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Permeability of Polymer Composites for Cryogenic
Applications

Vernon T. Bechel” and Fred Arold”
Air Force Research Laboratory, Wright Patterson AFB, OH 45433

Previous cryogenic cycling research has focused on improving our understanding of the
mechanisms that lead to a leakage-producing network of cracks in carbon / epoxy and
carbon / bismaleimide composites and to evaluate a number of materials for use in cryogenic
pressure vessels. However, the large fuel tanks and other cryogenic components of future
reusable launch vehicles may benefit from the use of even higher temperature composite
materials through the reduction in the weight of the thermal protection system needed to
protect the composite components inside the vehicle. Hence, the current effort investigated
two carbon / polymer composites (T650 / AFR-PE-4 and T650 / BIM-15) with service
temperatures considerably greater than for most carbon / epoxy and carbon / bismaelimide
composites. Following cryogenic cycling of these “high temperature PMCs”, the ply-by-ply
micro-crack densities and resulting permeabilities were compared to the corresponding data
from IM7 / 5250-4 carbon / bismaleimide composite. After 1250 cycles from -196 °C to
177 °C the helium permeability of IM7 / 5250-4 [0/45/-45/90]s at room temperature was
approximately 5x10° scc/s-cm?, but only 250 cycles were needed to reach a similar
permeability for the T650 / AFR-PE-4 samples. Additionally, to determine the effect of a
more destructive thermal cycle, T650 / AFR-PE-4 samples were also subjected to thermal
cycling that included an elevated hold of 315 °C.

I. Introduction

The conventional launch vehicles and / or hypersonic air/spacecraft that will replace the Space Shuttle and are
intended to be reusable for hundreds of missions will likely incorporate large pressure vessels for cryogenic liquids
such as liquid oxygen or liquid hydrogen. Polymer matrix composites (PMC) have been investigated for several
years as lightweight structural materials that would have beneficial application in these tanks.*® During the course
of these investigations a number of research efforts have looked at the fundamental problem of how best to choose
or design a composite that will remain leak free (despite containing layers with varying thermal expansion
characteristics) throughout the life of vehicle that is being filled and flown multiple times.*® A common theme of
the experimental efforts has been to subject a composite to a number of mechanical and / or thermal cycles that may
include both cryogenic and elevated temperature holds. In this way, the temperatures experienced during fill,
launch, and re-entry are simulated. One of several parameters shown to be critical to the damage development and
leakage resistance of a composite is the elevated temperature applied during combined cryogenic and elevated
temperature cycling. It has been shown for some of the aerospace grade carbon / epoxy and carbon / bismaleimide
composites that when a greater temperature is used for the elevated temperature hold, significantly increased
permeability results in fewer thermal cycles.’

Recently engineers conceptualizing designs of reusable space vehicles have begun to seriously consider using
higher temperature PMCs. The motivation for using these materials is that if a PMC with a greater service
temperature is used, the interior of the vehicle can be allowed to reach a greater peak temperature during or after re-
entry as the heat generated at the vehicle surface during re-entry is thermally conducted (“soaked”) into the vehicle
interior. However, these high temperature PMCs have a number of disadvantages that the “medium temperature”
epoxies and bismaleimides often do not. First, the matrix in the high temperature PMC has been designed for high
temperature performance rather than low temperature performance, and therefore, is unlikely to have been
formulated with adequate low-temperature toughness as a desired property. Second, high temperature PMCs are
commonly cured at much greater temperatures. This greater cure temperature results in more substantial residual
stresses at ambient and low temperature conditions. Consequently, the transverse tensile stress in some or all of the
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plies will be greater in the high temperature material at low temperature as compared to the medium temperature
material (all other parameters being equal). Finally, if allowed to reach a greater peak temperature in service, the
high temperature material would be subject to a more damaging thermal cycle. The difference between the upper
and lower temperature during thermal fatigue would be greater. As in mechanical fatigue of composites, if the
difference in stress between the loaded and the unloaded state is increased, greater amounts of damage occur and the
fatigue life may be reduced.® Further, as already stated, previous work in this area has already indicated that a
higher temperature during combined cryogenic and elevated temperature cycling produces more damage and
permeability”® in a number of the composites that have been tested to date. As a result, the pattern of damage
development due to cryogenic cycling needs to be studied in these materials.

Previous cryogenic cycling research has been conducted to measure the extent of damage generated in carbon /
epoxy and carbon / bismaleimide matrix composites such as IM7 / 977-2 and IM7 / 5250-4. In addition, several
papers describe experimental work to relate this damage to the resulting permeability of the materials. On the other
hand, the published research on cryogenic testing of high temperature PMCs with, for example, a service
temperature of 232 °C or greater is limited.2® Ju, et.al, conducted combined cryogenic temperature (-196 °C),
elevated temperature (up to 250 °C), and mechanical cycling on M40J / PMR-11-50 and concluded, among other
things, that the strength of the fiber / matrix interface in this high temperature carbon / polyimide composite was
degraded by the applied thermal cycling.® The current effort investigated two carbon / polyimide composites -
T650 / AFR-PE-4 and T650 / BIM-15 - both with service temperatures considerably greater than for bismaelimide
composites. Following cryogenic cycling of these PMCs (-196 °C to 177 °C), the ply-by-ply micro-crack densities
and resulting permeability were compared to the corresponding data from a baseline carbon / bismaleimide
composite — IM7 / 5250-4. Also, to determine if T650 / AFR-PE-4 was susceptible to additional damage
development as a function of increasing temperature in the elevated portion of the thermal cycle, a second set of
T650 / AFR-PE-4 samples was subjected to 250 cycles that consisted of cycling between liquid nitrogen temperature
(-196 °C) and 315 °C.

1. Experimental

A. Materials

Two carbon / polyimide composites with a maximum continuous dry service temperature that places them in the
category of high temperature PMCs (service temperature beyond 232 °C) were pre-conditioned and tested for
permeability. They were chosen because they are representative of high temperature, high performance structural
composites used in the aerospace industry. The fibers in each composite were intermediate modulus T650 carbon
fibers from Cytec. The first composite had a 315 °C maximum service temperature addition polyimide matrix,
AFR-PE-4, from Maverick. The second material had a 232 °C maximum service temperature (possibly as high as
288 °C for non-aircraft applications) addition polyimide matrix, BIM-15, from Maverick. The results from these
two materials were compared to the results for a third (baseline) material, IM7 / 5250-4, which consisted of medium
modulus IM7 fibers from Hexcel and a 204 °C maximum service temperature bismaleimide matrix from Cytec.
[0/+45/-45/90]s laminates of the T650 / AFR-PE-4 and IM7 / 5250-4 and [0/90],s laminates of the T650 / BIM-15
and IM7 / 5250-4 were hand laid-up and autoclave cured. The laminates of all three materials had a single ply
thickness of 0.13 to 0.14 mm. 50 mm by 50 mm square samples were cut from the cured panels with the 0° plies
parallel to one side of each sample.

B. Cryogenic Cycling / Damage Measurement

The thermal cycling apparatus consisted of a frame and stepper motor actuation system that moved a wire mesh
sample container between positions inside a dewar of liquid nitrogen (LNy), in front of an ambient air fan, and inside
an oven (Figure 1). A solenoid valve electrically controlled by a silicon transistor temperature sensor, maintained
the LN, level in the dewar. A 46 cm tall custom-made 1000 W convection oven above the ambient air fan provided
the elevated portion of the thermal cycle. The bottom of the oven contained a 16 cm circular opening for the sample
container to pass through. As with the top of the LN, dewar, the bottom of the oven remained open during cycling.
Based on measurements of temperature equilibration times in samples with an embedded thermocouple, a cycle of 2
minutes in the LN, followed by 5 minutes at room temperature and 5 minutes in the oven was used. Each sample
was polished on perpendicular sides prior to cycling, and ply-level cracks were observed on the sample edges at
200X with an optical microscope after 0, 1, 5, 15, 30, 75, 125, 175, and 250 cycles. The T650 / BIM-15 samples
were further observed for cracks after 325, 400, 500, and 750 cycles. Cracks were counted along the full length of
each edge. Only transverse cracks that extended fully through the thickness of a ply (or nearly through the



thickness) were counted. Crack densities were recorded on each side for all plies for which fiber ends (and thus
transverse cracks) were visible. The side with the fiber ends visible on the 0° plies will be referred to as Side A, and
correspondingly, Side B was the side with the fiber sides visible on the 0° plies. The crack densities from four
samples of each laminate were averaged. Additionally, the crack densities in the £45° plies were scaled by dividing
the cracks density by sin (45°).

C. Permeability Apparatus and Testing Parameters

The permeability apparatus is shown in Figure 2. A differential pressure was created across the sample to
potentially create a flow of gas through the sample thickness and into a control volume. If the sample had one or
more complete chains of micro-cracks extending through the sample thickness, measurable flow would occur. The
gas flow rate was determined by measuring the increase in pressure in the control volume as a function of time. The
rate of pressure change was then converted to a flow rate using the ideal gas law. The apparatus had two
independent vacuum systems. The vacuum chamber on the left in Figure 2 is the control volume for determining the
flow through the sample, and the smaller vacuum chamber on the right provided vacuum for a mass spectrometer.
These two chambers were connected on occasion with a precision leak valve to transfer a gas sample from the
control volume to the mass spectrometer which was used to verify that helium was flowing through the sample. The
pressure in the control volume was monitored with a Baratron-type transducer with a resolution of 1x10° torr.

The sample was sealed between two small “sample chambers” each consisting of an NW25 Kwik flange and a
Viton o-ring to seal them to the sample. The upstream chamber was used to apply helium gas at 0.28 MPa (40 psi)
to one side of the sample, and the downstream chamber was used to maintain a vacuum on the other side of the
sample to allow a medium resolution measurement of pressure. All of the permeability tests were conducted at
ambient temperature. Cracks in the surface plies were observed in all samples after less than 75 thermal cycles.
These cracks provided a path for ambient air to bypass the seal on the measurement side of the sample and flow into
the sample chamber and control volume. This “background flow” was measured for each sample prior to running a
permeability test so that it could be separated from the flow of helium through the sample once the supply side was
pressurized. In previous work’ indium gaskets and an epoxy sealant on the surface of the samples were used to
prevent flow through the surface cracks. However, applying the indium gasket and epoxy sealant altered the sample
sufficiently that it could not be further cycled. l.e., a new set of samples had to be made and cycled further than the
previous set of samples. Hence, in this project a compromise approach was chosen. The Viton o-ring was used to
seal the samples chambers to the sample. As already mentioned, this method of sealing did not prevent flow through
the surface ply cracks, but it left the sample unaltered by permeability testing — allowing the same set of samples for
a given material to be used for all increments of cycling. On the other hand, the flow rate of air through surface
cracks was typically high compared to the small helium flow rates through the sample thickness that were common
when complete leak paths through the material initially formed. Since these initial through-thickness flows were
close to the resolution of the experiment, they could not accurately be separated from the background air flow
through the surface ply cracks. Therefore, permeability measurements were not reported until they reached
approximately 1x107 scc / s-cm?  Note: the exception to this is the permeability data reported for IM7 / 5250-4
which is taken from reference 7. While in previous work’ permeabilities were reported as low as 1x10® scc /s-cm?,
the important trends in permeability versus number of cycles were observable with the current approach. This
compromise allowed much quicker and more practical testing to be accomplished since fewer samples needed to be
cycled and scanned to count cracks.

Permeability was measured at room temperature after 125, 175, and 250 cycles of the combined cryogenic and
elevated temperature thermal cycles for the T650 / AFR-PE-4 [0/45/-45/90]s samples and after 500 and 750 cycles
for the T650 / BIM-15 [0/90],s samples. Four samples were tested after each increment of cycling. The test length
ranged from 100 seconds to 400 seconds depending on whether the helium flow was high or low compared to the
background flow. A 0.001 torr pressure increase in the 14 liter control volume measured over an interval of 400
seconds represented a flow of 5.75x10 scc/s-cm? of helium through the 7.29 cm? flow area of the sample and thus,
established the best possible resolution of the permeability measurement. However, as previously discussed, it was
commonly not possible to accurately separate the background flow from the through-thickness flow for through-
thickness flow rates below 1.15x10” scc/s-cm?®. Note, “permeability” as used in this context is defined as the flow
rate of a particular gas through a material under a prescribed set of boundary conditions.



I1l. Results

A. T650 / AFR-PE-4 Permeability

[0/45/-45/90]s samples of IM7 / 5250-4 and T650 / AFR-PE-4 with equal ply thickness were cycled with the
same -196 °C to 177 °C thermal cycle so a direct comparison of their permeability and damage state could be made.
As shown in Figure 3, the T650 / AFR-PE-4 samples developed substantial permeability much quicker than the IM7
/ 5250-4 samples. After 1250 of the -196 °C to 177 °C cycles the helium permeability of the IM7 / 5250-4 samples
at room temperature was approximately 5x10° scc/s-cm? while only 250 cycles were needed to reach a similar
permeability for the T650 / AFR-PE-4 samples. Also, the permeability as a function of thermal cycles was not
tending to saturation (leveling off) by 250 cycles. Consequently, greater permeabilities would be expected in both
materials with further cycling. This trend is especially a concern for the T650 / AFR-PE-4 samples since the
permeability is increasing at a much higher rate of nearly an order of magnitude for each 75 cycles applied.

A separate set of four samples of the same [0/45/-45/90]s panel of T650 / AFR-PE-4 were cycled from -196 °C to
the 315 °C service temperature of AFR-PE-4. The permeability results as a function of cycles are shown in Figure 4
along with a plot of the permeability of the T650 / AFR-PE-4 samples cycled from -196 °C to 177 °C. Surprisingly,
the permeabilities of the samples cycled from -196 °C to 315 °C are lower after 125 cycles, nearly the same after
175 cycles and greater after 250 cycles. . No clear trend is apparent. However, when considered in the context of
past research,” AFR-PE-4 did not exhibit nearly the sensitivity to an increase in elevated hold temperature as, for
example, IM7 / 5250-4 or IM7 / 977-3 (carbon / epoxy) composites. The permeability of samples these materials
with the same [0/45/-45/90]s lay-up increased as much as 20 times for an increase in the elevated hold temperature
of only 55 °C while the permeability of the AFR-PE-4 samples increased by a maximum of only 5 times for an
increase in the elevated hold temperature of 138 °C.

B. T650 / AFR-PE-4 Damage Accumulation

Figure 5 shows the micro-crack densities in each ply of the T650 / AFR-PE-4 [0/45/-45/90]s samples that were
cycled between -196 °C and 177 °C and Figure 6 shows the same type of micro-crack density data for the IM7 /
5250-4 samples of the same lay-up cycled with the same thermal cycle. The IM7 / 5250-4 samples developed
greater micro-crack densities in the surface plies after fewer cycles — almost two times greater after 250 cycles.
However, the T650 / AFR-PE-4 samples overall had greater micro-crack densities in the inner plies, especially in
plies 3 and 6 which remained un-cracked in the IM7 / 5250-4 samples through 175 cycles and had only 0.10 micro-
crack / cm after 250 cycles. Compare this to the T650 / AFR-PE-4 samples that had greater than 1.8 cracks / cm in
all plies after 250 cycles. For significant permeability to occur, complete paths consisting of connected micro-
cracks are more important than the number of cracks in any individual ply. Therefore, the greater tendency for
substantial crack densities in all plies of the T650 / AFR-PE-4 is consistent with the greater measured permeability
through 250 cycles.

The pattern of crack propagation in the T650 / AFR-PE-4 is similar to the pattern observed in IM7 / 5250-4 in
several respects. Cracks in plies 2 and 7 were always within a ply thickness in the horizontal direction of the ply 1
and 8 cracks indicating that they propagated from plies 1 and 8 into plies 2 and 7 as stitch cracks. The term “stitch
crack” refers to a crack fully through the ply thickness but relatively short in the planar direction that is centered on
a long parent crack in an adjacent ply and propagates from the parent crack. This pattern of crack propagation has
been discussed extensively in previous work and was also observed in IM7 / 5250-4. The same order of crack
growth from plies 4 and 5 into plies 3 and 6 as stitch cracks was observed in both materials. However, one
important difference is shown in Figure 7. In the T650 / AFR-PE-4 samples large delaminations formed between
the +45° and -45° plies and in some cases between the other plies after as few as 175 cycles. While small
delaminations were observed in the IM7 / 5250-4 between various plies where stitch cracks were being extended
into a neighboring ply, no delaminations were observed between the +45° and -45° plies. The large delaminations
between the +45° and -45° plies in the T650 / AFR-PE-4 samples likely aided significantly in completing leakage
paths by providing the final link between the stitch cracks in the +45° and -45° plies.

Figure 8 shows the micro-crack densities in each ply of the T650 / AFR-PE-4 [0/45/-45/90]s samples that were
cycled between -196 °C and 315 °C. All plies of the samples had much greater crack densities than for the T650 /
AFR-PE-4 samples that were cycled between -196 °C and 177 °C. W.ith the exception of the surface plies,
approximately twice as many cracks formed after 250 cycles when cycled between -196 °C and 315 °C as compared
to the results from cycling between -196 °C and 177 °C (Figure 5). The greater crack densities are consistent with
the greater permeability after 250 cycles as shown in Figure 4, but not with the lower permeability at 125 cycles.



C. T650 / BIM-15 Permeability

The permeability of the T650 / BIM-15 [0/90],s samples was measured after 500 and 750 of the -196 °C to
177 °C cycles. Many more cycles were required for the T650 / BIM-15 samples to reach a permeability of 1x10~
scc/s-cm? than for the T650 / AFR-PE-4 [0/45/-45/90]s samples. This delay before substantial permeability does not
necessarily indicate that T650 / BIM-15 is a more leak resistant material than T650 / AFR-PE. Bechel, et al.*’
showed for IM7 / 5250-4 that samples of a [0/90],s lay-up were more leak resistant than samples of a [0/45/-45/90]s
lay-up of the same material when thermally cycled with the same cycle. Consequently, the results for the T650 /
BIM-15 cannot be compared to the results for T650 / AFR-PE-4 since different lay-ups were used. Note: The next
step in this project will be to test a [0/90],s lay-up of the AFR-PE-4 composite.

The permeability results for T650 / BIM-15 are shown in Figure 9 along with the permeability of the IM7 /
5250-4 [0/90],s samples through 1500 of the -196 °C to 177 °C cycles. While the IM7 / 5250-4 samples exhibited
no measurable permeability (<1x10° scc/s-cm?) through 1500 cycles, the T650 / BIM-15 samples had permeability
at least 15 times greater by 500 cycles and three orders of magnitude greater by 750 cycles. Clearly, the high
temperature material PMC (T650/BIM-15) was much less resistant to combined cryogenic and elevated temperature
cycling than the medium temperature PMC (IM7/5250-4) even when cycled with the same medium temperature
thermal cycle.

IV. Conclusions

Both high temperature PMCs (T650 / AFR-PE-4 [0/45/-45/90]s and T650 / BIM-15 [0/90],s) had greater
permeability following thermal cycling when compared with IM7 / 5250-4 samples of the corresponding lay-up. In
the most extreme case, the T650 / AFR-PE-4 [0/45/-45/90]s samples reached a permeability of 5x10° scc/s-cm?
1000 cycles sooner than the IM7 / 5250-4 samples when cycled between -196 °C and 177 °C. Similarly, the T650 /
BIM-15 cross-ply samples had a measurable permeability of 1x10° scc/s-cm? after 750 cycles while the
corresponding samples of IM7 / 5250-4 had no measurable permeability (<10 scc/s-cm2) through 1500.

The total number of cracks in all plies of the T650 / AFR-PE-4 [0/45/-45/90]s was similar to the total number of
cracks in the IM7 / 5250-4 samples. However, the T650 / AFR-PE-4 samples had a more uniform distribution of
cracks from ply to ply resulting in many cracks in all plies. IM7 / 5250-4, on the other hand, had larger numbers of
cracks in the surface plies but lower numbers of cracks in the internal plies, with almost none in two of the plies.
The more uniform pattern of cracking with respect to plies and the development of large delaminations in the T650 /
AFR-PE-4 samples are believed to have resulted in a greater number of complete leakage paths through the material
and consequently, are the likely source of the greater permeability. These trends indicate that implementing high
temperature PMCs in cryogenic components of reusable launch vehicles to reduce TPS requirements will most
likely require more careful material, lay-up, and service temperature profile considerations than those for
implementing medium temperature PMCs.
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Figure 5: Damage in T650 / AFR-PE-4 [0/45/-45/90]s as a function of -196 °C to 177 °C
thermal cycling
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Figure 6: Damage in IM7 / 5250-4 [0/45/-45/90]s as a function of -196 °C to 177 °C
thermal cycling
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Figure 7: Image of damage in T650 / AFR-PE-4 after 250 cycles
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Figure 8: Damage in T650 / AFR-PE-4 [0/45/-45/90]s as a function of -196 °C to 315 °C
thermal cycling
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Figure 9: 1IM7/5250-4” and T650 / BIM-15 [0/90],s permeability after -196 °C to 177 °C
thermal cycling
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