0 ml Alze

A-10
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T-2.%*%

U-2. %%

V-2.%*%

W-2. %%

X-2.%%

Y-2, %%

2-2. %%

FINAL REPORT

1.0 gm Pyrex frit

0.5 gm Silicon

0.05 gm 3XD aluminum powder
J3.17 gm Boron
2.0 ml Alze

0.6 gm Pyrex frit #7740

0.3 gm A120

3

0.1 gm Boron

1.0 ml Krylon spray, clear (no. 1303)

1.0

0.3 zm B

,a

Pyrex frit #7740

293

1.0 m1 Alze

1.0 gm Pyrex frit #7740

0.05 gm BASi

1.0 ml denatured alcohol

0.6 gm Pyrex frit #7740

0.3 gm A1203

0.3 gm BQSi

1.2 mi denatured alcohol

0.5 gm Pyrex frit #774.

0.5 gm CbSi2

0.5 gm 60% Si - 20% Cr - 20% Fe (alloyed powder)

0.025 gm BqSi

2.0 ml denatured alcohol

1.0 gm Pyrex frit #7740
0.05 gm B,Si

4

1.0 ml Cenilac
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A-3.*%%  1.C gm Pyrex frit #7740
0.05 gm B,Si
1.0 ml Alze

* Hand mixed until homogeneous

** Bgll-milled 1 hour

*%% Ball-milled 2 hours
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10.

C

12.

13.

14.

15.

l6.

17.

18.

19.

20.

21.

22.

23.

APPENDIX B - TEST MATERIALS
Columbium alloy (Cb-752) k-512E Sylvania coated speciruns, 2 x 2.25 x 0.025
inch and 1 x 2.25 x 0.025 ivrch.

Columbium alloy (C-129Y) VH-109 VAC-HYD coated specimens, 2 x 2 x 0.027 inch
and 1 x 2 x 0.027 inch.

Pyrex frit No. 7740 (-325 mesh).
A1203 (-270 mesh).
Boren, amorphous, (-325 mesh).

Cenilac (6 parts Cellulose nitrate lacquer to 5 parts TTT 226 lacquer
tainner).

Columbium silic de (-325 mesh).
Silicon Carbide (-325 mesh).
Sauereisen Nc. 8.

Distilled water.

Positive Sol, (PS-7), AL stabilized colloidal silica.

223
Syton, NH4+ stebaiized colloidal silica.

AC-55 (acrylic emulsion).

Ceramacast 505.

Columbium Aluminide (-325 mesh).

Sodium Fluoride, reagent grade.

60% Si - 20% Cr - 207 Fe (-325 mesh alloy; 99.9% purity).
Silicon (-325 mesh).

Chromium (-325 mesh).

Iron (3 microns).

Liquid Bright Gold (conversion), Hanovia.

Tungsten metal powder, purified.

Tantalum (-325 mesh).

B-1
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24. Hafnium (8 microns).
. 25. Sodium Silicate Solution, Technical (40-42° Be').
> 26. Krylon aluminum spray paint (No. 1402).
27. Krylon spray, clear (No. 1303).
’ 28. Alze, (supersaturated solution of Zein in denatured alcohol).
| 29. Pratt & Lampert aluminum paint (No. 7897).
30. Phelar's aluminum paint (No. 292).
31. Reynolds 3XD aluminum powder.
32. Sili~on (325 mesh).
3 33. Denatured alcohol.
; 34. Boron silicide (200 mesh).
S
i
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APPENDIX C

PROCEDURE FOR APPLICATION OF A CERAMIC REPAIR COAT TO R-512E COATED Cb-752
ALLOY OR VH-109 COATED C-129 ALLOY

Damaged area to be prepared and cleanec by grit blasting:

a. The defect area and 1/32-inch surrounding this area shall be exposed by
masking off the surrounding area at least 8 inches from defect with a
double thickness of platers tape. A 1/8-inch thick aluminum template may
be used instead of the tape.

b. The =xposed area is then subjected to fused aluminum oxide (-220 mesh)
grit, using a sucticn gritblaster with a 40 lbs/in2 air pressure through
a 3/8-inch nozzle at a distance of 3-1/4 inches. The length of grit
blasting time is determined by the coating thickness. Initially a color
change is noted, from a light gray to a dark gray which indicates the
base metal has been exposed. This procedure (depending on coating thick-
ness) requires 12 to 22 seconds, an additional 60 seconds of grit
blasting insures complete removal of residual coating and slight entry
into the base metal.

The tape (cr template) is then removed and the defect area lightly
brushed to remove foreign particles.

After the preparatoury prrcedures have been accomplished, the repair slurry

is applied with a No. 3 artist brush or sprayed on using a Sprayon Jet Pak.

Stirring, shaking or ball milling may be used to insure a homcgeneous mixture

of this slurry prior to use. After anplication of repuir slurry over defect

(and 1/8-inch overlap) by brush, this slurry is air dryed for 5 minutes then

gently but firmly pressed with a flat surfaced spatula to dissipate any

possible entrapment of bubbles and also to maintain the height of the repair
within 10 mils. After compaction of the slurry with the spatula, the repair
slurry is air dryed for 30 minutes and then fused, using a spot heater or
pyropanel capable of maintaining a temperature of 2050°F for 5 minutes.

The secona method of application of the repair siurry is witih the
Sprayon Jet Pak unit. After thorough mixing of the repair slurry, it is
sprayed over the surface of the defect (and partiallv on the undamaged
coating) until the repair slurry is slightly above the surfac~ of the fused
slurry silicide coating. This procedure is performed by maintaining the

C-1
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nozzle of the "jet pak" approximately 7-8 inches from the defect and making ")

6 passes over the defect allowing one minute drying time between each pass.
Both of the above mentioned applications of the repair slurry need not
be fused immediately. Fusion may be accomplished during service If the

temperature ohbtained is to be equal tc or greater chan 2050°F,
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APPENDIX D
FULL SIZE COLUMBIUM PANEL EVALUATICN
TEST PLAN

1.0 INTRODUCTION

The culmination of this program produced two rit stiffened columbium panels,
20 by 20 inches. These panels contain field rerair coatings on the exterior skin,
as described in section 13, to provide for a final evaluation of the repairs by
NASA on full scale hardware. This test plan provides a recommended test procedure
and set of environmental parameters to be used to evaluate the field repair coatings
developed. The accessory fixture hardware was designed to be used with the MSFC
apparatus designed for evaluation of Space Shuttle thermal protection systems as
described in reference (1). The accessory firture design provides for accepting two
types of panels, a rib stiffened panel, 20 by 20.1 inches, and a single fzced vee
corrugated panel, 18.5 by 20.4 inches,

The test conditions recommeuded are based on the parameters employed in the
evaluation of the 3 by l2-inch rib stiffzned panels tested to 1.0 reentry rlight
simulation cvcles described in section 12. The test sequence employs three alter-
nately repeated evaluation test exposures: (1) in acoustic boost simulation cycle,
(2) 4 :=atic room temperature load to simulate hoost a~d landing and (3) a reentry
fligh. . simulation expcsure which combines temp~ oture, reduced air pressure and
loads which are varied simultaneously as a function of time.

2.0 MANUFACTURING AND COATING OF ACCESSORY HARDWARE

The accessory fixture for integrating the MDAC columbium panels into the MSFC
test apparatus is shown in figures D-1 and D-2. Most of the accessory fixture is
to be fabricated from columbium and then fused slurry silicide coated. Tne alloy
is not designated on the drawing, but any of the group of Cb~752, C~129Y or FS-85

is considered acceptable. The following material properties were employed in the

design.
a) Tensile yield strength at R.T. -~ - - - 55 KSI
b) Tensile ultimate strength at R.T.- - - 70 KSI
¢) Tensile elongation at R.T, - = - - - = 207
d) Tensile yield strength at 240U°F - - - 25 KSI
e) Thermal expansion- - - - = - = - = - - 4 x 10—6/°F

D-1
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The fabrication of detail parts involves sim; .2 sheet metal cuttirz und forming
operations. The detail parts require fused slurry silicide coating with { :£ or
equivaient. Total coiating thickness should be 3.0 mils per surface or a dimensional
change thickness of 2.0 mils per coaced surface.

The coated columbium threaded fasteners required are presented in detail cn
the McDcrnell Standard Parts Sheets 3M317 and 3M.18 of figures D-3 and D-4. These
s:iindard Parts Sheets furnish all the necessary informaiion to prod. - ‘a: [asicners
and sourzes for procurement found acceptable to MDAC. The TAPCC ccating spceified
can be replaced satisfacrorily with the fused slurry silicide coating, bt the
coating dimensic.al ctange thickness of 2.0 plus or minus 0.4 ™ *:r surface must
be maintained feor proper thr._ad engagement.

3.0 SPECIMEN PREPARATICON

The initisl step in preparing the specimen for esting should be to attach the
support beam, enJd adapters and side adapters to the tes' panel specimen. The 0.15-
inch thermal expansion gaps on each side and end of the panel must be maintained
ana tae total panel specimen and fixture assembly must be 39 by 39 inches. One
drop of a 3lass matrix ¢ iling compound designated U-1 shali be placed in the
expansion joint between the end aid side adaptess, to prevent air leakage during
testing. This U-1 seal ng compound can be ohtained from MDAC or p epared in accor-
dance with appendix C formulation. TLhis material is compatible with the fused siurry
silicide coating and can be used, if required, t- seal between the panel and -11
edge seal retainer or -8 retention spring clip. Th~ panel support frame shculd be
positioned in the cent.r of the test cu2mber, the panel assembly located nn .«
support posts and the panei assembly leveled by adjusting the movable floor ot the
test apparatus. Finally, the apparatus hold--down bar can be boited into place.

4.0 TEST CONDITIONC

The recommended test conditions include a boost acoustic cycle, a boost static
proof loading and a reentry heating and load cycle One element of the ssguence can
be employed separately or any combination of the three elements used.

4.1 Acouscic Boost Simulation - It i3 recommendvd that the ™onst acoustic

simulation be formed for a total of 3000 seconds (30 seconds per ¢,c¢l~ imes 100
cycles) at a maximum skin stress of 3020 psi (rms} at room temperature. Th: panel
frequency range and decibel level must be determined wi:h a strain rosette placed

in the geomet:sic center of the panel.
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4.2 The static boost load, or proof test load, should be applied at room

The criterion for establishing this load level is to achieve a rib

temperature.
The

tensile stress of 77% of the room temperature vield stress or a limit load.

Cb-752 _anel would :quire a differential pressure load of 1.82 psi to achieve a

rik tens le stress Jf 57,000 psi.
4.3 inhe reentrv simulation testing irvolves the simultaneous application of
temperature and stress at a predetermined skin air pressure. The recommended test

ronditions for exterior skin a.r pressure, skin temperature and differential pres-
Su.:= across the panel are presented in figure D-5.

5.0 EVALUATION CRITERIA AND DATA
The prirary criterion for evaluating the rib stiffened panels with field

-epair coatings will be the ability to carry the required loads without structural

failure. The following data should be generated as a function of test cycle to

evaluate pzael performance beyond standard data such as environmental test para-

meters, etc:
a) Panel deflection should be measured to establish accumulative creep rate

of the panels.

b) A photographic record of repair areas would provide the criteria for

establishi.yg a visual inspection procedure.
A record of coating failures in non-repair area should be kept to establish

¢)
coating performance. Unscheduled field repairs, if required, should be

monitored to obtain data on field repairs made under true field conditions.
6.0 REFERENCE

(1) Research Inc. Fixture Drawing E39051, "Vacuum Test Fixture for TPS

Samples,” with instruction manual and other supporting arawings, aated

15 January 1971.
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