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SUMMARY

This program selected and evaluated a number of reflective and ablative
coating concepts for the protection of graphite epoxy and quartz polyimide
alrcraft materials from nuclear geapon induced thermal flash. The peak flux
level investigated was 36 cal/cm“-s. The thin reflective coatings, both
titania pigmented aEd metallic pigmented were determined to be fluence limited
to about 100 cal/cm“, The extension of hardening concepts to the 150 to 200
cal/cm? fluence regime was achieved with several white, titania-pigmented
abiative coatings, which were based on silicone, polyurethane, epoxy and
fluoroelastomer resins. A multiple thermal flash capability was demonstrated
by the titania pigmented, high temperature silicone system to fluence levels
in excess of 140 cal/cm?.

The thermal flash degradation of the structural load carrying capability
of the two composites was assessed by selecting two representative coatings,
white polyurethane and cork silicone, and performing combined thermal flash
and loading tests. These tests demonstrated that both coating concepts in-
creased the fluence capability by 100 percent for similar tensile loads.

In addition, an analytical procedure for predicting the specimen capability
in the combined thermal flash/load tests was verified.
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PREFACE

The main objective of this program is to demonstrate the enhanced
capability of composite aircraft structural materials in a nuclear environ-
ment with the application of selected coating concepts. The increased
hardness capability in a thermal flash environment was demonstrated in
an experimental and analytical assessment on tensile specimens of epoxy and
quartz polyimide.

This program was conducted by the Avco Systems Division under Contract
DNA001-77-C-0098 for the Defense Nuclear Agency. The work was initiated
under the direction of Major David Garrison and completed under Captain Michael
Rafferty,

The authors wish to acknowledge the contributions made to this program
by Mr. Eric Bick of Effects Technology, Inc., Mr. John Calligeros of Kaman/
Avidyne, Inc., and Messers. B. Wilt and N. Olson of the University of Dayton
Research Institute. 1In addition, the authors wish to acknowledge the fol-~
lowing Avco Systems Division technical staff members, without whose contribu-
tions this report would not be complete: Messrs. R. Boucher, C. Geanacopoulos,
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Conversion factors for U.S. customary
to metric (SI) units of measurement.

To convert from To Multiply by
mils millimeters 0.0254
inches centimeters 2.54
feet meters 0.3048
miles kilometers 1.6093
square inches square centimeters 6.4516
square feet square meters 0.0929
square niles square meters 2,589,998.0
cubic inches cubic centimeters 16.38706
cubic feet cubic meters 0.0283
cubic yards cubic meters 0.764555
gallons (U.S.) liters 3.785
gallons (Imperial) liters 4,542
ounces grams 28.349
pounds kilograms 0.454
tons (short) kilograms 907.185
tons (long) kilograms 1, 016,047
pounds per foot newtons per meter 14, 59390
pounds per square inch newtons per square 0.6894757
centimeter

pounds per cubic inch kilograms per cubic . 27,679.90
centimeter

pounds per square foot newtons per square 47. 88026
meter

pounds per cubic foot kilograms per cubic 16.0185
meter

inches per second centimeters per second 2.54

inch-pounds meter-newtons 0.1129848

inch-kips meter-kilonewtons 0.0001129848

Fahrenheit degrees Celsius degrees or 5/9
Kelvins?

kilotons terajoules 4.183

810 obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
To obtain Kelvin (K) readings, use K = (5/9)

use C = (5/9) (F -~ 32).
(F - 32) + 273.15.
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SECTION 1

INTRODUCTION

1.1 BACKGROUND

A preliminary assessment of the nuclear hardness of composite aircraft
structures was performed by the Avco Systems Division described in Reference
1-1. This assessment considered the effects of a nuclear intercept on air-
craft structures and demonstrated the feasibility of applying a surface
coating for the protection of the composite substrate from the thermal
flash environment. The purpose of the current assessment was to demonstrate

the enhanced hardness capability with the application of a protective coat-
ing.

The aircraft structural heating from the nuclear intercept is entirely
radiative, therefore the effect on the structure is a strong function of the
surface absorptivity for the incident energy thermal spectrum. On Figure 1-1
the heating through an aircraft skin is shown. As indicated on the figure
the heat that is not absorbed is reflected away from the surface. The ab-
sorbed heat is either conducted through the structure thickness, reradiated
from the exposed surface at a different wavelength, or transmitted to the
adjacent air stream by means of convection. The structure will also exper-
ience some cooling at the rear surface by radiation or convection, and
some of the heat will be conducted to adjacent components.

The damaging effect of a thermal flash pulse on unprotected composites
has been indicated by testing. However, there are several different coating
technology bases which may eliminate or reduce the thermal flash damage to
composite materials. The technical areas where coatings have been developed
are in the protection of composites to rain erosion, laser energy threat,
ablative environments, and also reflective coatings. (References 1-3 through
1-7) Therefore one of the goals of this program is the assessment of these
various coatings as to their ability to provide effective, weight efficient,
and realistic countermeasures to a thermal flash environment,
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1.2 CBJECTIVES

The main objective c¢f this assessrent was to demorstrate the enhanced
survivability of composite aircraft structural matevials in a nuclear eun-
vironment by application of selected protective coating concepts. The com—
posite substrate materials selected for coating application were graphite-
epoxy and quartz-polyimide. The coatings were selected initially during a
concept definition and formulation phase, arnd then, following preliminary
screening tests, modifications ware made to the coatings as required and the
final coated composite substrate materials were submitred to the DNA Tri-
Service Nuclear Flash Test Facility for tesiing.
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1.5 APYROACH

The current assesgsment wus «n experimental/analytical approach for as-
sessing the capability of couposite waterials in a nuclear environment, with
und without protective coatings. The assessment had two major efforts which
were performed concurrently., Tha first is the Jevelopment and evaluation of
the prctective ceatings, and the second is the evaluation of the structural
capability of composite materials in a thermal flash environment,

Under the coatinuge development task a wide range of prospective coat-
ings ware evaluated in an initial testing phase on both the graphite epoxy
and quartz polyimide materials. The results of this initial testing were
then evaluated and the prime coating candidates selected for more extensive
testing and evaluation. '

Concurrently with the coatings evaluation a separate task was being
performed to determine the degradation of the structural capability of the
composite materials, in a thermal flash environment, with and withouvt pro-
tective coatings, The results of this experimental program were then used to
formulate an analytical design tool through the development of a rational
failure criteria. This failure criteria must be considered preliminary,
since it is based on material tensile properties expevimental data only,
and therefore verification of the compressive and shear properties must be
demonstrated,

An outline of the current effort in the form of a program flow chart
is shown on Figure 1-2. The coatings definition, formulation and modifica-
tion tasks are shown on Level A. The composite materials verification test-
ing is evaluated on Level B, the thermal flash testing on Level C, and the
analytical efforts on Level D, The parallel studies by Kaman Avidyne on the
environments is shown on Level E and by Effects Technology, Inc. (ETI) for
the determination of the high strain rate properties is shown on Level F.
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SECTION 2

CANDIDATE COMPOSITE STRUCTURAL MATERIALS

The rationale used in sclecting the structural composite materials to be
evaluated in the assessment was based on the desire to use materials that are:
(1) typical of composite aircraft structures, and (2) required to have unique
performance characteristics. The graphite epoxy composite system was selec-
ted in response to the former requirement since it has current application in
aircraft structures, while the quartz polyimide was considered in response to
the latter requirement since it is currently used as a radome material,

During the selection process for a specific type of graphite epoxy and
quartz polyimide material, technical discussions were held with aircraft
manufacturers and material suppliers. As a result of these discussions, the
fabrication details of the materials (layup, thickness, etc.) were based on
the need to simulate a representative aircraft composite and, to provide a
meaningful composite for the effort. A description of the two materials
follows:

Graphite Epoxy

The reference graphite epoxy material, AS/3501-6 is fabricated by
Hercules Incorporated of Magna, Utah, A 16 ply layup [*45°/00/90°/+450/0°/
900]s with an average total thickness of 0.085 inch was chosen.

All structural testing on the graphite epoxy composite was performed
with the load applied in the 0° direction with respect to the specified
layup. The vendor supplied property data for the reference graphite epoxy
is summarized on Table 2-1.

Quartz Polyimide

The F178/581 designation was selected as being a representative quartz
polyimide composite, and is manufactured by the Brunswick Corporation of
Marion, Virginia. In the fabrication of the composite, the prepreg fabric
is layed up with the warp and fill always in the same direction. The F178
polyimide resin usec in the material maintains its structural capabilities
up to about 500°F.

Each ply or lamina of the quartz polyimide is 0.010-inch thick with a
total of 9 plies resulting in a total thickness of 0.090 inch. All testing
of this material was performed with the load applied in the warp direction.
The vendor supplied property data for the reference quartz polyimide is
presented on Table 2-2.
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Table 2—1. Quality assurance test results on graphite epoxy
lamina test panels.

Test Value (R.T.)

Average /Minimum
MECHANICAL PROPERTIES

Tension Strength, 0° (psi) 260,000/234,000 6

Tension Modulus, 0° (psi) 20.9 ¥ 106/20.7 x 10

Short Beam Shear (psi) 18,500/17,800

PHYSICAL PROPERTIES

Fiber Volume (%) 63.7/64.2

Resin Content (%) 28.72/28,03

Density (1b/in-) 0.0582/0,0582

Void Content 0/0.17

Table 2—2. Quality assurance test results on quartz polyimide test panels

(From Brunswick Corporation).
MECHANICAL PROPERTIES (AVERAGE OF FIVE SPECIMENS)
R.T. 350°F (for 30 min)
Flexural Strength (psi) 95,800 6 55,100
Flexural Modulus (psi) 2.71 x 10 2.32 x 108
Compression Strength (psi) 50,000 6 35
Compression Modulus (psi) 2.7 x 10 2.5 x 106
Tension Strength (psi) 75,000 60,000
Tension Modulus (psi) 3.2 x 106 2.8 x 100
PHYSICAL PROPERTIES

Resin Content 33 - 35% by weight
Specific Gravity 1,75 - 1.78
Void Content 0% (by volume)

18




I L A T R T YN o Pl

SECTION 3

COATING DEVELOPMENT

The primary objective o’ the coating development task was to define a
variety of coating concepts for grarhite epoxy and quartz polyimide composite
aircraft structures which are appli.able for hardening to fluence levels in
the 100 to 200 cal/cm2 range. The evaluation of the thermal performance was
determined by testing the specimens in the DNA Tri-Service Nuclear Flash Test
Facility described in Reference 3-1.

An important aspect of the coating concepts is the capability to provide
protection against repeated thermal pulses. Therefore, a second objective
was to identify concepts with a multiple pulse capability and evaluate the
maximum thermal pulse fluence to which a multiple exposure capability was
maintained.

e e S e 2
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3.1 THERMAL PROTECTION MECHANISMS

Unprotected composite structure materials are characteristically highly
absorptive to the thermal radiation from a nuclear explosion. For thicknesses
normelly associated with aircraft skins, composite materials are vulnerable
to relatively low thermal fluences. Based on a simple heat capacity calcula-
tion, a 0,l-inch thick graphite epoxy skir could absorb only about 15 cal/cm?
in undergoing a uniform temperature rise of 400°F throughout the skin thick-
ness., This temperature rise would probably be unacceptable with regard to
retained structural capability of the composite skin,

The hardness of a composite skin to thermal radiation can be dramatically
improved by simply providing a reflective surface. As an example, a white,
titania-pigmented paint is typically about 20 percent absorptive to nuclear
thermal radiation. Therefore, the same graphite epoxy skin previously des-
cribed, when painted white, would absorb approximately 15 cal/em? for an
incident fluence of 75 cal/cm? (80 percent of the incident fluence being
reflected from the skin). Thus, a five fold increase in the thermal flash
hardness level is anticipated by the application of a titania-pigmented white
coating. In fact, this is the nominal level of hardness which has been
achieved with reflective white polyurethane, silicone, and fluorocarbon
coatings (References 1-3 through 1-5).

Because metallic coatings are potentially capable of reflecting more than
90 percent of the radiation pulse, an even greater increase in the capability
could be achieved. The possible methods to achieve a better reflection per-
formance is the use of metallic pigmented polymer coatings, flame-sprayed
metallic coatings or bonded metallic foils,

Because of the low thermal conductivity of the composite substrate,
steep thermal gradients occur near the heated surface at higher flux rates.
The reflective surface experiences a much higher temperature and tempera-
ture rise rates than the average or equilibrated temperature of the composite
substrate. A problem associated with reflective coatings occurs when the
surface reflectivity is degraded before the thermal pulse is completed. A
reflective concept which can withatand a high fluence at a low flux rate, may
be badly degraded at the same fluence supplied at a higher flux rate (shorter
pulse time) because of the more rapid temperature rise rate and higher
reflective surface temperature.

The proper simulation of incident flux rates is a major problem in the
evaluation of reflective concepts. Figure 1-2 illustrates that the peak
incident fluxes of interest for a high altitude (70,000 feet) encounter range
from 40 to 500 cal/cm2-second. For a low altitude (5,000 feet) encounter,
peak fluxes range from about 10 to 100 cal/cm2-second. The coating concepts
on tha composite materials have been evaluated at flux levels to 40 cal/cm?-s,
which is readily obtained in a quartz lamp thermal simulator.




To design coating concepts that can withstand high surface temperature
. levels (high flux and fluence), additional mechanisms of thermal protection
. other than reflection becowre important. One type of mechanism is ablative
' coati.gs which can achieve high hardness levels with little sensitivity to
flux lavels. Furthermore, non-charring ablative coatings could conceivably
combine reflective and ablative hLeat rejection methods.
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3.2 SUBSTRATE CONFIGURATIONS

The coating concepts evaluated were for the thermal flash protection of
graphite epoxy and quartz polyimide aircraft structural composites.

The primary testing was done on the materials described in Section 4.0,
but, because of the cost and limited availability of these substrates, a
number of additional specimens were fabricated from a 0.098 inch glass epoxy
laminate fabricated per MIL-P-15177-GEE, The latter apecimens were used for
initial thermal flash screening tests to establish the zeneral level of
coating performance to aid in the selection of the test fluence lavels.
A number of tests were also performed on 0.032 inch 6061 aluminum alloy sub-
strates, since this substrate acted as a slug calorimetar and provided a

direct measurement of the nominal total reflectivity of the coatings in the
test environment.




3.3 COATING CONCEPT DEFINITION

The coating concept definition and evaluation was performed in two phases.
An initial selection of concepts was made (Task 1) and evaluated in a series
of thermal flash simulation tests (Task 2). Concept modifications were then
made based on results of Task 2 and a second series of thermal flash exposures
performed on the most promising concepts (Task 3)., Table 3-1 identifies the
initial concept selection (Task 1) and Table 3-2 identifies the Task 2 con-
cepts evaluated in the second test series. A detailed description of each
concept and the rationale used in the selection of the concept is described
below:

Concept 1

A two-layer antistatic polyurethane developed by Avco under AFML Con-
tract F33615-76-C-5098 and reported in Reference 1-5, It is a modification
of a standard polyurethane coating currently used on aircraft (MIL-C-83286)
and incorporates aluminum pigments to achieve the desired electrical con-
ductivity. A one to two mil titania-pigmented topcoat is applied over the
conductive sublayer to provide the white coloration and permits charge
dissipation through the topcoat to the conductive sublayer.

Concept 2

An aluminized polyurethane sublayer of Concept 1, without the addition
of the titania-pigmented topcoat. This concept has a metallic aluminum
appearance,

Concept 3

This concept is identical to Concept ! with the aluminum powder deleted
from the white topcoat.

Concept &

A white silicone coating that was developed by AFML and is described in
Reference 1-3. The coating is based on the Dow 808 silicone resin in-
corporating several white pigments, and was pigmented with titanium
(Titanox-B, National Lead Corp.). In this study, two pigmentation levels
were evaluated; 50 PVC* and 25 PVC identified as Concepts 4A and 4B,
respectively.

Concept 5

An erosion-resistant, electrically conductive white fluoroelastomer
system that was developed under AFML Contract F33615-76-C~5210 and reported
in Reference 1-6. The concept is fabricated in three layers, the bottom
layer is a white fluoroelastomer whose thickness is varied from 2 to 10 mils,

*PVC - Pigment volume concentration (percent by volume).
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3
l Table 3—1. Thermal flash coating concepts.
l.
|
- Concept Concept
P Concept Weight Thickness Description
F (gm/cm?) (cm)
E 1 0.017 0.012 Two-layer anti-static white polyurethane.
) 2 0.013 0.010 Single-layer aluminized polyurethane.
Lo 3 0.019 0.012 White Mil-C-83286 over aluminized polyurethane.
- 4a 0.017 0.014  Dow 808 white silicone, 50 PVC titania.
] bb 0.020 0.014 Dow 808 white silicone, 25 PVC titania.
: 5a 0.017 0.009 Three-layer white fluorocarbon, 40 PVC
£ titania plus fibers.
y 5b 0.016 0.G09 Three-layer white fluorocarbon, 25 PVC
E titania plus fibers.
: S5¢ 0.052 0.025 Three-layer fluorocarbon erosion coating
25 PVC titania plus fibers.
5d 0.059 0.025 Three-layer fluorocarbon erosion coating
40 PVC titania plus fibers.
6 0.038 0.007 Bonded copper foil, 2 mil,
7 0.005 0.002 Flame-sprayed aluminum,
8a 0.045 0.030 Bonded polyester film, 10 mil.
8b 0.060 0.030 Bonded TFE Teflon film, .~ i1,
8c 0.036 0.030 Bonded UHMW polyethylene, 10 mil.
9a 0.053 0.056 Bonded cork silicone, 20 mil.
9b 0,090 0.132 Bonded cork silicene, 50 mil.
10 0.030 0.025 Epoxy polyamide white ablative paint.
11 0.078 Grafoil stitched package.
12a 0.105 0.056 Bonded RTV 655 silicone, 20 mil.
12b 0.158 0.132 Bonded RTV 655 silicone, 50 mil.
13a 0.091 0.056 Bonded silastfc 23510 white silicone, 20 mil.
13b 0.182 0.132 Bonded silastic 23510 white gilicone, 50 mil.
i5a 0.230 134 /KHDA polyureu%ane erosion coating,
5 PVC titania.
15b 0.230 134 /KHDA polyurethane erosion coating,
25 PVC titania.
16 0.023 0,012 DeSoto 10A grey polyurethane topcoat

over aluminized polyurethane,

17 0.022 0.012 Bostic dark grey polyurethane over
aluminized polyurethane.

24
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b Table 3—2. Thermal flash coating concepts descriptions — Task 2.

?! Concept
; Concept Weight Description
L (gn/cm?)
f 4B 0.022 3-mil Dow 808 white silicone (AFML)
5B 0.018 3-mil White fluoroelastomer
5C 0.055 10-mil White fluoroelastomer
9A 0.050 20-mil Cork silicone
9C 0,033 10-mil Cork silicone
' 10B 0.045 6-mil Epoxy polyamide, flexible, white
E ; 10C 0.058 10-mil Epoxy polyamide, flexible, white
124 0.068 20-mil Modified RTV-655, white, cast
; 12¢ 0.045  10-mil Modified RIV-655, white, sprayed q
12D 0.016 3-mil Modified RTV-655, white, sprayed |
: 14 0.048 3-mil RTV-655 over 10-mil Cork silicone
15A C.050 10-mil 134/KHDA Polyurethane
22 0.025 3-mil RTV-655 White over 3-mil conductive RTV i
23 0.038 2.4-mil Bonded aluminum foil i

24 0.037 2.4-mil Bonded aluminum foil with topcoat
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depending on the erosion requirement. The middle layer is a mixture of the
white fluoroelastomer with conductive fibers added to provide a laterally
conductive layer and is approximately one-mil thick., The third or top layer
is a thin white topcoat to maximize optical reflectivity. A total of four
variations of the concept were evalvated in Tasks 1 and 2, to investigate the
effect of coating thickness (bottom layer) and pigment loading.

Concept 6

A 1,4-mil thickness copper foil bonded to the composite substrates with
an epoxy film adhesive (U.S. Polymerie E702)., No additional preparation
(polishing or protective coating) was done to the reflective surface. As
tested, the foil was moderately oxidized (slightly dull in appearance)., 1In
actual application, this concept would require a transparent cleanly de-
grading topcoat to maintain maximum reflectivity. This concept is currently
beiry developed for laser hardening sapplications under AFML Contract
733615-76-C-~5048.

Concept 7

A flame-sprayed aluminum coating that was applied to the composite sub-
strate with a Wall-Colmonode Model FG500 Flame-Spray Gun using 11 gage
aluminum wire. The substrate was roughened by grit-blasting with an aluminum-
oxide abrasive prior to spraying. (Attempts to flame-spray the non-roughened
substrate were unsuccessful.) The total thickness of the coating is less than
one mil. The external appearance of the coating is a dull-gray metallic
color with a slightly roughened surface.

Concept 8

Three ciasses of 10 mil polymer films all supplied by DuPont that were
bonded to composite substrates with epoxy adhesives, and were evaluated as
potential ablativifreflective concepts. They are a polyester (Hytrel 4056),
a Teflon® TFE (pre-etched for bonding), and an ultra-high molecular weight
polyethylene. The adhesive film used for bonding the polyester and Teflon
films was U.S. Polymeric E702. An epoxy-polyamide paste adhesive (Avco
Specification M73040) was used for the bonding of the UHMW polyethylene.
(The E702 adhesive proved unsatisfactory for the latter concept.)

Concept 9

Avco's 893-5 cork-silicone sheet in 20 and 50-mil thickunesses was
evaluated as an ablative/insulative concept. The cork silicone was bonded
to the substrate with E702 epoxy film adhesive. An epoxy-polyvamide primer
corresponding to MIL-P-23377 was applied to both the substratz and the cork-
silicone sheet prior to bonding.

Concept 10A

A white epoxy-polyamide ablative paint similar in formulation to AVCOAT
8039 which has been used in several tactical missile heat shield applications.

26




Concept 11

A Grafoill stitched package concept was developed under AFML Contract
F33615-76-C-5210 as a laser countermeasure for composite skins. It is fabri-
cated in a four layer sandwich; graphite fabric, 5-mil pyrolytic graphite
sheet (Union Carbide Grafoil), 10~mil cork-silicone (Avco 893-5), and an
additional layer or graphite fabric. All of the layers are stitched together
with graphite yarn in quarter-inch rows on quarter-ianch centers. The stitched
package is then impregnated with a fiexible epoxy-phenolic resin (Aveco R-10),
and bonded to the substrate with E702 epoxy film adhesive,

Concepts 12A and 12B

S A room temperature curing silicone resin, Gereral Electric RIV655, was
¢ filled with titania pigment and cast into sheets 30 and 50-mils thiclk. These
were bonded to the substrates with General Electric RTV652 silicone adhesive.

Cencepts 13A and 13B g

T P e Ty

This concept uses 20 and 50-mil sheets of Low Corning Silastic 23510, a
white silicone material, which is bonded to the aubstrates with Silastic-J
% adhesive. The substrate is primed with Dow Corning 4094 silicone primer, Ly
& prior to bonding. i

Concepts 15A and 15B

This concept developed by Avco under AFML Gontract F33615-76-C-5210
(Reference 1-6), is designated 134/KEDA snd is a white, titania-pigmented,
erosion resistant polyurethane coating. The coating is sprayed on the sub-
strate until a 9-mil thickness is achieved. Two versions were evaluated;
the standard material which contains 5 PVC titania, and a highly pigmented
version containing 40 PVC titania which is expected to achieve maximum
optical reflectance.

Concept 16

A variation of Concept 3, with the substitution of a light gray
polyurethane topcoat (DeScoto 10A) for the white topcoat. The aluminum flake
filled polyurethane conductive sublayer of Concepts 1, 2 and 3 was retained.
It was anticipated that the rapid ablation of the gray topcoat would cause
early topcoat removal and that better reflective performance would then be
achieved from the exposed sublayer coating.

kT YT N s L et S it s " Rtz errast o ik AL

Concept 17

This concept is similar to Concept 16 except a dark gray polyurethane
topcoat was used (Bostic, MIL~C-81773B}.
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SECTION 4

COATING EVALUATION

4.1 THERMAL FLASH TEST METHOD

A series of thermal flash simulation exposures was performed at a nominal
radiative heat flux of 36 cal/cm2-s using the facility described in Reference
4-1, Most of these experiments were conducted in a wind tunnel to simulate a
representative flight environment. The airflow over the specimens provides
a significant surface cooling effect on the specimens.

4.1.1 Nuclear Flash Simulation

Al) of the experiments were conducted on the DNA Tri-Service Nuclear Flasa
Test Facility located at the Air Force Materials Laboratory, Wright-Patterson
AFB, Ohio. This facility has a quartz lamp bank (QLB) radiation source
censisting of 24 Type T3 (Westinghouse) tungsten filament quartz lamps rated
6 kW each at 450 volts. These were installed in front of a gold-surfaced re-
flector providing a source size of approximately 8 by 10 inches. The test
samples (3.970 by 4.500 inches) were placed adjacent to an interior wall of a
small rectangular wind tunnel. A quartz plate window was installed on the
opposite wall. The QLB radiation source was placed exterior to the wind
tunnel, shining through the window onto the specimen. The spacing between
the quartz lamp envelope and the specimen was three inches in this configura-
tion. At the lamg operating voltage this array provided a maximum radiant
flux of 36 cal/cm¢-s, at the specimen plane.

In actual operation, a transient start up and shut down period is ex-
perienced resulting in a characteristic pulse shape as shown in Figure 4-1.
The pulse shown is for a three-second period of power supplied to the QLB.
Total fluence in the pulse was 108 cal/cm? and peak flux was 36 cal/cm2-second.
The actual duration of the thermal exposure seen by the test site was longer
than three seconds because of the transient rise and decay of the lamp
temperature.

Th.e measuxed spectral distribution cf a single T-2 lamp operating at
raced power is shown in Figure 4-2. The QLB scurce should closely correspond
to this distribution when full operating voltage is reached. In actual opera-
tion, transient start up and shut down periods of approximately one second
each are experienced. The transient pulse has the effect of increasing rela-
tive intensities in the higher wavelength range (above 1.0 micron). As the
tetal pulse time is shourtened suchk that the transient pericd is a greater
part of the pulse, the magnitude of this effect is increased.
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Figure 4—1.
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Radiative thermal pulse shape for three second exposure at peak pulse
of 36 cal/cm2-s,
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Figure 4—-2. Measured spectral distribution of radiation source used in QLB facility.
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4.1.2 Aerodynamic Flow Simulation

A continuous flow open-circuit wind tunnel is used to provide a controlled
aerodynamic flow over the specimen surface. This flow approximately simulates
typical aircraft cruise conditions, but it is also necessary to remove debris
ejected from test specimens. The tunnel operates at atmospheric total pres-
sure with a nominal test section Mach Number of 0.7. The cooling effect of
this airflow on a radiation heated specimen at the tunnel wall is significant
since it directly affects the temperature response of the specimen. The con-
vactive heat transfer coefficient on the tunnel wall was deduced from experi-
ments that measured the temperature response of a blackened aluminum plate
exposed to the radiation heating with and without the tunnel airflow. It was
determined that the nominal convective heat transfer coafficient in tests with
the tunnel operating was he = 0.0l cal/cm2-s-°C. For a specimen with a hot
side surface temperature of 500°C above the tunnel air temperature, this
would mean a convective cooling rate of 5 cal/cmZ-second.

Because this was 13.9 percent of the incident test flux (36 cal/cm2-s)
the cooling loss caused by tunnel flow was an important parameter in these
experiments. However, since comparisons are based on a constant flow condi-
tion, the ranking of concept hardness levels should not be greatly affected.
Appropriate corrections for the cooling effect should be made when evaluating
concept hardness levels from tests performed at different radiation flux

levels and airflow conditions, or for estimating concept hardness in an actual
flight condition.

¢ .3 Instrumentation

The radiative flux measurements were performed with a fast-response, 0 to

“N0 Btu/ft2-second range, Gardon-gage type radiometer placed at the specimen

tane. The setup uses a sapphire window to isolate the sensing element from

.e convective environment and has a radiative spectral absorptance greater

‘in 92 percent over the 0.6 to 15 micron range. Calibration runs were per-
rormed prior to and following each test series at a given flux level, and also
at the beginning and end of each day. The repeatability from test to test was
exce " lent with respect to both pulse shape and peak flux. Exposures of the
rad. .meter with and without tunnel airflow also gave identical results, veri-
fvi-g that errors caused by aerodynamic cooling of the sensing element were
ne,..gible. All of the composite substrates were instrumented with chromel-
alumel thermocouples installed on both sides of the composite substrate prior
to the application of the coatings.

31
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4.2 THERMAL PERFORMANCE CRITERIA

4.2.1 Substrate Temperature Response

Several criteria are appropriate for evaluating the effectiveness of
thermal flash hardening concepts for composite substrates. The most obvious
is the ability of a coating to limit the maximum temperatures in the composite
to a level that does not cause catastrophic structural damage. However,
selection of an allowable substrate temperature is not a straightforward pro-
cedure because of the short-time, transient natuic of the thermal pulse, and
the generally high thermal gradients which are imposed on the substrate. For
an unprotected substrate, the exposed surface may Instantaneously reach a
temperature which causes severe damage to the laminates near the surface. The
rapid degradation of the resin in these laminates and tne rapid outgassing of
the resin vapors typically causes fracturing and delamination of the fiber
reinforcement which results in significant loss of the structural capability
of these laminates. However, because the composites are fairly poor thermal
conductors, and because the front surface is subject to rapid cooling by aero-
dynamic flow, the maximum backface (also composite equilibrated temperature)
may be low enough, such that no structural damage is caused in the composite
laminates. The variation of damage ranging from a catastrophic condition at
the exposed front surface, to no damage at the specimen backface may be
observed.

The addition of thermal protection concepts has several effects on the
substrate thermal response. The thermal flux seen by the front surface of the
composite and the total energy absorbed by the composite is always reduced by
an effective coating concept. This has the effect of reducing the amount of
thermal damage that would be found in an unprotected composite and also sig-
nificantly reduce the difference between the front and backface composite
temperatures. Another beneficial effect of coatings is the reduction or
elimination of fracturing of the front surface composite fiber reinforcement
by reducing the rate of outgassing of the resin vapors.

The installation of the thermocouples at the front and back surfaces of
the composite substrate can provide only limited information regarding the
structural damage to the composite, since these temperature measurements do
not provide a definition of the damage gradient through the composite thick-
ness. However, a sure-safe condition can be deduced, based on assigning a
maximum allowable sure-safe temperature tc the front surface, because the
front surface of the composite has the highest temperatures. Similarly, a
sure~k1ll condition can be established, based on maximum backface temperature
criteria, because all locations in the composite must have equaled or exceeded
the measured backface temperature.

4.2.2 Thermal Performance Parameters

A significant measure of the performance of a thermal protective coating
is its ability to prevent energy from being deposited in the composite skin.




o m

Consider an cvnergy balance of the form:
Total incident energy = energy rejected + energy stored in skin

qgr = energy rejected + X (plc AT)
2(plc AT)
qr

= 1 - energy rejected/incident energy

= fraction of incident energy stored in skin.

Thus it is desired to provide protective concepts which minimize the
fraction of incident energy stored and minimize the weight of the concept,
represented by the parameter pf .

S(plc AT)

Considering the parameter in terms of the measurable experi-

mental quantities, the weight (pf) and incident fluence (qr) are well estab-
lished in the experiment, but the heat capacity (c) is generally not known.
Because of the transient nature of the temperature rise of the skin, this
measurement in the experiment is subject to qualitative interpretation from
the evaluation of the heat balance relations. For the purpose of performing
a comparative evaluation of the thermal performance of the concepts in terms

T
of accurately measurable quantities, the parameter (pE)AI};haS been used in

the data presentations, where qr is the total incident fluence, X (pf) is the
weight per unit area of the composite plus hardening concept, and ATgis the
maximum temperature rise of the backface. This parameter is an approximate
measure of the ratio of the incident energy to energy absorbed in the skin.
At fluences below levels which cause extensive specimen damage, the parameter
varies only slightly with fluence and is useful to estimate temperature
responses at fluences other than actually tested.

4,2.3 Multiple Exposure Capability

Those concepts which sustained exposure to fluence levels of 72 cal/cm2~s
and greater with no substantial degradation or damage were considered to have
a multiple exposure capability. 1In general, the concepts with this capability
were also good reflectors. A number of tests were performed which were second
exposures of specimens that survived an initial exposure of at least 72 cal/cm?,
In general, specimens which were suspected to be slightly degraded (such as a
slight surface discoloration) were re-exposed at the same fluence level.
Specimens which were visibly undamaged were generally re-exposed at successively
higher fluence levels. Multi-pulse exposure tests are identified in the data
tables by the notation (1), (2), etc., following the test number to denote the
initial, the second, and subsequent exposures of a single specimen.
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4.2.4 Degradation of Dielectric Properties

For quartz-polyimide substrates, which are utilized for aircraft radome
structures, the significant damage criteria is likely to be a change of the
dielectric properties rather than a structural degradation of the substrate.
In general, the thermal exposure may cause a graphite char to form in either
the composite or in the thermal protective coating. This would result in an
electrically conductive layer which interferes with the transiiission of micro-
wave signals through the radome. -

Potential coatings for thermal protection of radome composites must
protect the substrate from charring to a point which degrades dielectric
properties and protect the coating so it does not char. Candidate concepts
applicable for radome protection were evaluated in this program by measuring
Ky-band transmission losses bafore and after thermal flash exposure.

Because of reflection phenomena, the microwave transmission losses in
the configuration tested are also dependent on physical characteristics of the
specimen, specifically thickness and edge cunfigurations. Therefore, only
gross effects caused by the thermal exposure could be evaluated in the trans-
mission experiments. Losses caused by inser-.ion effects and dimensional
changes associated with ablative coating concepts caused readily measurable
variations in transmissjon (typically 3 to 10 dB) which were not associated
with charring phenomena. Such losses were not considered unacceptable from
the aspect of thermal flash hardening (although they may certainly be signifi-
cant to the performance of a particular radome design). Dielectric property
changes caused by the thermal exposure were readily detectatle because they
resulted in dramatically large decreases in microwave pover transmission
(typically greater than 20 dB).
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b 4.3 COATING CONCEPT PERFORMANCE

; 4.3.1 Thermal Flash Test Results

e

The results of all of the coating assessment tusks is presented in
Appendix A, The format of the data for each concept is as follows:

Frre

-

1. A brief discussion of the test observations and interpretations and
- selected photographs.

et

2, Test facility identification number.

| 3. Coating concept number.

B

4, Composite substrate.

5. Test condition (flux and fluence).

6., Coating weight penalty.

- 7. Maximum front and backface temperature of substrate.

i 8. Thermal performance parameters (described in Section 4.2.1).

——

9. Description of the specimen visible damage.

: The results of these coating thermal flash tests were evaluated and correlated

\ for thermal response, microwave transmission, and overall hardness capability
= in subsequent sections.

T; 4,3.2 Thermal Data Correlations

A comparison of the thermal performance of the hardening concepts was de-
veloped from the temperature response data in the following manner. Time-
temperature measurements from a particular test exposure were made from thermo-
couples installed on the front and back surfaces of the composite substrate.
(Beneath the protective coating.) Typical temperature response curves are
illustrated for Concept 2 on Figures 4-3 and 4-4. The maximum backface tem-
perature rise from these curves were then plotted versus the total incident .
fluence (qr) for all tests on a given concept. It should be noted that the }
rear surface temperature exceeds the front su:face temperature after approxi- ]
mately 10 seconds, this occurs due to the cooling of the front surface from the
wind tunnel airflow across the surface. These results are presented for all
the concepts on Figures 4-5 and 4-6 for graphire epoxy and quartz polyimide
substrates, respectively. From these secondary data plots interpolations were
made to determine the total fluence required to produce a 100°F backface tem- ‘
perature rise. A comparison of the thermal performance of each of the con-
cepts was then msde on the basis of this fluence.

Figures 4-7 and 4-8 compare the various hardening concepts on the basis
of the fluence producing a 100°F rise and the weight penalty assoclated with
the hardening concept. The weight penalty is defined as the increase in weight
due to adding the hardening concepts divided by the weight of the bare sub-
strate, and expressed as a percent. It is apparent that the most effective
concepts are those which lie to the left and upper portions of the plots.
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Figure 4—5A, Backface temperature response of hardening concepts on graphite epoxy substrates.
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Figure 4—5C. Backface temperature responise of hardening concepts on graphite epoxy substrates.
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The thermal performance parameter discussed in Section &4.2.l1, is also de-
veloped from che fluence versus maximum backface temperature rise curves.
This parameter, qr/pfATp, would be proportional to the slope of the tempera-
ture response versus fluence curves of Figures 4-5 and 4-6, if these curves
were perfectly linear. Since they are not, the parameter was evaluated for
all concepts at a backface temperature rise of 100°F, and therefore represents
the slope of the line from the origin to the 100OF intercept of the curve. As
discussed in 4.2.1, the performance parameter is a measure of the ratio of
total ‘ncident energy to that stored in the skin, and higher values indicated
better performance. Table 4-1 presents the thermal performance parameters
for each coating concept and composite substrate.

Although the performance parameters measure the relative efficiency of
the concepts, considering both energy rejection and concept weight, it is not
necessarily indicative of the total concept hardness levels when strength and
surface damage are considered. Therefore, an estimate of hardness level for
each concept was also made by considering the maximum substrate temperatures
at the front surface of the composite. Plots of maximum temperature at the
front face (exposed surface) of the composite versus total incident fluence
were made in the same manner as for the backface temperature plots of Figures
4-5 and 4-6. A sure-safe maximum front face composite temperature level of
550°F was selected for the graphite epoxy substrates and 650°F was selected
for the quartz polyimide substrates. The total fluences corresponding to
these temperatures were established for each concept and are indicated as
sure-safe hardness levels. These are also presented in Table 4-1.

4.3.3 Microwave Transmission Measurements

Table 4-2 and Figure 4-9 summarize the microwave transmission losses for
selected quartz polyimide hardening concepts before and after thermal flash
exposure. The attenuation and phase shift were measured relative to an un-
coated and unexposed quartz polyimide specimen of the same configuration. The
specimens were oriented at 45 degrees to the beam axis and the edges of the
4 by 4.5 inch specimens were bounded by a carbon foam microwave absorber to
eliminate edge losses. The reference test frequency was 14.4 GHz.

Thermally exposed specimens were selected which had suffered some coating
damage but not significant substrate damage. Typically, the reflective sys-
tems utilizing aluminized polyurethane coatings (Concepts 1, 2, 3, 16, and 17)
were marginal in transmission performance even prior to thermal exposure. !
They had 2 to 2-1/2 dB attenuation and about 25 degrees phase shift. Thise N
characteristics would likely be acceptable for many applications. Exposure
to thermal fluences in the 72 to 108 cal/cm? range consistently caused an
improvement in microwave transmiesion performance, most probably because of a
substantial loss of the aluminum pigment.

The cork silicone and Grafoil hardening Concepts (%9a and 1l1) were clearly
unacceptable for radome application, heving very high attenuation and phase
shift. The best materials were the white, titania-pigmented, polymeric
materials; including the silicones, fluorcelastomer, epoxy, and polyurethane
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Figure 4—9. Microwave attenuation of quartz polyimide.
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Table 4—1. Summary of thermal data correlation parameters.

Graphite Epoxy Substrates Quartz Polyimide Substrates
Concept Performance Sure-Safe Performance Sure-Safe
No. Parameter Hardness Parameter Hardness
(cal/gm-OF) (cal/cm?) (cal/gm-OF) (cal/cm2)

1 2.07 60 2.11 67

2 2.08 .96 3.00 103

3 2.40 120 2.89 87

4a - - 1.59 85

4b 2.07 96 1.71 104

S5a - - -~ -

5b 1.81 84 1.9 81

Sc 2.08 120 2.32 129%
5d - - 2.13 160%
S5e - - 2.61 113

5 - - 3.55 161

6 8.02 200 - -

7 2.76 104 - -~

9a 3.66 135 4,06 141%
9b 6.91 >200 - - — e
9¢ 1.40 40 - -
10a 2.33 82 2.54 90
10b 2,02 95% 3.02 118

11 3.54 195 3.77 192
12a 3.28 >200 3.33 >200
12b 4,48 >200 - -
12¢ 2.21 100 3.14 112
12d 1.68 74% 2.26 100

14 2.51 113 - o
15a 2.22 120 2.61 142
15b 3.99 156 3.96 200

16 1.54 62 2.28 7 70

17 1.59 60 2.62 72

22 2.21 94% - -
23 5.62 200 - A -

0 1.39 <40 1.40 <50

*Accuracy in value in doubt because of extreme extrapolation of

available data.
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Table 4-2, Microwave transmission test data.

Thermal Maximum Ky-Band  K,~Band
Exposure Substrate Voltage Phase
Concept Fluence Temperature Loss Shift Concept Description
(cal/cm2) (°F) (dB) (deg)
1 ] - 2.0 23.5 White anti-static poly-
urethane
1 72 692 1.6 13.5 White anti-static poly-
urethane
2 0 - 2.1 23.0 Aluminized polyurethane
2 108 765 1.5 25.0 Aluminized polyurethane
3 0 - 2.3 28.0 White anti-static poly-
urethane
3 108 701 1.4 18.5 White anti-static poly-
urethane
4 72 536 0.8 6.5 White silicone paint,
Dow 808
4 108 779 0.7 8.5 White silicone paint,
Dow 808
5a 72 528 0.4 6.0 3-mil white fluoro-
elastomer coating
5b 72 580 0.7 6.5 3-mil white fluoro-
elastomer coating
5¢ 72 395 0.6 6.5 12-mil white fluoro-
elastomer coating
5d 72 336 0.3 0 12-mil white fluoron-
eiastomer coating
9a 108 510 5.1 29.5 20-mil cork~silicone,
893-5
10 0 - 0.3 4.5 White ablative epoxy
10 198 - 726 0 0 White ablative epoxy
11 o - 14.7 -265.5 Grafoil stitched package
11 180 610 13.3 ~273.5 Grafoil stitched package
12a 216 381 0.3 9.0 20-mil RTV-655 white
sllicone
15a 108 484 0.5 6.5 White polyurethane
erosion coating
15b 180 475 0.8 13.5 White polyurethane
erosion coating
16 72 667 1.1 16.5 Light gray anti-static
polyurethane
17 72 701 1.5 24.5 Dark gray anti-static

polyurethane




of Concepts 4, 5, 15, 10, and 12, respectively. All of these concepts ap-
peared capable of hardening quartz polyimides to levels in excess of 100 cal/
cm? without excessive degradation of transmission.
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4.4 Coating Concept Ranking

- On Tables 4-3 and 4-4 the coating concepts are ranked in order of de-
creasing thermal efficiency as measured by the thermal performance parameter.
The concept with the highest performance parameter value will provide the
highest hardness levels consistent with their associated weight penalties.

The tables also present the hardness levels obtained in the configurations
tested as measured by the fluence causing a 1000°F backface temperature rise,
and by the sure-safe hardness, which is associated with the response of the
front face of the substrate to an "acceptable' temperature level (550°F for
graphite epoxy, and 650°F for quartz polyimide). Examination of the tables
for these two measures of hardness reveals that they are reasonably consistent
for nearly all the concepts. This indicates that concepts which are designed
to provide the sure-safe temperature limit to the hot surface of the composite
will generally also limit the rear surface of the composite to about a 1000F
temperature rise (for the substrate thicknesses tested, 85 to 100 mils).

Further examination of Tables 4-3 and 4~-4 indicates that several concepts
have the capability for hardening to fluence levels in excess of 150 cal/cm
with little weight penalty. In particular, the titania-pigmented ablative
- polymeric systems (these include Concepts 5, 10, 12, and 15), show good po-

1 tential. Most of these also exhibit capabilitv for hardening against multiple
] pulses to fluence levels in excess of 70 cal/cm?. Particularly outstanding

o in this respect is Concept 12, the titania-pigmented RTV-655 silicone. This
- concept apparently maintains excellent reflective capability to very high
surface temperatures. In thicknesses of 20 mils this concept appeared capable
of hardening to multiple pulses in the 140 to 180 cal/cm? range with little or
no damage to the coating. In addition all the concepts in this coating class
- also have satisfactory microwave transmission characteristics.

The most effective concepts concerning thermal response in the tests were
the bonded metallic foils (Concepts 6 and 23). The key to their effectiveness
was their low optical absorptivity to the radiative pulse (less than 10 percent).
This is less than half the absorptivity of the best raflective pigmented poly-
mers. However, the reflective foils have major disadvantages. They are
postulated to be much less effective at higher flux levels, may be subject to
sudden failure by thermal expansion mismatch or by spallation of entire sheets
with the evolution of resin vapors from the composite substrate, and may be
difficult to maintain.

The use nf metalli: reflective pigments in a polymer resin base (us in
Concept 2) eliminatez some of the disadvantages that metallic foils exhibit
and might be expected to achieve high reflectivity levels. Such concepts
would still be adversely affected at high flux levels and performance is
limited by spallation caused by substrate resin evolution. These are the same
disadvantages inherent in all thin ceflective ccating concepts including the
white pigmented reflective polymers currently considered state-of-thz-art for
thermal flash hardening.
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‘ Table 4—3. Concept ranking summary, graphite epoxy substrates.
Estimated "
\i Concept Thermal Fluence Sure-~Safe Maximam Fluence
i Weight Performance Causing Hardness for Multiple A
¢ : Concept Penalty Parameter Backface OT Level Exposure Capability e
1 1 l ) (cal/gm-°F) (cal/cm2) (cal/cm2) (cal/cm2) ::
6 14.3 8.02 200 200 200 E
3 % 21,6 6.91 200 200 <70 2
3 23 12.0 5.62 200 200 200 1
8 12b 50.1 4.48 200 200 140
¢! 15b 9.5 3.99 156 156 <70
3 9a 13.2 3.66 148 135 <70
% ! 29.1 3.54 163 195 <70 .
;. 12a 22.1 3.28 143 200 140
7 3.6 2.76 102 104 100 1
14 16.2 2.51 104 113 <79 :
3 8.4 2.40 93 120 70 i
10c 20.7 2.34 101 120% <70 g
10a 12.0 2.33 93 82 70
15a 13.4 2.22 90 120 <70 ;j
22 10.4 2.21 87 94 90 3
12¢ 14.0 2.21 90 100 100 |
2 5.0 2.08 78 96 90 l
5¢ 17.4 2.08 87 120 70 i
1 8.1 2,07 80 60 60 §
\ 4 8.4 2.07 80 96 70 ;
10b 13.7 2.02 82 95% <70
5b 5.3 1.81 68 84 70
12d 8.1 1.68 65 4% 70
17 9 0 1.59 62 60 60
16 7.0 1.54 59 62 60 1
9c 10.1 1.40 55 40 <70 ;
0 0 1.39 49 40 <70
,
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Performance of this class of concepts is inherently limited by substrate
resin decomposition to fluences in the 80 to 100 cal/cmZ range. At maximum
fluxes several times higher than the test flux, the hardness levels are antic-
ipated to be substantially less.

Charring ablative systems such as the cork silicone or Grafoil (Concepts
9 and 11) are capable of achieving very high hardness levels, but the

associated weight penalties are inherently high due to the poor reflective
performance.
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4-1 R, A, Servais, B. H. Wilt, N, J. Olson, "Tri-Service Thermal Radiation
Test Facility Test Procedures Handbook', UDRI-TR-77-28, University of
Dayton Research Institute, Dayton, OH, May 1977,
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SECTION 5

COMPOSITE MATERIAL CHARACTERIZATION AND INITIAL TESTING

5.1 PROPERTY VERIFICATION TESTING

To verify the vendor data for the two substrate materials, and to provide
a data base for referencing the thermal flash test results, a series of base-
line property verification tests were performed. A total of 11 graphite epoxy
and 10 quartz polyimide test specimens were fabricated as shown on Figure 5-1,
and then tested to obtain tne ultimate tensile strength at room temperature,
350° and 500° F.

When performing the graphite epoxy tensile tests, certain precautions
must be taken in the design of the tensile gspecimens, otherwise tab fallures
may cur even after careful selection and sizing of the fiberglass tabs
(Reference 5-1). These premature failures are caused by local stress concen-
trations and shear stresses induced by Poisson's effect in the region of the
tab/graphite epoxy interface. In these property verification tests, although
the tabs were carefully designed to preclude tab failure, all of the 2-inch
width graphite epoxy samples failed in the vicinity of the tabs, except for
sample PG-5. Nevertheless, a comparison of both the vendor supplied data and
baseline property verification test results, shown on Figure 5-2, indicates
that nearly the full tensile strength of the graphite epoxy laminate had been
obtailned.

To determine the effect of geometry on the specimen tensile strength,
three one~inch width gpecimens were tested at a temperature of 350° F. These
samples failed at a level approximately 70 percent of the ultimate failure
stress measured on the 2-inch width specimens, indicating a possible specimen
size (width) effect. This reduction in tensile strength is attributed to the
lack of continuous 45° fibers in the laminate as shown on Figure 5-3. Another
type of tensile test was performed using two sandwich beams. This type of
test is described in Reference 5-1, and is used to verify the flat uniaxial
tensile test data. As shown on Figure 5-2, the sandwich beam tensile test re-
sults are within the data scatter of the uniaxial tensile tests. The results
of all of the graphite epoxy verification tests are summarized on Table 5-1.
The type and location of failure can be seen in the photograph of some repre-
sentative specimens shown on Figure 5-4.,

The quartz polyimide verification test results are summarized on Table
5-2 and shown on Figure 5-5, and include a comparison with data supplied by the
vendor., The quartz polyimide test specimens failed in the middle of the
sample except for a few specimens. The variation between room temperature and
3500 F was assumed linear because no vendor data or test results were available.
A quartz polyimide post-test tensile specimen is shown on Figure 5-4. This
was accomplished by instrumenting with strain gages, two graphite epoxy speci-
mens (PG-3 and PG~6) and two quartz polyimide specimens (PQ-1 and PQ-6).
Another result of the verification tests was the measurement of the variation
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| of strain from the center to the edgev,of the specimen, as well as a determina-
tion of the Poisson's ratio of the material. The results of thase tests are
presented in graphical form on Figures 5-6 and 5-7.

The strength values determined by the property verification tests are Vo
within the range of the vendor properties for both materials., The results '
1 also nrovide an indication of the range of data scatter to be anticipated in
the thermal flash tests caused by the variation in mechanical properties.
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5.2 POST-THERMAL FLASH PROPERTY TESTS

The initial series of thermal flash tests were performed with the follow-
ing objectives:

1. Measure the backface rhermal response history of the specimens for
facility calibration and future analytical cowparisons.

2. Upon return of thermal flash tested (degraded) specimens to Avco,
perform tensile tests at room temperature on both the graphite epoxy
and quarcz polyimide specimens. These results, as a function of
fluence, would indicate the amount of permanent damage and also gid
in the development of prediction techniques for the loadiug require--
ments in the subsequent combined thermal flu3h/load tests.

A sketch showing the tensile specimen geometry is shown on Figure 5-1 and
the Tri-Service Nuclear Flash Facility 1s described in Appendix A, The ap-~
proach taken was to expose scamples of each material to various heai: fluxes and
fluence levels, and monitor the backface temperature response with thermo-
couples. The specimens were mounted to precludo loading during the thermal
flash exposure. Following the thermal flash exposure, the damaged specimens
were returned to Avco, thelr post-test condition noted, and the room tempera-
ture ultimate tensile strength determined.

5.2.1 Thermel Response Data

The results of these tests are presented on Tables 5-3 and 5-4 aud Fig.res
5-8 through 5~11. The tables concain the typ2 cf specimen (control or ten-
sile)*, test number, flux, fluence, maximum froat surfece temperature (Tg)
and maximum backface or equilibrated temperature (TyF), ultimate strength,
strain, elastic modulus and post test appearance.

On Figures 5-8 through 5-10 the thermal responsc of the graphite epoxy
gpecimens is shown. The control specimen maximum front race and backface
tanperature as a function of fluence are shovn on Figure 5-8. This limited
data indicates little ariztion in backface temperature with flux leval, even
though the surface temperature vavies by nearly 1000°9F, for an 80 cal/cm?
fluence, On Figures 5-92 and 5-10 the results of the tensllie tests are com-
bined with the control test results, for the maximum backface temperature re~
sponse vs. fluence nt fluxes of 13 aud 30 cal/cm?-s, respectivelv. Contrary
to the limited test results on Figure 5-8 for the control specimeus, a cem—
parison of Figures 5-9 and 5-1C indicates slightly different results. A curve
drawn through the average data indicates a much higher backface temperature
for the lower flux level. Interpretation of these results must consider the
limited data base, two to four points per fluence level, and also the fact
that at and above the 40 cal/cm4 fluence level severe delamiration of the
outer lamina and reein outgaseing occur which limit the amount of thermal
energy transmitted to the backface of the composite.

*The control specimen has both front and backface thermocouples for system calibration. The tensiie specimens have only a back-
face thermocouple, since a frunt face thermocounie mounting hole through the specimen would affect ihe resuits.
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On Figure 5-11, the quartz polyimide maximun front face and backface
temperature response 1s displayed vs. fluence at two flux levels. Contrary to
the graphite epoxy resulcs the backface temperature for the 13 and 3G cal/cmé-s
flux levels are essentially the same when the tensile specimen test data is
combined with the control specimen test data.

5.2.2 Post-Thermal Flash Tensile Tests

The tensile specimens that had been exposed to a thermal flash environ-
ment, as described in Section 5.2.1, were then tested at Avco Systems Division.
The tests were performed at room temperature and provide a quantitative assess-
ment of the specimen-degradation under a thermal flash enviromment. These
tests can also be used to indicate the capability of an actual aircraft where
an intercept occurs and several minutes elapse prior to either blast traversal
or ananeuver loads.

Figures 5-12 and 5-13 show the room temperature tensile strength of the
thermal flash degraded graphite epoxy specimens at flux levels of 13 and 30
cal/cm2~second. The curve through the data point at fluences of 0, 20, 40 and
80 cal/cm? is approximate due to the limited number of test points and scatter
of the data. The important result to note 1s that for both flux levels at
40 cal/cm?, the degraded tensile strength of the material is reduced about 25
percent. Also, the tensile strength above 40 cal/cm? fluence is less for the
13 cal/cm2-s flux, which 1s attributed to the higher front surface temperatures
which cause greater surface lamina damage. The quartz polyimide tensile
strength is shown on Figure 5-14 for flux levels of 13 and 30 cal/cm2-second.
The two flux levels are combined in a single curve since no significant dif-
ference between the two levels is witnessed, other than normal data scatter.
At a fluence of 40 cal/cm? only a 7 to 12 percent reduction in tensile capa-
bility is found.

As observed in the verification property tests all of the graphite epoxy
samples failed at the tabts, except for Specimens 389 and 390, which experienced
the highest backface temperatures and showed the greatest post-~test thermal
damage. The quartz polyimide speciiens all failed in the middle of the sample,
similar to the verification prooerty tests.

‘REFERENCE

5-1 "Structural Design Guide for Advanced Composite Applications".
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Figure 5—12. Tensile strength of post-thermal flash specimens — graphite epoxy.
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Figure 5—14, Tensile strength of post-thermal flash specimens — quartz polyimide.

79

[Py PSS S PG SRS TSPNPLIRR SR - - it 0



3 ’y'.-l?"‘"‘.‘ai»F.‘l.'... Lt &

L SECTION 6

Ve ‘ . DEVELOPMENT OF COMPOSITE ANALYTICAL MODEL

e : This section describes the analytical studies that were conducted in

]5 parallel with the experimental work performed in Section 5.0. The analytical
e * assessmant was required to provide an understanding of the thermostructural
respounse phenomena, in addition to providing a prediction technique for the
combined thermal flash/loading tests,

Section 6.1 discusses the analysis in support of the baseline or verifi-
cation composite structural properties testing. A layer or lamina model and
failure criteria is developed from a combination of vendor data, composite
material literature and experimental test data. Section 6.2 describes the
develcpment of the thermal response model of the composite. A thermal model
is required since only the front face and buckface temperature histories ]
were measured during the initial thermal flash testing, and for accurate é
capab’lity predictions of the combined thermal flash/loading tests, the ther- ;
mal response profiles or gradients as a function of time must be determined. :

The analysis of the mechanical strength of the post thermal flash tested
specirens is performed in Section 6.3 and suppcrts the testing performed in
L Section 5.2. 1In the case of the thermal flash exposed specimens, the simula-
“.: tion model is modified to account for the damage to the surface lamina of the
f" composite. Finally, in Section 6.4, the analytical models previously described,
v are used to provide pretast predictions for the combined thermal flash/loading ‘

tests.
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6.1 BASELINE COMPOSITE PROPERTIES

To analytically predict the capability of the tensile specimens, it
was necessary to modify a computer code for application in this program. The
Avco Systems Division computer code "Composite Analysis'" was modified to con-
sider an orthotropic/elastic model for each lamina (also referred to as ply
or, layer) of the composite., The code input information required is the
lamina modulus, orientation, thickness, number of layers, and temperature
profile through the composite. The code then calculates the composite or
laminate stiffness. In addition, when a load is applied, the code determines
the stresses and strains at thz mid peint of each lamina. Utilizing this
composite computer code, the resultant properties of the reference 16 ply
layup of graphite epoxy were calculated. (See Section 2.0.) The analytical
strength predictions are superimposed on the verification test data in Fig-
ure 5-2, There were no analytical predictions made for the quartz polyimide
because the lamina were all oriented in the same direction and the composite
ultimate tensile strength per unit area is assumed to be the same as the
lamina value.
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6.2 THERMAL RESPONSE HISTORIES

To accurately predict the failure level of the graphite epoxy specimens
in both the post thermal flash and combined thermal flash/load tests, a ther-
mal response model of the specimen is required. The initial thermal analysis
work was performed by Kaman/Avidyne and is described in Reference 1-2, This
analytical modeling was revised by Avco at the conclusion of the initial
thermal flash testing cycle. A refined graphite epoxy thermal model was
developed to account for the epoxy resin blowout and charring. Several itera-
tions of the model thermal properties were required to obtain an accurate
analytical simulation of the test results.

Avco's existing carbon phenolic Computer Code 2500 served as the basis
for the composite model. The carbon recession portion of this code provided
excellent agreement with the test results when a coupling coefficient (a) of
0.8 is assumed., The internal response of graphite epoxy was also assumed to
be similar to that of carbon phenolic. The modeling approach taken was to
first establish a reasonable description of the charring and internal heat
storage terms, and then the virgin and char thermal conductivity values were
varied until the experimental and model results correlated.

Avco generated thermal gravimetric analysis (TGA) data on epoxy was
coupled with reaction rate constants for phenolic to approximate the charring
response. The specific heat was assumed to vary with temperature and density
in the same form as used for the carbon phenolic model. Avco Computer Code
2500 was then used with the measured test conditions and the assumed expres-
sions for charring and heat storage to force a reasonable match of the tem-
perature data by varying the virgin and char thermal conductivity.

The basic thermal properties used for graphite epoxy in this model are
shown on Table 6-1.

Table 6-1. Properties of graphite epoxy required for the tnermal model

Density - Virgin 1.52 gm/cm3
- Charred 1.19 gm/cm3
Specific Heat - Virgin 0.3 cal/gm - °
- Charred 0.5 cal/gm - °
Thermal Conductivity
Across Plies - Virgin 0.0042 W/m - °k
- Charred 0.0016 W/m - °K
With Plies 0.035 W/m - %K
Emigsivity (Coupling Coefficient) 0.8
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6.3 POST-THERMAL ¥LASH TEST PROPERTIES

In this section the post-thermal flash test data is evaluated to estab-
lish a failure criteria for the degraded material.

The laminate stress analysis computer code described in Section 6.1, was
used to predict the room temperature ultimate strengths of the pcst thermal
flash damaged specimens of graphite epoxy. A lamina railure criteria for the
graphite epoxy caused by the blowout or vaporization of the resin was estab~

lished by reviewing the thermal characteristics of the epoxy resin. The initial

vaporization of the epoxy occurs at approximately 600°F and this phenomena con--
tinues up to the fully charred state of tiie epoxy which cccurs at a tempera-
ture of 1000°F, After an inspection of the post—thermal flash specimens, a
temperature of 1000°F was selected as a criteria for determining the threshold
for lamina damage. In other words, the graphite epoxy layers or lamina at
temperatures above 1000°F are significantly damaged or destroyed by the rapid
outgassing or vaporization of the epoxy. Thc amount of damage is both teur—
perature anc heating rate sensitive,

A degraded specimen analytical model is devel»ped after reviewing the
predicted temperature gradients shown on Figures 6-1 through 6~3 and deleting
any lamina in the composite which exceeds 1000°F., The maximum line load
capability is determined by assuming room temperature properties for the re-
maining layers i:: the model and applying a unit load to the specimen. The
ultimate strength of the damaged specimen is then calculated by dividing by
the original (16-ply) thickness. The resulting prediction, shown on Figure 6-4,
is necessarily an upper bound on strength, because the remaining layers have
been assumed to be undegraded by the temperature cycling. This analysis must
be considered approximate since a subjective estimate of the number of layers
deleted must he made, although a visual inspection of the degraded specimens
confirmed that temperatures exceeding 1000°F caused extensive damsge to the
surface layers, As discussed in Section 6.1, this type of analysis was not
performed on the quartz polyimide, because the unidirectional orientation of
the layeirs results in the strength being proportional to the number of un-
damaged layers,
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Figure 6—2. Temperature/time histories.
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Figure 6—4. Predicted ultimate tensile strength of graphite epoxy tested at
room temperatiirs on thermal flash tested specimens.
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6.4 COMBINED THERMAL FLASH/LOADING TESTS

This section describes the analyses used to predict the tensile capability
of the composite specimens in the combined thermal flash/load tests.

A reliable capability prediction technique is required for the thermal
flash/load tests since the number of samples available for testing is limited
and the number of variables is large (two composite materials, two flux levels,
several fluence levels, and two protective coatings). Another constraint is
the manner in which the tensjile loading is applied. As described in Appen-
dix A, the creep frame used in the testing is loaded with weights prior to the
thermal flash exposure and cannot be varied during the test.

There are two theoretical methods developed to predict the failure
strength of the composite samples under the combined thermal flash and ten-~
sile loading. The flow diagram shown in Figure 6-5 graphically outlines both
of these procedures.

The first method, which was used for the graphite epoxy, is an analytical
method which uses the composite stress analysis computer code described in
Sections 6.1 and 6.3 and requires that the mechanical properties of each
lamina be characterized up to the maximum temparature encountered in the
analysis, This procedure as used to predict the capability of the graphite
epoxy in the combined thermal flash/load tests is described below:

1. The first step requires an ultimate strength va., temperature curve
for the particular graphite epoxy. Therefore, the only available
at temperature data for graphite epoxy was that shown on Figure 6-6,
and these properties were only provided to 350°F, therefore the
properties were then extrapolated to 1000°F, and the material in
excess of 1000°F was assumed to be non-load bearing, i.e., zero
modulus and strength.

2, The thermal response profiles utilized were obtained from the Avco
thermal response computer code, an example of the results of which
are shown on Figures 6-1 through 6-3, The heat transfer program
outputs a temperature profile through the thickness of the composite
for time intervals from exposure initiation to several seconds after
heating cut-off. The temperature profile selected for the test
prediction, represents the maximum temperature reached at any given
point through the thickness at any time. The utilization of the
maximum temperature envelope is conservative and indicates a lower
strength than using the actual temperature profile at any particular
time.

3. Specimen Width Effect: Although the load carrying graphite fibers
retain stiffness and strength to several hundred degrees, Figure 6-6
shows that the epoxy matrix, which distributes the loads between
the lamina, loses its shear stiffness at a few hundred degrees.
Therefore, in a heated, narrow width specimen, the cross plies (90°)
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920

pavew

i i st s mel{ ksl




and angle plies (*45°) are not "rooted" in cooler material and the
tensile load shkifts to the stiffer 0° layers. Accordingly, the
elastic properties of the 90° and *45° layers were further degraded

with temperature by the ratio of the epoxy's stiffness to that at
room temperature.

4, Combining the temperature distributions and temperature dependent
properties which are described above, the laminate analysis program
uses a unit axial tensile line load (1 1lb/inch) and outputs stresses
and strains in each layer, in both or the local (parallel and per-
pendicular to fiber) directions. The failure criterion used is based
on the maximum temperature dependent ultimate tensile stress in the
preferential (0°) fiber direction.

The result of applying steps 1 through 4 is shown on Figure 6-7.

The second method of analysis, which is used for the quartz polyimide, 3
is an empirical approach and uses material degradation data from the post- i

thermal flash tests (Section 5.2.2) and combines these results with those
from the baseline property tests.

The procedure used in predicting the quartz polyimide capability in the
combined thermal flash/load tests is described below:

1. The maximum backface temperature which is approximately a function
of fluence only, is obtained from Figure 5-11, and then, using
Figure 5-14, the ultimate tensile strength of the preconditioned
specimens is determined, which provides a measure of the "strength
remaining" as a function of fluence or maximum backface temperature.

2. The temperature distribution in the undamaéed layers is assumed to

be equal to the backface temperature. This assumption is more accu-
rate, the shorter the pulse duration.

3. Using Figure 5-5 the ultimate strength of quartz polyimide at the
reference temperature can be determined, This strength, when multi-
plied by the "fraction of strength remaining" from step 1, provides
a predicted data point for generating the ultimate strength vs, fluence ]
curve, shown on Figure 6-8. d

The predicted ultimate strength vs. fluence for the graphite epoxy and
quartz polyimide materials were then used to determine the loads for the
combined thermal flash/load described in the next section.
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SECTION 7

COMBINED THERMAL FLASH/LOAD TESTS

7.1 DESCRIPTION

The combined thermal flash/load tests on the reference composite mate-
rials were performed at the DNA Tri-Service thermal radiation test facility.
A detailed description of the facility is presented in Appendix A. A total
of 73 tests were performed on two composite materials, with and without pro-
tective coatings, at two flux levels, several fluence levels and a pre-
determined tensile load. The objective of these tests was to demonstrate the
increased structural capability of the two classes of composites with the
application of the selected protective coatings and demonstrate the analytical
prediction capability for composites.

7.1.1 Test Hardware

The graphite epoxy and quartz polyimide test specimen geometries
shown on Figure 5-1, were determined prior to testing. The nominal width of
each specimen is 1.9 inches and the specimen cross-sectional areas are
presented on Table 7-1, The nunber of graphite epoxy and quartz polyimide
specimens is summarized below:

Specimen Description No. of Specimens
Graphite Epoxy
Bare i5
White Polyurethane 17
Cork Siliccne 10
Quartz Polyimide
Bare 11
White Polyurethane 13
Cork Silicone 7

The nominal thickness for the white polyurethane coating is 3 mils and for the
cork silicone coating the thickness is 20 mils. Figure 7-1 displays chree of
the graphite epoxy specimens prior to testing; from left to right they ave:
(1) the bare or uncoated specimen, (2) the white polyurethane coated specimen
and (3) the cork silicone coated specimen., Samilarly, Flgure 7-2 shows the
quartz polyimide bare and coated specimens. In all cases a primer hag been
applied prior to the coating application and is MIL-P23377.

The creep frame for performing the combined thermal flash load test is
shown schematically on Figure 7-3 and is described in detaii in Appendix A.
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Figure 7—1. Graphite epoxy test specimens.
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Table 7—1. Composite aircraft structure thermal flash tests.

Cross Pask Backface
Test 5...‘1. Sectional R kxposure Dead Backface Peik Temp, at  Time to
Ro. vo. 1) Arag Q2 Tine(Y) até) Load Tenp {5) Stratnlt) Pailure Faiture Remarks
(1n2) (callcalegy (s) (cal/end)  (1b8) ©n (-in/1n) °r ()
[ 0.180 14,2 L3 21,1 11,600 246 (N N/A N/A No teilure - one ply delaminated
2 GA2 o.177 14,2 3.0 42,6 3,700 160 m N/A N/A No “ilure - two plies delaminated
3 GA3 0.174 14,2 1.0 42,6 8,400 370 9,200 N/A N/A No 1uilure - thres plies delaminated
4 oM oan 4.2 3.0 42,6 9,980 N A 10,730 103 3.0 Failed in axposed ares - three
plies gone
36 0.177 4.2 6.0 85.2 3,700 W/A 8,900 426 1.4 Failed fn axpossd ares - six plies
gone
6 GAS 0,180 14,2 6.0 85.2 3,600 (8) [8)] N/A N/A No failure - one plLy gone - eight
plian inated
? GA7 0.173 14,2 8.0 113.6 2,090 380 3,810 N/A N/A No failure ~ one ply gone - thrae
plien delaminated
8 GA9 0.181 14,2 8.0 113.6 3,600 344 7,580 R/A N/A Ko failure - ona ply gone - all
&
9 GAl0 0.181 14,2 8.0 13,6 4,380 510 7,230 N/A N/A - alt
plies
10 GCl 077 16,2 6.0 12,80 - - ~= - Failad under dead load at tabs
1] GC2 0,184 14.2 2.5 35.5 11,880 -- 10,360 -— 2.5 Failed during exposure at tabe
12 GC3 0.180 4.2 6.0 85,2 Lo, 160 350 11,890 N/A N/A No [ailure - coating blisterad -
slight specimen damage
1 GCs 0,172 1.2 6.0 85.2 11,000  N/A 8,950 (8) 6.0 Failed at expossd/non-axp
interfaces - one ply gone
14 6C3 0.171 14,2 8.0 113.6 9,600 N/A 10,400 372 14.5 Failed in widdle of expossd ares -
thres plies gone
15 GC6 0n 14,2 8.0 113.6 8,000 397 8,280 N/A N/A No fsilure - ons ply gona
16 GB1 0.7 1%.2 3.8 54,0 11,000 ~- 11,100 - 3.8 Yalled - too much ares exposed -
wmore 1ike bare t:
1?7 GB2 0,178 14.2 6.0 85.2 10,000 333 11,320 N/A N/A No fatluru - cork charred -
alight delamination
18 GB3 0,175 14.2 6.0 85.2 11,000 3 11,135 N/A N/A No failure - cork charred -
internal delsaination
19 B4 0.175 14,2 6.0 85.2 12,000 N/A 11,450 182 7.0 Failed at {nt - two plies
gone
20 GBS oaan 14,2 8.0 3.6 11,000  N/A 10,640 278 8.0 Failed at intarfacea - two plies
gone
21 Ga6 0,180 14,2 8.0 113.6 10,000  N/A 10,380 225 85 Failed &t one intarface - one ply
gone
22 (o) 0,177 14,2 8.0 113.6 9,000 N/A 9,940 2 3.3 Failed in widdle ~ three plies gone
23 GC8 (9) 0.7 14,2 8.0/6.0  113.6/85,2 8,000  38R/N/A 9,020/ N/AJ282 N/A/6.0  No failure/tafled at Bttm,
9,380 interface - several plies gone
24 GCY (9) Q.75 14,2 - - 1,000 - 2,200 - - Failed under dead load at tab
25 GCl0 (9) 0.173 14,2 6.0/6.0  85.2/85.2 9,000  362/N/A 9,600/ RIAI25E N/A/6.0  MNo faflure/failed at top
10,420 interface - 1 plies gone
26 PQAL 0.172 14.2 1.5 1.3 11,00 1.5 24,560 N/A N/A No failure - no dama
27 PQAL 0.172 14,2 2.0 2B.4 11,600 N/A 27,170 208 2.0 Failad - delaninations running
length of specimen
28 QA3 0.174 14,2 3.0 42.6 10,000 242 27,926 N/A N/A No failure - no damage
29 PQAL 0.174 14,2 3.0 42,6 10,800 -- - - - Failed - no data - delsminations
running langth of cimen
30 PQAS a.in 4.2 6.0 85.2 7,000 N/A n 404 6.0 Failed ~ two plies delaminated
il PQAS 0.t73 15.2 6.0 85.2 6,000 427 20,060 N/A N/4 No failure - one ply delaminated
12 POCL 0.172 14,2 - - 11,600  -- - - - Failed under dead load at tad
1 PQC2 0.174 14,2 3.0 42.6 11,400 w/A 28,290 192 231 Fafled
3 PQcy 0.1Mm 14,2 3.0 42.6 10,000 199 24,390 LIZY N/A No failure - no damage
35 PQCA 0.173 14,2 7.5 106.% 8,000 13 23,100 N/A R/A No failure - one ply delaminated
36 PQCSs 0.173 14,2 7.5 106.5 9,000 N/A 28,600 260 a.5 Failad - ons ply gone
7 (30 0.171 14,2 7.5 106.5 8,400 N/A 24,000 251 B.0 Tailed at ona interface - one ply
one
38 PQB1 0,167 14.2 7.5 toe, 5 8,400 N/A 28,900 230 9.0 Failed at one interfacs - one ply
fone
39 QB2 0,169 14,2 7.5 106.5 7,00  N/A 23,500 352 24.0 Failed in centar - one ply gone
40 PQB) 0.169 14.2 7.5 106.5 7,200 155 20,000 N/A R/A No failure - no damage
41 PQB4 uv.169 14,2 4.5 63.9 9,200 N/A 22,700 260 15.2 Failed at ona {nterface - one
ply gone
42 GAlt 0.177 8.0 LS5 42.0 8,400 135 9,400 N/A N/A No failure - three plies gone
43 GAlZ 0,183 28,0 1.5 42.0 10,000 4 10,370 N/A N/A No failure - three pli gone
a4 GAl3 0.177 28,0 1.5 42.0 1,000  N/A (7 104 2.2 Failed at ons interface
45 GAls 0.181 28,0 2.9 81,2 5,800 401 8,500 N/A N/A No fatlure - four plies gone
46 GALS 0.180 28,0 2.9 81,2 7,000 N/A 8,900 34 7.0 Fallad st one interface
47 GAB 0,180 28.0 2.2 61,6 R, 000 182 10,700 N/A N/A No (ailure - eight plies delaminated
48 GCll 0,169 28.0 3.1 ah.8 10,000  N/A 9,0%0 195 5.1 Failed at one interfac
A9 G612 0N 28,0 1.1 a6.8 9,000 4S5 10,500 N/A /A No failure - two pliea delaminated
30 GCl13 0.181 28,0 4.0 112.0 7,000 190 8,300 N/A R/A No failure - two plies delaminated
3t GCl4 0.173 8.0 4.0 t12.0 8,000 130 9,760 N/A H/A No fatlure - four pliss delaminatad
52 GCls 0.7 28.0 4.0 112.0 9,000 N/A 10,000 [} 5.0 Failed at one {nterface
53 GB? 0.180 28,0 3.1 86.8 10,000 289 10,360 N/A LIy No faf{lure - ons ply gone
34 GB8 0.177 28,0 4.0 nz.o 10,000 N/A 10,860 164 5.5 Failed at one interface - two plies
gone
55 Gy 0.120 28,0 1.1 4.8 1,000 N/A 1,0 108 1.3 Failed at both interfaces
36 G3lo 0.176 28.0 4.0 112.0 9,000 N/A 10,240 05 12.0 Falled at one interface
37 GCle (9) 0.177 28.0 1.1/3.0 86,8/R4.0 9,000  Yl/N/A 10,240/ LIZYARNY R/A/1.0  No fallure/failed at one interface
10,610
8 oCl7 (W) 0.171 28.0 4.0/3.%  112,0/98.0 8,000  IAT/N/A 10,120/ N/A/143 N/A/3.5  No [allure/falled at both interfaces
N
59 PQA7 0.170 28.0 1.0 28.0 10,600 N/A 25,360 249 .0 Failed {n middle - delaminations
running langth of spaciman
60 PQAR 0.171 26,0 2.9 5.4 6,000 191 18,780 N/A N/A No failure - two delaminaced
61 PQALD 0.0 26,0 2.9 75.4 7,200  N/A 25,850 jH3] 4.1 Failed in middla minations
running length acimen
62 PQALL 0.7t 26,0 1.4 46.8 9,000 N/A 27,440 266 3.0 Failed in middle - delaminactons
Tunning length of specimen
b3 PQAL2 o.1n 26.0 1.4 46,8 A,000 1S 22,560 N/A N/A No failure - one ply delaminated
b4 PQC7 G.124 6.0 1.0 78,0 9,600 R/A 28,660 205 6.4 Falled - one ply delaminated
(3] POCE 0.172 26.0 3.0 8.0 h, 600 252 23,780 N/A N/A No failure - one 1
66 PQCY 0.an 5.0 2.2 57.2 9,400 222 22,80% N/A N/A No failure - one
67 PQCi0 0.7 26,0 2.2 8.2 10,200 N/A 28,050 220 19.5 Failed at bttm, interface
L1 POCLL 0,172 26,0 1.5 39.0 10,600 (98 23,415 N/A N/A No fallure - no damage
69 PCL2 0171 28,0 - - 11,600 - 24,600 - - Failed under Jead load at taba
70 P 0.7 26,0 1.8 19.0 11,600 N/A 26,380 s 1.6 Fatled at top inter
n PGB 0,169 27.0 29 78,3 9,300 260 27,560 N/A N/A No failure - no damage
72 PQB6 (9) o.170 210 2.9/2.9 78.1 9,800  J45/N/A 25,610/ N/AI2) 2.9/73.1 No failure - failed in middle
29,880
n PQB? u.1n 27.0 2.2 59.4 10,800  N/A 27,560 180 0.0 Failed at top interfsece
NOTES: (1) GA - Graphite Epoxy/Bare PQA - Polylmide Quarta/Bare
hite Epoxy/White polyurethans FQC - Polyimide Quartz/White Polyurethane
GB ~ Graphite Epoxy/Cork Silicona I'0R - Polyimide Quartz/Cork Silicone
(2) Average Flux Using Radiomater and Calorimeter
(3) Time Bstwwen Upening and Closing of Shutter
(4) Q X Exposure Time
(5) Chromel-Alumal Themmocouple Bonded to Backface of Speciman for Temperature
{(6) MTS High-Tesperaturs Extenapmeter for Straln
(7} Extensometsr Arma Slipped on Specimen
(8} No Tempsrature Reading Obtained
{9) Dnoubla Fxpoaure of Specimen
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7.1.2 Instrumentation

Bant i i St it

The instrumentation required for the thermal flash/load tests consisted
of backface thermocouples for monitoring temperature response and a high
tomperature extensometer for measuring the specimen strain history.

L
4
"
5
3
v

The thermocouples used in the tests are chromel-alumel and were bonded
to the backface of each specimen at Avco. The high-temperature extensometer
is a spring-loaded MTS Model 632-14B-01 and was calibrated by Avco and shipped
to the thermal flash facility. The details of the extensometer are shown on
Figure 7-4 and the Avco developed calibration curve is shown on Figure 7-5.
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The thermocouples and extensometer were recorded simultaneously for a
millivolt output level versus time on an X-Y-Y' recorder for all tests.
During the loading of the specimens, prior to the thermal flash exposure, the

dead load (applied weight) millivolt output of the extensometer was recorded
on a Digital Voltmeter (DVM).

e e e i

The thermal flash facility (quartz lamp bank radiation source) is cali-
brated, prior to testing, by installing radiometers in the test exposure
region to bank (radiation source) measure the incident flux levels (cal/cm“-s).
The calibration instrumentation is of two types; a Medtherm, Gardon Type
Radiometer, and a Copperslug Radiometer. Each radiometer was recorded on an :
X-Y-Y' recorder for the determination of the flux level and a comparison with i

previous calibration tests. ASTM Standard E457-72 was used in all calibration
E testing for determining the heat transfer rate. A typical calibration zurve
| for the copperslug radiometer is shown on Figure 7-6.

e St A e 1% b el 2 5 e
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7.1.3 Test Procedure

T IR YT T

The test setup for conducting the thermal-flash and calibration tests is §

schematically shown in Figure 7-3. Photographs of the mechanical loading
device are shown in Appendix A.

Prior to the start of thermal flash testing, the thermal flash facility ;
& was calibrated for the flux level for a reference lamp bank distance from the
test specimen. This was accomplished by locating the two different types of
g radiometers at the same location as the specimen and placing the lamp bank at
) a specific distance from the radiometers. The power was applied to the lamps
- and the radiometer output response recorded. As a result of these calibration
3 tests, a flux level was determined for the lamp to radiometer distance. All

recalibration tests were conducted in the same manner throughout the test
program.

The initial desired nominal flux level was 13 cal/cmz—second. At a lamp
to radiometer distance of 6.25 inch, the Medtherm Radiometer indicated a flux
level of 13.4 cal/cm?-second. At this same distance the Cu-Slug radiometer
indicated 15.1 cal/cm2-second. These two levels were averaged to 14.2 cal/
cm?-s for the 6.25 inch distance. For the second desired fluxz level of 27
cal/cmz—s, levels of 27.6 and 28.2 cal/cm“-s were obtained from the two
radiometers for a distance of 4.9 inches. These two levels were averaged to
28 cal/cm?-s for the 4.9 inch distance.
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Figure 7—4. High-temperature extensometer schematic,
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The
follows:

10.

11,

12.

Enie ) ity P

test procedure followed for all of the tests conducted was as

Pogition the teat item in the gripping jaws of the testing machine.

Position extensometer against backface of test specimen with one inch
gage length between extensometer points.

Hook up extensometer to a digital voltmeter (DVM) and X-X-Y' re-
corder. Adjust the arms or points for an output less than one milli-
volt and record the output reading.

Connect the specimen thermocouple to the X-Y-Y' recorder and record
ambient or room temperature millivolt output.

Position the quartz lamp furnace at the appropriate distance from
the specimen front face for the desired flux level (Q).

Place the desired dead load weights on the testing machine platform
and slowly lower the platform until the specimen is reacting the
total load (weight).

Record the extensometer millivolt output from the DVM for the dead
load.

Set the exposure shutter timer for the appropriate time to obtain
the desired fluence level (Q).

Start the X-Y-Y' recorder and conduct the thermal flash test. Keep
the recorder running until the test specimen fails or until both the
temperature and extensometer millivolt vs. time histories have peaked
and are on the down slope.

For a multiple exposure test, repeat Step 9.

Remove the load fixture weights (if no failure) and remove specimen
from the testing machine jaws.

Record test results.
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7.2 TEST RESULTS

The test procedure described in Section 7.1.3 was rollowed for a total
of 73 thermal flash tests. All of the tests were performed with the specimens
oriented perpendicular to the heating source. The results of these tegts are
summarized on Table 7-1, the format of this table is the thermal flash test
number, Avco sample number, pre-test cross~sectional area of the specimen,
thermal flash flux level, exposure time, thermal flash fluence, applied static
load on sample, peak sample backface temperature, peak strain recorded, elapsed
time from start of heating (shutter opening) to failure of specimen, and
finally, remarks on the post-test condition of the specimen. These results are
plotted vs. fluence on Figures 7-7 through 7-10, The graphite epoxy test
results are piotted on Figures 7-7 and 7-8 for the two flux levels and the
quartz polyimide test results are plotted on Figures 7-9 and 7-10.

These figures indicate whether the applied load (tensile stress) caused
failure at a given fluence. The open svmbols O, A and O indicate no failure,
while the solid symbols ®, A4 and ® indicate failure for the specimens. To
generata a sure-failure curve the lowest stress data points at which failure
occurs (solid symbols) are connected with a straight line., Similarly, a sure-
safe curve can be generated by connecting with a straight line the highest
stress data points at which no failure occurs (open symbols). Thus a band
(shaded area) is drawn which indicates the trend of the degradation. It is
apparent that the band for the coated specimens has a significantly higher
tensile capability than the bare or uncoated specimens. From this limited
testing the exact shape of the degradation curve, other than the linearized
curve shown, is unknown and a high level of confidence in any given data point
is questionable. But with additional testing the exact shape of the curve can
be determined, the band width narrowed and the confidence in the exact failure
level increased. But the goal of this program, i.e., demonstrating the in-
creased capability of a coated concept, has been achieved.

A typical X-Y-Y' recorder output plot of the thermocouple and extenso-
meter response histories are shown on Figures 7-11 and 7-12 for a graphite
epoxy specimen that failed rad one that did not fall, respectively.

Post~test photographs of typical graphite epoxy specimens are shown on
Figures 7-13 and 7-14 for specimens that failed and survived, respectively.
Similarly, the failed and survived quartz polyimide specimens are shown on
Figures 7-15 and 7-16. :
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Figure 7-9. Results of combined thermal flash/load tests on polyimide quartz

~ Q = 14.2 cal/cm?-s.
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7.3 EVALUATION AND CORRELATION

The purpose of this gection is to summarize the test results and
correlate the data with the analytical predictions to determine the accuracy
of the models. In general, the results sre excellent fur predicting the
tensile failure in both types of composite materials and also demonstrate
that the coatings increa.- the hardness capability of the specimens by a
factor of two in most cases. Although no attempt was made to analytically
determine the thermal performance of the coated svecimens, the capability
does exist to reliably include this in the thermustructural model.

7.3.1 Graphite Epoxy

The graphite epoxy test results are shown on Figures 7-17 and 7-18 for
the 14,2 and 28 cal/cmé-s flux level, respectively. A comparison of the un-
coated and coated specimens, at both flux levels, indicates a factor of two
increase in fluenca capability allowing for a 25 percent reduction from the
room temperature failure stress (~55 ksi)., On both of these figures the
cork siliccne coating indicates a slightly higher capability (~10%Z) than the
white polyurethane coating. An important benefit of the coatings is the
protection of the composite front surface from damage, since the extreme
temperatures occur (>1000°F) in the coatings. This is considered an im-
portant point, because it is significantly cheaper to re-apply a coating than
it is to replace a damaged composite panel.

The analytical models are also compared with the test results on Fig-
ures 7-17 and 7-18. The analytical model at the lower flux (14.2 cal/cmé-s)
parallels the sure—safe uncoated specimen test data curve. At the higher
flux level (28 cal/cm2-s) the analytical model is approximately 20 percgent
lower than the sure-safe level for the uncoated specimens. The higher flux
level provides significantly more vaporization and charring of the graphite
epoxy wrich affects the predicted capability. A further refinement of the
analytical .~del would improve the predictionms.,

Tie affect of the "cuol down" of the stiicture mainly by convective aero-
dynamic cooling can be significant as shown on Figures 7-19 and 7-20 for the
grapnite epoxy at the tvo flux levels, At the lower flux level the variation
at 4L cal/cm?-s is only about 20 percent but at 80 cal/cm?-s it is greater
than 1C0 percent, This is important in the capability assessment of an air-
craft because the time of urrival of the pressure wave following the thermal
flash is a function 2 the weapon yield and separation distance. A weapon
system desisgner would be interested in this data to assess the knockdown
factors for the .vasive maneuver and landing loads required of the system,

7.3.0 Quartz Polyimide

The results of the combined thermal flash/load tests on the quartz
polyimide specimens are presented on Figures 7-21 and 7-22, The results at
the 14,2 cal/cm ~8 flux level shown on Figure 7-21, indicate little increase
in hardness capability at the 40-60 cal/cm2 fluence level, but increasing
capability with coatings as the fluence increases., At the 28 cal/cm?-s flux
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Figure 7—18. Comparison of analytical and experimental resuits of combined thermal
flash tests on graphite epoxy — Q = 28 cal/cm2-s.
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level, shown on Figure 7-22, the coatings increase the capability of the coated
specimens by a factor of two, similar to the results from the graphite epoxy
tests. At the low flux level the specimens coated with cork silicone, indi-
cated a lower capability than the white polyurethane coatings while at the

high flux level (28.2 cal/cm?-s) results, the cork silicone coating had a
slightly higher capability (~ 10%), was the case in all of the graphite

epoxy tests. The ancmalous results of the quartz polyimide at the low flux

level (14.2 cal/cmz-s) i3 not completely understood, but the following reasons
are postulated:

1, 1limited number of test specimens.,
2, high gtrain-to-failure level of quartz polyimide.

3. rate of change of elongation with temperature causing dynamic response
of specimen, '

Also indicated by Figures 7-21 and 7-Z2 the analytical pre ‘ction of the
failure stress vs. fluence level for the bare quartz polyimide specimens is
conservative, i.e., along the sure-safe test data curve for the 14.2 cal/cmz-s
flux level and unconservative, i.e., along the upper or sure-kill test data
curve, for the 28 cal/cm?-s flux level.

The effect of "cool down' of the quartz polyimide on the strength is shown
on Figures 7-23 and 7-24, The shape of these curves differ significantly from
the graphite epoxy data due to the better "at temperature’ strength character-
istics of the quartz polyimide. The results at 40 cal/cm? indicates an

approximate 70 percent increase in the '"cool down'" specimen capability vs. the
"at temperature' results.
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SECTION 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS

8.1.1 Coatings Development

Five general classes of thermal protection concepts were evaluated. These
were state-—of-the-art white titania-pigmented reflective coatings, metallic-
pigmented reflective coatings, reflective metallic foils, white titania-
plgmented ablative coatings, and charring ablative bonded overlays.

It i1s concluded that thin reflective coatings, either titania or aluminum
pigmented, are fluence limited to about 100 cal/cmé by degradation of the
resin in the composite substrate which causes spallation of the coating. Thus,
reflective polymer coatings with a higher temperature capability than the white
polyurethanes and silicones which are now considered state-of-the-art would
not be expected to improve thermal flash hardness.

The white pigmented reflective coatings typically have initial reflec-
tances in the range of 70 to 80 percent. If ~oatings were developed with
metallic reflectances (90% or greater), svbstantial performance improvements
might be realized. A preliminary evaluation of metallic pigmented coatings
and flame-sprayed metallic coatings under this program indicated that metallic
reflectance levels were not achieved and performance was not substantially
better than the white reflective coatings.

Very high hardness levels (in excess of 200 cal/cmz) were achieved with
bonded metallic foils, even without highly polished surfaces. Although foils
are not attractive from the manufacturing and maintenance aspects, the tects
performed on these concepts indicated the performance potential obtainable if
coatings with similar reflectances (greater than 90%) could be developed.

The requirement for performance at radiative fluxes as much as twice 1is
that achieved in these tests will probably cause a reduction in performance
(fluence causing damage) to any of the thin reflective coating systems, as
compared to the results achieved in the current program at 36 cal/cm?-second.

The white titania-pigmented ablative coatings based on a variety of
polymeric resin systems (silicone, polyurethane, epoxy, and fluoroelastomer)
all exhibited potential for hardening to the 150 to 200 cal/cm2 with weight
penalties several times greater than the thin reflective coatings.

In particular, a titania-pigmented high-~temperature silicone system
(Concept 12) showed outstanding multiple-exposure capability to fluences as
high as 180 cal/cmz. This class of hardening concepts would not be expected
to show the sensitivity to high flux levels that is anticipated for the thin
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reflective coating concept. None of these systems has been optimized for

thermal flash performance and further development and evaluation is recom-
mended.,

8.1.2 Composite Structure Capability

The conclusions of this study are: (1) coatings provide a significant
increase in the tensile capability of the composite specimens (approximately
a factor of two in fluence level); (2) less surface damage is obaerved on
composite substrate with the application of coatings and, (3) it is possible
to analytically model the uniaxial specimen behavior and predict the capability.
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8.2 RECOMMENDATIONS

8.2.1 Coatings Development

It is recommended that the test flux levels be extended to the 50 to 100
cal/cm2-s range. Facility development will be required to obtain this
capability. The more promising ablative concepts (15b, 9, and 12) should be
further developed. Further development of the formulations of Concepts 15b,
and 12 to optimize pigmentation and application should be pursued. The
currently available thin reflective coatings will probably not be improved on,
but their performance evaluation should be extended to high flux levels.,

The titania-pigmented base coating concepts demonstrated the best poten-
tial hardness capability, but none of these coating systems has been optimized
for thermal flash performance and further development and evaluation is
recommended.

8.2.2 Composite Structure Capability

As discussed in the conclusions, Section 8.1, the ability to model the
thermostructural capability of composites has been achieved. But it should
be noted that all of the experimental work in this program was on tensile
specimens to develop a failure criteria applicable to an entire aircraft
structure, the capability of the composite laminate in compression and shear
must also be determined. In order to compare the strength degradation for
the various loading conditions, the analytically predicted ultimate strength
as a function of temperature for the reference graphite epoxy material in
tension, compression and shear are shown on Figure 8-1, It is evident that
the tensile capability is less affected by temperature in the 300° to 400OF
range than either the compression or shear properties. This is a result of
the graphite fibers carrying the load in the tensile case, whereas the epoxy
matrix is dominant in the compressive and shear case. In addition, if a
sure-kill or severe damage criteria is allowed, then consideration must be
given to the asymmetrical cross~section* of a damaged composite under a com-
pressive loading. In this case coatings may provide an even greater increase
in the capability of a composite structure than was found in the tensile
properties, since the coatings significantly reduce composite surface damage.

Another recommendation for potential future development is the effect of
thermal flash exposure on shear buckling of an aircraft panel. As shown on
Figure 8-2, the effect on knockdown factor can be significant. This calcula-
tion is based on the equations of Reference 8~1 and the degraded parameters
from the Avco laminate analysis computer code. These caluclations indicate
the significant reduction in shear buckling capability with fluence. The
knockdown factor for shear buckling at a fluence of 40 cal/cm? and a flux of
30 cal/cm?-s is 0.32, or in other words a 68 percent reduction from the vir-
gin condition. This mode of damage and the effect on an aircraft system
should be investigated further with analysis, subscale and full scale testing.

*When the exterior or surface fiber layer is damaged the neutral axis of the composite shifts and could lead to an instability.

127

e e et @ &

B e B o b 3 e

i bl o




Bt e i it el le s GG e 1 2

e

e T TR T S TR
SN N S S U,

B

i
1
1
M
[
M
ot

Ultimate Tensile Strength, 103 psi

100

80

60

40

20

e i s i

'\s\héar

~-

0 100 200
98-681

Figure 8—1. Predicted analytical performance of reference graphite epoxy laminate

with temperature.

300

Temperature, °F

128

400

i G s b

PSP, Sy




1.0

)
3
E

R ik

v

0.75

i T

T

0.5

Analytical Prediction
30 cal/cm2~s

Shear Buckling Knockdown Factor

0.25

\

S

20 40
98-682

60

Fluence, cal/cm2

129

80

gl e i et

100

Figure 8—2. Effect of thermal flash on shear buckling parameter.

-

o bl o g

it ol

e

i

e ekl 1 s s Lt B

e B ik r

Ak e £ bl e . 3 Tenf L




R ¥

PR YR T TR
-

The ultimate goal of this program is to be able to accurately predict
the capability of an aircraft with and without coatings in a nuclear encounter,
Therefore, the results from the proposed etudy would be combined with the
tension properties from this study and included in the Kaman Sciences air-
craft structure computer code to predict the capability of a segment of an
aircraft structure. These predictions would then be compared with simulation
tests of both coated and uncoated specimens.
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.i During Phase I of this program a range of weapons from 1 KT to 1 MT were
i considered, The extension of this study to include tactical threats is easily
handled for the analytical predictions, but experimental simulation testing
becomes more difficult, since it is now required to deposit the energy on the
target in a fraction of a second (for 80 cal/cm? and a 1 KT weapon at 200 feet
! altitude the time is approximately one-fifth of a second). Thus, another test
| facility would have to be located which has a flux capability in excess of

! 100 cal/cm?-seconds.
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CONCEPTS 1 AND 3

OBSERVATIONS AND INTERPRETATION

The white topcoat of the two-layer anti-static coatings was removed
by spallation in small patches at fluences much less than 72 cal/cm2. This
exposed the aluminized polyurethane sublayer which has an even higher re-
flectivity to the thermal pulse than has the topcoat. Microscopic
examination of the aluminized sublayer revealed that the resin component
was mostly removed leaving a highly metallic content residue. This layer
was capable of multiple exposure to fluences of 100 cal/cm?. It was apparently
removed by spallation upon degradation of the resin component of the substrate.
This occurs at temperatures in excess of 650°F for the graphite-epoxy (Test
479), and at a temperature of about 700°F for the quartz-polyimide (Tests
492 and 552).

Concents 1 and 3 differ slightly in that the topcoat of Concept 1 has a small
loading of aluminum powder to enhance anti-static properties. This results in a
slightly gray topcoat which initially is not quite as reflective as the gloss
white topcoat of Concept 3. This is the reason for the slightly higher per-

fg;mance parameters obtained for Concept 3.

TEST 479 TEST 651
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CONCEPT 2

OBSERVATIONS AND INTERPRETATION

This concept is the aluminized polyurethane sublayer of Concepts 1 and
3. It exhibited somewhat.better performance because the initial re-
flectivity was higher than the white topcoats. The failure mechanism was
coating spallation when the substrate resin component began to char at
650 to 700°F for the graphite-epoxy and at 725 to 760°F for the quartz-
polyimide. Multiple exposure capability was maintained at fluences in

excess of 144 cal/cmz.

TEST 529 TEST 527
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CONCEPT 4

OBSERVATIONS AND INTERPRETATION

This thin reflective white coating concept, approximately 3 mils

thickness, was apparently failing at coating temperatures in the 500 to 600°F

range. Earlier loss of reflective capability is the probable explanation for
the lower values of performance parameter than obtained with the other white
silicone material evaluated (Concept 12S) which apparentiy survived to more
than 1000°F coating temperature. An increase of pigment level from 25 PVC

(Concept 4B) to 50 PVC (Concept 4A) resulted in a definite decrease in per-~

: formance as illustrated by comparison of the thermal performance parameter.
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CONCEPT 58 AND 5C

OBSERVATIONS AND INTERPRETATIUN

These three-layer white fluoroelastomer coatings were evaluated in
two thicknes;es (3 mils and 10 mils). Both thicknesses consistently with-
stood a single exposure at 72 cal/cm? with no damage, but failed by spallation
at 108 cal/cm?. Failure was probably due to resin decomposition in the sub-
strate. Multiple exposures at 72 cal/cm2 resulted in slight coating degradation
initiating near the conductive fibers om the second exposure. The concept

apparently is performing &s a reflector, with little or no ablation occuring

before spallation of the coating.

TEST 504 TEST 549
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CONCEPTS SE & SF
OBSERVATIONS AND INTERPRETATION i
|
This concept uses the same formulation as Concepts 5B and 5C
3
except the electrically conductive fiber was eliminated in an effort '
to maximize thermal reflection performance. The test results did indicate
a slight improvement for the 3 mil coating and a very substantial 3
improvement for the 10 mil coating. ;
fi
i
bl
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CONCEPRT 7

OBSERVATIONS AND INTERPRETATION

A R e AT ey

i ' The flame-sprayed aluminum provided high reflectivity to the thermal ‘;
E[ pulse with a minimum weight penalty. Thermal performance of the coating i
: was limited by spallation when the substrate resin component started to ??

E

degrade. Based on Test 528, this occurred at 180 cal/cm? and at a

[

measured substrate temperature of about 650°F. The concept withstood

iﬁ repeated multiple pulses to the 140 to 180 cal/cm2 range before substantial
oo 1
% degradation of performance occurred. ;
:
e s
u s
kot _\
3 \
o i
8
| :
5;
3 !
TEST 646 TEST 547
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CONCEPT 8

OBSERVATIONS AND INTERPRETATION

Exposure of 10-mil thickness films of TFE Teflon, DuPont Hytrel
polyester, and DuPont UHMW polyethylene bonded to substrates resulted
in failure in all cases by debonding from the substirate at fluences
less than 60 cal/cm?. Because of the total unacceptability of this
failure mechanism and the significant tunnel down time associated with
retrieving specimen fragments, only one test was performed with each
film., Measured temperature data and resulting performance parameter

calculations were not considered meaningful information.
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CONCEPT 9

OBSERVATIONS AND INTERPRETATION

These concepts obtajned high performance levels by forming a thick,
insulative char which achleves very high surface temperatures and rejected
energy by reradiation and convective cooling. As evidenced by Tests 538 and
540, a 20-mil thickness of cork-silicone was fully charred at fluences of
about 100 cal/cm2. Good thermal protection to fluences in excess of this
level were obtained when the char remained intact, as in Tests 543 and 768.
However, since the char was fragile, mechanical spallation was prone to
occur, leading to anomalous severe substrate damage as in Tests 705 and 708.

Incorporation of a flame-sprayed aluminum surface (Concept 9A) apparently
improved performénce significantly, based on thermal performance parameter
comparisons for Tests 538 and 768. This comparison is not fully conclusive
however, because of tﬁé large difference in fluences and greatly differing

temperature responses for the two tests.

TEST 708 TEST 706
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CONCEPT 10A

OBSERVATIONS AND INTERPRETATION

Examination of specimens indicated that little, if any, ablation per-

formance was achieved in these tests.

At the lower fluences no material was

lost and only a change in coating color was observed.

the coating was removed by a brittle spallation,

performance parameters are surprisingly high.

thermal protection mechanism for this concept is reflection, with the reflective

surface surviving to temperatures of 600 to 700°F.

L) e e

[

TEST 516
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In view of this, the thermal

It is concluded that the major

At the higher fluences

TEST 712
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! CONCEFT 10B

OBSERVATIONS AND INTERPRETATION

- Conceptually performed as anticipated. Initially white coating ablated
uniformly (spallation problems experienced with original Concepnt 10A was

eliminated). Ablated char was light brown, perhaps providing some reflective

oo

performance. The thermal performance was competitive with the best re-

‘ flective coating (RTV-655 white silicone). This concept would be expected to

WA T AT AR AT AR A e e e

i be relatively insensitive to high flux levels, but because of loss of initial

reflectivity, it probably will have poor multiple exposure capability.

TEST 731 TEST 750
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CONCEPT 11

OBSERVATIONS AND INTERPRETATIONS

The Grafoil stitched package provided high hardness levels with a {

rather large weight penalty which is inherent in the fabrication of the ! ]

concept. The principle thermal performance mechanisms are believed to be

ablation of the resin/fabric exterior layer and aerodynamic cocling at the

DS L et E e

E . high surface temperatures reached during the thermal pulse. During thermal K
% exposure, popping noises were observed which were believed caused by straining _
%. of the stitching yarns. Post-test examination revealed complete charring %
3 :
f: of the R10 resin impregnating the surface fabric, and embrittlement and

E some fracture of the stitching yarns and surface fabric.

)

3

TEST 714
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CONCEPT 12

OBSERVATIONS AND INTERPRETATION

This concept in the 20 mil thickness appeared capable of hardening
to multiple exposure levels of 150-200 cal/em? with little damage to the

coating and with excellent protection of the substrate, Although cast

thickness of 20 mils are probably the minimum feasible, this is far more

. .1an necessary for the desired thermal performance. Development of a

sprayed version of this concept was obviously desirable to permit fabrication

of the reduced thicknesses which are indicated for concept optimization.

TEST 534 TEST 544
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CONCEPT 128

OBSERVATIONS AND INTERPRETATION

On the basis of visually observable damage this sprayable version of
the white RIV655 provided multiple exposure capability at hardness levels
approaching 150 cal/cmz, even for thickness as low as 3 mils. The temperature
data for the 3 mil coatings (Tests 724 and 725) indicates that this coating is
surviving surface temperatures in, excess of 1000°F without visible degradation.
For the 3 mil coatings, failure initiates in the substrate at about 1000°F,
resulting in coatins gpailation.

In 10 mil and 22 wil thicknesses, the added insulation capability maintains
low substrate temperatures and failure initiates by surface blistering or
melting. No significant discoloration was observed, so that high reflectivities
(estimated about 80 percent) are probably maintained at surface temperatures
exceeding 1000°F. The exceptional thermal performance of this concept is
achieved because of the high temperature reflective capability and because of

convective cooling at the high surface temperatures. Therefore it will be

critically sensitive to radiation flux and air-flow parameters.

TEST 729 TEST 728
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CONCEPT 14

OBSERVATIONS AND INTERPRETATIONS

This concept was an attempt to improve the performance of the ablative

cork-silicone concept (Concept 9) by adding a reflective white topcoat to

reflect the early portion of the pulse. It was apparently highly successful,

with significantly higher thermal performance parameters obtained with a small
additional weight penalty. Although evaluated only with 10-mil cork-silicone

the concept should also be applicable to greater thicknesses. An anomaly in

performance is noted in comparing tests 726 and 755 with substrate temperatures

being lower for a fluence of 144 cal/cm? than for 216 cal/cm?. Detailed

examination of the data traces and specimens has not revealed an explanation

for this discrepancy.

TEST 730
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CONCEPT 15

OBSERVATIONS AND INTERPRETATION

The 5 PVC coating (Concept 15A) is formulated for optimum erosion re-
sistance. Upon exposure to the thermal pulse it did not char but ablated by
surface melting and flow while femaining nearly white. For coating thicknesses
consistent with erosion requiredénts (7 mils or greater) this erosion
optimized coating provided good thermal protection to fluence levels in the
150 to 200 cal/cm? range:

The 40 PVC coating (Concept 15B) was formulated with the objective of
improving thermal rsflective performance, Rather than melting, this coating

formed small surface blisters and microscopic cracks prior to ablating.

Thermal performance was significantly better than the 5 PVC formulation.
L3

TEST 763 TEST 766
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CONCENTS 6 AND 23

OBSERVATIONS AND INTERPRETATION

Both bonded metallic foil concepts reflected a large fraction of the
incident radiation and dissipated much of the remainder by convective cooling
of the surface. The surface temperatures of both the copper and aluminum
foils achieved nearly constant levels after about 5 seconds of exposure. From
the observed surface equilibrium temperatures it was deduced that the copper
foil reflected approximately 96 percent of the incident pulse and the aluminum
reflected approximately 94 percent. Although no damage was observed in any of
these tests, at the 450°F maximum substrate temperature observed for Concept 23,
an adhesive failure may be imminent. At higher flux levels, higher bond line
temperatures and probable failure by debonding of the foil could be anticipated.

The thermal performance parameter for both foil concepts were among the

highest for any of the concepts conceived in this program.
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CONCEPTS 16 AND 17

OBSERVATIONS AND INTERPRETATION

These concepts, which consisted of a non-reflective gray topcoat over an
aluminized polyurethane reflgctive sublayer, behaved as expected in the
thermal flash environment. The initial portion of the incident radiative pulse
caused early removal of the topcoat, apparently by spallation. This exposed
the szluminized sublayer which then reflected most of the pulse. The thermal
perf. - .ance parvameters four quartz polyimide substrates indicate similar per-
formance as for the white topcoated concepts 1 and 3. For the graphite-epoxy
substrates, performaice parameters with the gray topcoats were somewhat less
than Concepts 1 and 3. This is probably an indication of an earlier removal
of the topcoat on the quartz polyimide substrates, which would be antiéipated
because of its lower thermal diffusivity and vherefure faster surface tempera-
ture rise rate as compared to the graphite epoxy substrate.

Cuncepts 16 and 17 indicaté the notential for devslopment of multilayer
thermal-flash resistant coating with versatility nf topcoat coloration :o

provide cther necessary functions.
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CONCEPT 22

OBSERVATIONS AND INTERPRETATION

The formulation of this coating was similar to that of Concept 3 except
the white RTV-655 sprayablc silicone was & bstituted for the polyurethane.
The coating was nut as damage resistant as the white single-layer of Concept

12S and performed no betfer than the two-layer anti-static white polyurethane

of Concepts 1l and 3.

TEST 735 TEST 749
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