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ABSTRACT

Three aerospace composite materials with quasi-isotropic layup were exposed to varied uniform
radiant heating to evaluate the delamination damage caused by the thermal environment. Three
classes of matrix resins were evaluated with IM7 carbon fibers; epoxy 977-3, modified
bismaleimide RM3002 and condensation polyimide AFR-PE-4. Thermal exposure was mild and
indicative of a hydrocarbon pool fire at a standoff from the material. After exposure, the plates
were machined into four-point bend and tensile samples and mechanically tested. Mechanical
degradation in terms of tensile and flexural modulus and strength were documented as a function
of exposure level. Microscopy of the machined sections was performed to document the
observed damage.

In all materials and heat flux magnitudes tested, it was found that the composite plates
experienced sudden and catastrophic damage, prior to any significant charring or mass loss, in
the form of delaminations, sometimes throughout the entire thickness. Delaminated samples
displayed little residual mechanical strength. Samples exposed to similar heat flux and durations,
but removed from heat prior to delamination, showed little reduction in mechanical strength. The
time at which delamination occurred was affected by the water moisture content, with
delamination occurring at shorter exposure times for plates with higher moisture content.

1. INTRODUCTION

The increasing use of composite materials and other specialized U.S. Air Force and DoD
materials in aircraft and weapons systems intensifies the challenges to firefighters. Relatively
small fires on composite aircraft, from for example a nacelle fire or wheel brake fire, can still
lead to millions of dollars of heat-induced damage to surrounding structures.

In order to minimize the cost of these fires, the Air Force Civil Engineering Fire Panel needs to
estimate firefighting response requirements and establish concepts of operations which will
permit these types of fires to be routinely extinguished while the level of damage is still small.
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The objective of this investigation was to quantify the damage to a series of aerospace composite
materials exposed to controlled radiant fluxes over periods ranging from seconds to minutes.
These data are necessary for determining response requirements.

Results from this investigation are relevant to designers, operators and fire safety personnel for
composite aircraft where potential fire exposure or high operating temperatures are a concern.
This paper provides the experimental arrangements for exposing and monitoring the response of
composite plates exposed to radiant heat flux as well as microscopy and mechanical testing of
the thermally-damaged materials. Physical damage to the composite plates during heat exposure,
as well as the plate response itself, was documented with regular video, infrared video, and post-
test imaging, sectioning and microscopy. Temperature in the plates was monitored with
embedded thermocouples (TC). Both four-point bend and tensile testing was conducted.

Common experimental observations of composites exposed to heat from fires results in two
fairly distinct layers: (1) a charred layer where the organic constituents have been decomposed
and (2) an undamaged laminate [e.g., 1-4]. There is a ‘resin decomposition region’, between
these two layers, that is relatively small compared to the two distinct layers. There is sometimes
evidence of some matrix cracks and delaminations close to the decomposition region. It is
important to note that in these tests the composite panels were exposed to heating and ignition
occurred on the heat-exposed surface of the composite. There was therefore additional, not-
quantified heat flux from this combustion.

In the experiments conducted in this investigation composite plates were exposed to uniform
radiant heat fluxes on one face and thermally insulated on the back side and around the edges.
Thermal exposure was mild and indicative of radiant heat flux from an adjacent pool or engine
nacelle fire with no flame impingement [5]. There was no combustion at the composite surface.

2. EXPERIMENTATION

Heat-exposure testing was conducted with composite plates that were first conditioned in an
oven at a temperature of 55 °C for four days, to remove moisture from the plates. They were then
stored on desiccant. Some plates were then conditioned in a humidity chamber so that the effect
of water content in the plates could be determined. Heat exposure tests were conducted at three
different intensities of radiant heat fluxes with radiant heating from an infrared heater. Heat flux
was monitored with heat flux sensors throughout the test. The large variation in matrix thermal
performance necessitated different test conditions for each of the three different carbon fiber
composite materials, so exposure times varied considerably between materials.

Temperature throughout the plate thickness was monitored with embedded TCs, and visual and
infrared video was taken of the exposed surface of the plate. After heat exposure, plates were cut
into flexural, tensile and microscopy samples. Some microscopy samples were polished on their
edges. Microscopy of sample edges was conducted to document the through-thickness damage in
the plates. Mechanical test samples were then tested in four-point bending and in tension per
ASTM standards. Testing was conducted on samples with and without heat exposure.

2.1 Test Facilities

All radiant heating tests were conducted at Tyndall AFB, FL in facilities controlled by the Air

Force Research Laboratory (AFRL). Tensile and bending tests were performed using an MTS

Model 244.31 test machine. Thermogravimetric analysis (TGA) was performed on a Netzsch
2
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STA 409 PC analyzer at the AFRL Fire Laboratory at Tyndall AFB and on a STA 449 F1
analyzer at Netzsch Instruments North America.

2.2 Composite Test Plates

Three composite materials were selected as representative of a wide array of composites used in
military aircraft. All had intermediate modulus carbon fiber (IM7) and various matrices; epoxy
977-3, modified (BMI) RM3002, and condensation polyimide AFR-PE-4. The three materials
represent, theoretically, three levels of service temperature: Cycom 977-3 [6] < 120 °C,
Renegade RM3002 [7] < 200 °C and AFR-PE-4 [8]< 260 °C. In addition, they have,
respectively, higher costs as the performance level increases and have evolved as high demands
have been placed on aircraft weight and performance. Cure and dry glass transition temperatures
(Tg) for these materials are shown in Table 1 along with the as-manufactured test plate
characteristics. The thickness of each composite plate varied due to differences in the ply
thickness.

Table 1. Composite materials evaluated.

Resin Cure Dry T Avg. Plate Pla_te

(or equivalent) Type Temp (°C) g Thickness Des,_lg-

(°C) (mm) nation
977-3 [6] Epoxy 177 221 6.4 C
RM3002 [7] Modified BMI 177 296 3.2 R
AFR-PE-4 [8] | Condensation polyimide 338 340 3.8 A

Nominal Fiber Volume Fraction: 60 percent

Fiber type: Intermediate Modulus Carbon Fiber — IM7

Layup: 24-ply quasi-isotropic [0,90,45,-45]3s

Composite plates were fabricated by AFRL/RXS at Hill AFB, UT. The test plates were 152 by
457 mm and trimmed to 140 by 445 mm for testing. Large plates were used to better
approximate in-situ response on an aircraft. Plates were fabricated with seven embedded 30-
gauge, Type K TCs placed behind plies 1, 4, 8, 12, 16, 20 and 23 in order to measure the
through-thickness temperature profile during thermal exposure tests, as shown in Figure 1. The
TC #1 was behind ply 1 and TC # 7 behind ply 23. The TCs were staggered in order to not
interfere with the readings of others.

After thermal exposure, each plate was cut into nine bend specimens, three microscopy
specimens, and six tensile specimens using a water jet. Specimens were cut approximately

12 mm from the plate edges to avoid possible effects of heat-induced edge damage in the
mechanical test results. Tensile specimens were tabbed before mechanical testing using 3.2 mm
FR-4 glass epoxy laminate fiberglass stock material bonded with epoxy resin (Armstrong A-12).

After manufacture, plates were stored at room temperature and relative humidity (approximately
50 percent). Before testing, plates were dried in a laboratory oven (Memmert UFE 500, with air
circulation set to 50 percent) at 54.5 °C for 96 hours. The plates were weighed periodically to
measure moisture loss and it was determined that moisture loss was negligible after 96 hours in
the oven. The plates were then stored in a humidity controlled (25-percent relative humidity)
chamber with silica gel desiccant at room temperature until testing commenced.
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Figure 1. Test plate layout.

Three plates, one of each material type, were first dried and then conditioned in a humidity
chamber for 163 days at 95-percent relative humidity and 35 °C. This condition was chosen as a
typical environment for an aircraft while on the tarmac. Use of higher temperatures to accelerate
moisture uptake were not used in order to minimize risk of chemical damage to the material. The
focus here was to evaluate the effect of moisture on heat-induced damage and not environmental
damage from elevated temperature moisture exposure.

Mass gain for the conditioned plates is shown in Figure 2. Note the significantly higher
diffusivity and final moisture content of the material with the AFR-PE-4 resin. This may be in
part due to the large void content seen in this material, as shown in Figure 10. Plate A9 appears
to be close to the saturated moisture content at the time of testing where the other plates are not
since these plates still show a linear dependence in moisture uptake with the square root of time
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1.2 -
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Figure 2. Mass gain for plates conditioned at 95 percent relative humidity at 35 °C.
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2.3 Plate Heat Exposure

The composite plates were exposed on one side, for various periods of time, to three levels of
heat flux: 15 kW/m?, 25 kW/m?, or 35 kW/m? using a radiant heater, as shown in Figure 3. These
magnitudes are indicative of the radiation heat flux from a 1-m diameter hydrocarbon pool fire,
for example, at 1, 0.7 and 0.6 m from a composite structure, respectively [5].

Heat was applied on the side of ply 1 with TC #1 closest to the heat exposure. Several
experiments were conducted to verify that the composite plates would be exposed to uniform
heat flux across the extent of the sample. Heat flux was monitored with four heat flux gages at
the corners of the plate support table, shown in Figure 4, and one heat flux gauge in the center of
the table. The radiant heat source was a Process Thermal Dynamics model FS366-195A-20/3
infrared (IR) heater with an effective heating area of 0.61 by 0.84 m and radiated downward
from about 0.75 m above the floor. The heater had a maximum output of 24.8 kW and a
theoretical maximum heat flux of 48.4 kW/m?.

The composite plate sample under test and associated instrumentation was positioned on a
wheeled, height-adjustable table. The movable table allowed the composite to be rolled into
position under the heater and then withdrawn after the desired exposure time. Figure 3 shows the
test table in position under the heater. The heater remained in the same position from test to test.
The lengths of the legs for the heater platform were set so that the platform was level and parallel
to the inserted table. That separation distance was 13.7 £ 0.2 cm.

The 0.8 by 0.5-m platform was draped with 12.7-mm flexible ceramic insulation. Centered on
top was a rectangular sheet of 3.2-mm steel with four mounted Medtherm 96-30T-30RP(Znse)-
120-21746 heat flux transducers. On top of the fixture, located at the center, a Medtherm GTW-
7-32-485 was secured with magnetic strips at the center. The fixture was covered with a 12.7-
mm flexible ceramic insulation with the three protruding TCs, as shown in Figure 5, to measure
the backside temperature of the composite plate. Flexible 6.4-mm ceramic insulation was placed
around the composite plate to protect the edges from additional damage. Finally, 3.2-mm of rigid
ceramic insulation was placed around the edges of the plate, with a cutout for the center heat flux
sensor. Figure 6 shows a typical composite plate ready to be exposed. A video camera recorded
each test and an IR video camera, FLIR Systems model SC 620, was used to record some of the
tests.

Heat Flux Sensors

Figure 3. Infrared heater with composite plate Figure 4. Test table fixture and with heat flux
test table in position. sensors attached.
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[

Figure 5. Test table insulation with back face Figure 6. Composite plate with edge insulation
TC protruding. ready for thermal exposure.

2.4 Tensile Testing

Specimens were mounted in an MTS servo-hydraulic test machine and loaded to failure. Tests
were performed using a constant displacement rate of 1.3 mm /min per ASTM standard D3039
[10]. Strain was recorded on each side of the specimen using an electrical resistance strain gage
on the unexposed side of the specimen and an extensometer on the exposed side.

Tensile modulus of elasticity and ultimate tensile strength were determined according to ASTM
standard D3039. Ultimate tensile strength was defined as the maximum tension force divided by
the original nominal cross-sectional area before heat exposure. The tensile chord modulus of
elasticity values were calculated using the same calculation for stress from the initial slope of the
linear portion of the stress-strain curve as defined in ASTM standard D3039. In most cases the
average of the strain gage and extensometer was used to calculate chord modulus, except when
the extensometer jumped or otherwise behaved erratically on the heat damaged surface.

2.5 Four-Point Bending Tests

Flexural properties were determined from four-point bend tests performed according to ASTM D
6272 [11]. In this configuration, the distance between the loading noses (the load span) is one-
third of the support span. The specimen was loaded until rupture occurred in two configurations,
with the heat-exposed side in tension and compression, to document difference in mechanical
response. Primary dimensions for the loading noses and supports, as well as other relevant data,
can be found in Table 2.

Table 2. Bend Test Information

Material Nominal | Support | Load Nose Support | Minimum | Crosshead | Maximum
Resin Thickness Span Span | Radii Spanto | Specimen Rate Deflection

(mm) (mm) (mm) | (mm) Depth Length (mm/min) (mm)

Ratio (mm)
977-3 6.4 95.3 31.8 | 9.0 15.0:1 114.3 2.6 15.0
RM3002 3.2 76.2 25.4 5.0 23.6:1 91.4 3.3 18.9
AFR-PE-4 3.8 76.2 254 | 5.0 20.0:1 91.4 2.8 16.0
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3. RESULTS

The average heat flux applied to each composite plate is shown in Table 3 for the exposure
durations listed. Also provided are the moisture content, maximum temperatures recorded from
the embedded TCs, the percentage mass loss of the entire plate and a summary of the physical
changes to the plate.

Table 3. Composite Plate Heat Exposure Summary

Avg. Heat Exposure poisture MaxInt. Mass

Sample  Flux Time  content Temp Loss Physical Observations
(kw/m’) (sec) (%) (€ (%)
1M7/977-3

smoked heavily; popped and crackled; about 50% of top surface bubbled; slits
c4 15.2 844 Dry 367 2.10% |formed on top and back face; stuck to edge insulation

smoked slightly, popped and crackled; about 10% of top surface bubbled; slits
c9 15.4 601 0.3% 356 1.04% |formed on top, no damage on back face; stuck to edge insulation

IM7/R3002

smoked moderately; popped and crackled; about 50% of top surface bubbled; back
R2 26.2 214 Dry 401 | 1.15% |face not inspected; stuck to edge insulation
R3 24.9 91 Dry 271 0.06% |no visible damage
R4 14.9 151 Dry 240 | 0.03% |no visible damage

smoked moderately; popped and crackled; about 40% of top surface bubbled; back
R6 34.2 101 Dry 367 | 0.42% |face notinspected
R7 15.2 201 Dry 274 10.03% |no visible damage

smoked slightly; popped and crackled; about 5% of top surface bubbled; back face
R8 15.3 1040 Dry 382 1.63% |not inspected; stuck to edge insulation

smoked moderately; popped and crackled; about 50% of top surface bubbled; no
R9 25.9 201 0.4% 392 1.38% |damage on back face; plate warped; stuck to edge insulation

IM7/AFR-PE-4

A2 34.0 20 Dry 155 0.00% |no visible damage

smoked slightly; popped and crackled; about 30% of top surface bubbled; no
A3 34.1 127 Dry 411 0.18% |damage on back face; plate warped

smoked slightly; popped and crackled; about 60% of top surface bubbled; no
A8 35.1 151 Dry 468 | 0.23% |damage on back face; plate warped

smoked slightly; popped forcefully; about 20% of top surface bubbled; slits formed
A9 35.2 152 1.15% 417 | 1.13% |on top, no damage on back face; plate warped

3.1 Physical Damage Evaluation

Physical damage to the composite plates during heat exposure, as well as the plate response
itself, was documented with regular video, infrared video, and post-test imaging, sectioning and
microscopy. Plates that showed little to no mechanical degradation after heat exposure showed
no visual evidence of damage, aside from small discoloration on the exposed surface in a few
cases. Microscopy of sectioned samples showed no delamination or charring of the materials.

In all materials and heat flux magnitudes tested where there was mechanical degradation
measured, it was found that the composite plate experienced sudden damage, prior to any
significant charring or mass loss, in the form of delaminations, sometimes throughout the entire
thickness. The general sequence observed during testing is shown for plate A9 in Figure 7. In
general, there was that no physical response, including little or no smoking, up to the time where
surface bubbling formed (localized raised regions of the material), indicating delamination
initiation. The plate would then bend upward, many times exhibiting audible cracking. The plate
would then dynamically rebound to some degree, indicating further delamination, many times
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showing permanent curvature after the test. This sequence would occur quickly, in typically less
than 10 s. In no case did ignition of the plate occur.

Damage varied from some by material type and heat flux. Visible damage to delaminated plates
included discoloration, raised (bubbled) regions, burst cracks (front and back), and no visible
pyrolysis in cross-section microscopy. Mass loss was less than 2 percent. Some delaminations
were seen with very little surface damage. Examples of some damage modes are shown in Figure
8.

Infrared imaging of the plates immediately following removal from the heat source show uneven
cooling of the plate surface, as would occur with delaminated regions. Images typically showed a
few large and many small regions with greater cooling than surrounding material, as shown for
plate A9 in Figure 9. Most regions of greater cooling were away from the edges of the plate,
indicating that edge delamination was not the likely cause of initiation. There was also no
evidence that delaminations originated in the region of embedded thermocouples. The larger
regions sometimes showed swelling after cooling. These observations indicate that some
delaminations grew to cover large regions of the plate, as later observed in plate sectioning.

e

Figure 7. Plate A9 (1.15 % moisture content) during delamination at 35.2 KW/m*.
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(a) Front - Prior to testing

2, ; - .

(c) Front - after heat _exposure showing burst crack

Figure 8. Plate A9 (1.15 % moisture content) before and after exposure at 35.2 kW/m? for 152 s.

Heat Flux
Sensor

Figure 9. IR image of A9 (1.15 % moisture content) approximately 20 s after heat removal.

Optical microscopy was performed on all samples cut from the exposed plates. Widespread
delaminations were evident throughout the thickness of the plates showing mechanical
degradation. Exemplar cracks in each material are shown in Figure 10. There was no apparent
pattern to where the delaminations occurred. Large widespread delaminations were seen
throughout the thickness in the IM7/RM3002 and IM7/977-3 composites, but only on the plies
on the heat exposed side of IM7/AFR-PE-4. Only small delaminations were seen on the
unexposed side of this material. It is obvious that delaminations seen by the visual surface
bubbling of the plates during testing were caused by the application of heat. However, it is
possible that some of the delaminations throughout the thickness were also caused by the
mechanical stresses caused by plate bending.
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34 kWim2 for 101s

No heat exposure

IM7/
RM3002

M7/
977-3

No heat exposure 35 kW/im?2 for 151s

© s 4 s ~ ———

AFR-PE-4 i
(Plate Cross Section - Heat exposed side up)

Figure 10. Microscopic images of plate cross-sections before and after radiant heat exposure.

3.2 Delamination Time and Temperatures

The approximate delamination time was estimated from the embedded TC and backface TC
readings, as shown in Figure 11. These times corresponded well with the time of global plate
buckling observed during testing. Deviations in the measured embedded TC temperatures are
seen during delamination as plies separate from one another. If the TC remains bonded to the ply
on the heat-exposed side of the plate, for example, a short-term increase in the rate of
temperature increase is seen. A short-term reduction in the rate of temperature increase, and
sometimes a temperature drop, is seen if the TC remains bonded to the ply away from the
heating. Deviations in the backface TC temperatures, which are originally in contact with the
insulated side of the plate, are seen when the surface of the plate is moved away from the TC,
such as when global buckling occurs.

Two criteria were used to determine the time of global plate delamination. The first criterion was
the time when three of the embedded TCs showed deviations in the temperature loading rate.
Indication from a single TC was not considered definitive because it could indicate when a small
crack occurred around an individual TC and not be a good indicator of plate-wide delamination.
The second criterion used was when all three backface TC readings (left, center and right)
showed a deviation, as discussed above. The time and temperatures reported here are the
averages of these two methods.

Delamination times for plates tested dry are shown in Figure 12 as a function of heat flux for
IM7/RM3002 in Figure 12(a) and comparing IM7/RM3002 to IM7/AFR-PE-4 in Figure 12(b).
Results from these two materials can be compared because the plates had nominally the same
thickness. As would be expected, the time to delamination decreases rapidly with increasing heat
flux as shown in Figure 12(a). Limited testing was performed on IM7/977-3 and IM7/AFR-PE-4
composites at a single heat flux intensity, so the variation with heat flux is unknown.
Comparison between materials in in Figure 12(b) shows that material having the higher dry T,
IM7/AFR-PE-4, took longer to delaminate.
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Figure 13. Effect of moisture content on the time to delamination at fixed heat flux magnitudes.
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When moisture was added to the plates IM7/AFR-PE-4 had the greatest reduction in the time to
delamination, as shown in Figure 13. Note that it also had the highest moisture content. The time
to delamination at 35 kW/m? was actually reduced to the same time (77 s) as the lower Ty
material, IM7/RM3002, tested dry at this heat flux. No conclusion can be made about the relative
sensitivity to moisture for all materials tested since each was at a different moisture content at the
time of testing. The lowest T4 material, IM7/977-3, showed the least reduction in time to
delamination tested wet and dry. It is not clear from the limited data what effect the greater
specimen thickness, lower heat flux, and smaller temperature gradient had on these samples with
regard to the elevated moisture content. Additional testing is needed to examine all of these
effects.

Direct comparisons of the three different composite materials cannot be made because of
differences in material thickness and in the heat flux intensities to which each material was
exposed. However, the plate temperatures at which delamination occurred can be compared, as
shown in Figure 14 for all three materials. Ply temperatures on front (exposed to heat) and back
(insulated) of the laminate plate (TC 1 and 7) were recorded at the time of apparent
delamination. Results for IM7/RM3002 in Figure 14 also show the temperatures at the time a
plate was removed from heat for plates that did not delaminate. Since IM7/RM3002 was tested at
three heat flux intensities, some observation can be made regarding the temperature at which
delamination occurred independent of the heat flux applied. Delamination did not occur until the
TC 7 temperatures reached approximately 270 °C for all IM7/RM3002 plates tested. Plates that
did not reach this temperature at any ply in the samples did not delaminate.

The material with the highest T4, IM7/AFR-PE-4, showed the largest reduction in the
temperature at which delamination occurs due to the presence of moisture. As shown in Figure
14, temperatures varied between 341 °C on the back faces and 422 °C on the front faces of the
dry material at the time of delamination. When delamination occurred, the entire plate was above
the dry T for this material, cited by the manufacturer as 340 °C. Water in general acts as a
plasticizer, lowering the Ty, but its effect on this condensation polyimide resin is not known. The
temperatures in the plate with 1.4-percent moisture content varied from 244 °C to 317 °C at the
time of delamination, well below the dry Ty,
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Figure 14. Front (TC 1) and back (TC 7) temperatures at the time of delamination.
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3.3 Mechanical Test Results
3.3.1 Four-Point Bending

Four-point bend testing was performed on unexposed and heat-exposed samples with the heat-
exposed side in both compression and tension. The flexural strength and chord modulus are
shown in Figure 15. The standard deviation of typically four tests with the heat exposed side in
tension (T) and five in compression (C) are shown with the error bars in the figures. Note that
plates that did not delaminate from heat exposure are marked with ‘“ND’ and those that did with
‘D’.

Little to no change of flexural strength is seen in IM7/RM3002 plates that did not delaminate (cf.
plates R, R4, R3, R7). There was very little mass loss in these plates (<0.1 percent). A loss in
flexural strength of over 75 percent is seen when the plates delaminate (plates R2, R6, R8).
There is also a trend in flexural strength of the delaminated IM7/RM3002 plates with heat flux
intensity; the lowest heat flux showed the largest strength and the highest heat flux showed the
lowest strength. It is possible that the larger heat fluxes drove the delaminations to grow larger in
these plates, but this was not quantified. Other non-destructive evaluation techniques, such as
ultrasonic C-scan, are recommended to quantify the degree of delamination.

The IM7/977-3 and IM7/AFR-PE-4 materials also had a large drop in flexural strength once
delamination occurred. The highest T4 material, IM7/AFR-PE-4, demonstrated the smallest drop
in strength with delamination in the one plate tested (approximately 30 percent). It is important
to note, however, that plate A3 was removed from heat just as delamination started. So it is not
clear if reduction in flexural strength is less severe in this material or if similar reductions would
be seen if allowed to complete delamination.

The overall effect on material chord modulus is similar to that for the strength. Here, the effect
on modulus was a decrease of 23 percent at the lowest heat flux and a decrease of 60 percent at
the highest heat flux. The apparent increase in modulus of the IM7/RM3002 plates without
delamination (cf. plates R, R3, R4, and R7 in Figure 15) is likely due to plate-to-plate variation
or post-curing.
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Figure 15. Average flexural strength and chord modulus at varied degrees of heat exposure.
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3.3.2 Tensile Tests

Tensile testing was performed on unexposed and heat-exposed samples. The tensile strength and
tensile chord modulus of elasticity are shown in Figure 16. The standard deviation of six samples
are shown with the error bars in the figures. Only three samples were tested for plates A, C, C4,
R and R6. Data for A3 is from a single sample so no standard deviation is shown. In general, the
heat-exposed plates that delaminated showed less degradation in the tensile properties than the
flexural properties, as would be expected by the dominant damage mode of delamination.

All materials showed a reduction in tensile strength for samples with delaminations from heat
exposure. This reduction was only large for IM7/977-3, which had a 40-percent drop in tensile
strength between the two plates tested. Tensile modulus was also reduced for this material.
IM7/AFR-PE-4 showed a similar trend, but the magnitude of the reduction in properties was
much smaller. The material IM7/RM3002, with the largest number of exposures, showed some
mixed results.

The tensile strength of IM7/RM3002 samples with delaminations from heat exposure was lower
than samples with no delaminations, even with heat exposure. This is consistent with the other
materials. The chord modulus is also lower for samples with delaminations than material with no
heat exposure (plate R). However, plates R3 and R7 with no delaminations also have a lower
chord modulus similar to the delaminated plates. Plate variation may be responsible for the
differences in chord modulus rather than the effect of delamination. Future testing should ensure
tight control on consistency between plates to avoid this uncertainty.
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Figure 16. Average tensile strength and modulus at varied degrees of heat exposure.

4. CONCLUSIONS

For all materials and heat flux intensities tested, it was found that the composite materials
experienced sudden and catastrophic damage in the form of delaminations, sometimes
throughout the entire thickness, prior to any significant charring or mass loss. Delaminated
composite material samples displayed little residual mechanical strength in flexure (up to 85-
percent strength loss) and greatly reduced tensile strength (up to 40-percent strength loss). In
contrast, samples exposed to similar heat flux and durations, but removed from heat prior to
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delamination, showed little reduction in mechanical strength. The time at which delamination
occurred was indicated by thermocouple data and global buckling of the plate. Time to
delamination was affected by the moisture content of the plate, with delamination occurring at
shorter exposure times for plates with higher moisture content.

It is postulated that high pressure gases in the plate from water vapor and resin outgassing,
coupled with the reduction of the inter-laminar strength at elevated temperatures are the cause for
the sudden delamination observed in experiments. Once a small crack initiates, strong thermal
gradients are produced, and the corresponding thermal stresses drive the delamination further.
This mode may not occur when the materials are exposed to a much higher heat flux, such as
from ignition and burning of volatiles next to the composite surface. At much higher heat flux
intensities pyrolysis at the surface may create an avenue for internal gases to escape through the
remaining fibers rather than building up pressure.

Further heat exposure tests should be conducted at varied heat flux and water moisture levels.
Heat exposure tests should also be expanded to include the following: (1) testing at additional
water moisture levels, laminate thickness and layups; (2) testing in a mechanically-constrained
condition to inhibit global buckling in order to examine the effect on damage in the plates; (3)
testing under load. Mechanical stresses due to loading may cause the heat-induced delaminations
seen during testing to occur at even lower temperatures. Finally, a model needs to be developed
to predict the thermally-induced delaminations seen in the experiments..
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