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A cheaper access to space is needed in current times and new technologies need to
be developed to reduce the cost of space access to increase productivity. This thesis
presents a study on carbon fiber reinforced polymer (CFRP) composites which is an
enabling technology for cost reduction in space vehicles. A literature review of the
behavior of CFRP composite has been conducted and it was found that the currently used
IM7/977 carbon fiber reinforced epoxy composites do not microcrack at a lower number
of thermal cycles. Nano-composites and Thermoplastic matrix composites have been
found as two promising alternatives for cryogenic applications. With the use of nano
sized inclusions in currently used epoxy resins, coefficient of thermal expansion can be
reduced while increase in strength and fracture toughness can be achieved. Some
thermoplastics were found to have non-linear stress-strain relationships with signs of

ductility even at 4.2K. Both of these resin systems show promise in reducing
microcracking at cryogenic temperatures.
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CHAPTER I
INTRODUCTION
In this modern age of information and technology, space access has become an
increasingly important issue. With the growing need for telecommunication satellites, the
ongoing efforts in space research, and the construction of the international space station,
there is a need to reduce the cost of launch vehicle payloads. One way of reducing cost is
with the use of reusable launch vehicles (RLV). A proposed design for RLVs is the
single-stage-to-orbit (SSTO) reusable launch vehicle and is being considered for the next
generation of launch vehicles.
Current launch systems are highly complex and costly. It is estimated that it costs
$10,000 to transport a pound of payload into space [Choi, Kessler2]. With SSTO RLVs
however, payload costs of approximately $1,000 per pound are projected [Choi]. An
important issue in the realization of the proposed SSTO RLVs is lightweight design. In
order for the concept to work, structural materials need to be light weight and have high
strength and modulus. Liquid Hydrogen (LH2) fuel tanks can be the single largest
structural component in SSTO RLVs and therefore, the lightweight design of these tanks
is critical in weight reduction. The use of carbon fiber reinforced polymer (CFRP)
composites has been proposed as one of the most important enabling technologies in
reducing the weight of SSTO RLVs [Kessler2, Rivers]. NASA has estimated that CFRP
1

2
composite fuel tanks will be 40% lighter than conventional metallic tanks, with an
estimated 14% reduction in overall vehicle weight associated with its use [Kessler2].
The potential weight savings associated with the use of CFRP composites as
structural material in proposed launch vehicles is, however, not a straight-forward task.
The LH2 tanks need to be able to withstand mechanical and thermal cycling without
significant damage. The tanks will need to operate at temperatures of 20K to store the
LH2. This temperature is far below the glass transition temperature (Tg) of suitable
polymers, which leaves the tank designer to design with a brittle material having large
thermally induced strains. The structural integrity of the LH2 tanks is an important aspect
since it is proposed that the pressurized tanks also be load bearing members of SSTO
RLVs [Final Report of the X-33 LH2 Tank]. In addition to operating at LH2 temperatures,
the temperature of the LH2 fuel tanks is also expected to reach 400K (127oC) during
reentry when empty. These temperature extremes pose concerns for the design engineer
of CFRP structures.
Material selection, fabrication techniques and inspection techniques are all active
areas of research for CFRP composites suitable for cryogenic applications. This
manuscript will first cover damage evaluation techniques prior to a discussion of
properties of current and alternative candidates. Although work is being done on various
aspects of the problem, much of the work that has been done is only at preliminary stages
and there is a lack of a statistical database to identify the most suitable CFRP composite.
One method that can be used to guide the selection and design of CFRP
composites is to consider the properties of each individual constituent like the fiber, the
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matrix and other additives and how the properties effects the overall performance of the
composite. A simplified 2-D finite element analysis (FEA) was developed in this project
to understand the interactions between the fibers and the matrix of a composite. The
analysis was performed in an effort to establish basic relationships between the reported
material properties and to use the findings as a baseline to define what properties are
desired to reduce damage incurred during operation.

CHAPTER II
TECHNICAL BACKGROUND
Before introducing the different potential alternative materials, it is important to
know about current and past developments of CFRP composites for cryogenic use. The
X-33 project was undertaken by NASA to realize the concept of an SSTO RLV. The X33 vehicle was to be an SSTO RLV that pushed the limits of technology. The design was
innovative and the X-33 was to be constructed extensively with CFRP composites with
two LH2 fuel tanks and a liquid oxygen (LO2) tank that were to be load bearing members
of the vehicle. In the course of the project, an LH2 fuel tank was constructed and tested.
The tank design had four lobes with a honeycomb-core sandwich wall design [Final
Report of the X-33 LH2 Tank]. The inner and outer face-sheets of the sandwich wall
design were made of IM7/977-2, a toughened carbon/epoxy composite [Cytec]. After
fabrication, preflight proof testing was then performed.
The tank had successfully completed the first of a series of tests but failed
approximately 15 minutes after it was drained of its LH2 content [Adams]. The pressure
had increased in the core of the sandwich walls of the tank to a critical level which
subsequently caused the tank to collapse. An investigation team had determined that the
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most probable cause of the tank collapse was a combination of the following [Final
Report of the X-33 LH2 Tank, Rivers]:
•

Microcracking of the inner facesheet with subsequent gaseous hydrogen (GH2)
infiltration.

•

Cryropumping (the influx of gas into an unclosed volume resulting from the
vacuum generated when cryogenic temperatures liquefy and condense the gas on
the cryogenic boundaries of that volume) of the exterior nitrogen (N2) purge gas.

•

Reduced bondline strength and toughness

•

Manufacturing flaws and defects

•

Infiltration of (GH2) into the core, which produced higher than expected core
pressures.

In the investigation it was noted that the infiltration of GH2 was an unexpected
phenomenon that had contributed to the failure. It was concluded that the most likely
cause of the increase in core pressure was the infiltration of both the GH2 from the inner
facesheet and gaseous nitrogen (GN2) through the outer facesheet [Final Report of the X33 LH2 Tank].
The cause of the infiltration was correlated with the formation of microcrack leak
paths. Microcracks developed at cryogenic temperatures in the inner and outer facesheets
of the sandwich, providing leak paths into the core of the sandwich. As the tank was
being cooled by the filling of LH2, air in the core of the sandwich was cooled creating a
vacuum. The vacuum then pulled GN2 through the cracks in outer facesheet and GH2
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through the cracks in the inner facesheet. The tank was then drained and as temperatures
rose the cracks closed trapping the GH2 in the core of the sandwich. As temperatures rose
further, so did the core pressure until the tank collapsed.
Most of the causes of the tank failure can be attributed to the excessive leakage
through the tank material. There are various factors that contribute to tank leakage but in
CFRP composites, the greatest contributor is believed to be microcracks [Rivers].
Microcracking in CFRP composites is believed to be caused by a mismatch between the
coefficient of thermal expansion (CTE) of the matrix and the fiber. The fiber and the
matrix contract at different rates causing thermal residual strains to develop in the matrix
of the CFRP composite at cryogenic temperatures. If these strains are large enough, they
will be relieved by the formation of cracks. Since the failure of the tank, research has
been done on the same CFRP composite used in the X-33 LH2 tank.
It was commonly believed that thermal-cycling the material causes the formation
of microcracks[Final Report of the X-33 LH2 Tank, Rivers]. However, other researchers
have found that thermal-cycling alone isn’t enough to cause cracks [Kessler2, Noh and
Whitcomb et al]. The IM7/977-2 composite may need to be mechanically cycled at
cryogenic temperatures for cracks to form. The results of the some of the studies will be
presented in the following sections together with the damage evaluation techniques that
are being used to detect microcracks.

CHAPTER III
DAMAGE STATE EVALUATION TECHNIQUES
Determination of Damage
Before reviewing the effects of thermo-mechanical cycling on CFRP composite
materials, an overview is given in this section on the various techniques that are currently
being used to evaluate the damage state of CFRP composites. Various techniques can be
used to characterize the extent of microcrack damage in CFRP composites. The overview
will summarize the various techniques that are currently being used to analyze the extent
of microcracking in composites which includes various non-destructive (NDE)
techniques.

Optical Examination of Edges
This method of crack detection is the most widely used due to its simplicity [Noh
and Whitcomb et al]. Specimen edges are first prepared by progressive polishing to a
normally acceptable 0.3 micron finish. After polishing, cracks are then detected using
magnification factors between 75X to 400X magnification. To aid in crack detection, a
light source can be directed slightly off normal to the specimen edge to exaggerate
surface relief [Adams]. Although this method of detecting cracks is fairly reliable and
simple to perform, there are certain limitations and disadvantages associated with its use.
7
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During polishing, crack detection on the outer layers of a composite can be complicated
if the edges were even slightly rounded during polishing [Adams]. Optical examinations
also don’t provide information on the extent of partial cracks (cracks that appear on only
one of the 2 edges) or the presence of internal cracks, both of which occur frequently in
microcrack damaged composites [Noh and Whitcomb et al]

X-ray Radiography
Crack detection in composites using X-ray radiography is one of the most widely
used techniques for damage characterization. This technique is considered by most to be
the best NDE technique available for the characterization of cracks in composites [Noh
and Whitcomb et al]. Specimens are first treated with X-ray sensitive die penetrants to
enhance the appearance of cracks in the specimens when X-ray images are taken. Using
proper contrasting agents, matrix cracks can clearly be seen as dark lines in X-ray images.
In studies conducted by Noh and Whitcomb et al, microcracks detected using Xray radiography were confirmed with other evaluation techniques such as optical
examinations and ultrasonic NDE techniques. Figure 3.1 shows an X-ray image from
Noh and Whitcomb et al that shows extensive microcracking in a composite. The
locations of the dark lines in Figure 3.1 were reported by Noh and Whitcomb et al to have
a fairly good correlation with the optically detected cracks. This confirms that the dark
lines in the X-ray image are indeed cracks. However, X-ray images are only 2D
projections and this makes ply-to-ply evaluation of damage difficult. This can present a
problem where there is no access to the composite edges. It is also questionable as to
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whether or not this technique is actually an NDE technique due to the possibility of
specimen degradation due to the use of dye penetrants.

Figure 3.1 X-Ray Image of a composite laminate showing matrix cracks1

Ultrasonics
Ultrasonics is another NDE technique that can be used to detect microcracking in
composites. This method was used by Noh and Whitcomb et al to detect cracks in
composites with various ultrasonic techniques and transducer combinations. They
included through-transmission, scattering in transmission (pitch catch) and polar backscattering for detection of matrix cracks [Noh and Whitcomb et al]. Noh and Whitcomb
et al found that it is possible to carry out ply to ply examination by appropriately timegating the output signals. The polar back scattering technique was found to be the best
technique for imaging matrix cracks which included internal cracks.

1

Noh, Jae and John Whitcomb, Bongtaek Oh, Dimitris Lagoudas, Konstantin Maslov, Atul Ganpatye and Vikram Kinra
“Numerical Modeling, Thermomechanical Testing, and NDE Procedures for Prediction of Microcracking Induced
Permeability of Cryogenic Composites.” Proceedings of the AMPET Conference, 5, (2002).
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A comparison of the polar back scattering ultrasonic and X-ray (filtered to remove lines
in all other directions) images of the 2nd ply of the 8-ply specimen is presented in Figure
3.2.

2in

Figure 3.2

Ultrasonic images(first 4 images) of different plies of a composite
laminate with an X-ray image comparison2

An excellent correlation between the ultrasonic and the X-ray images was
observed. Both images also correlate well with the optical crack detection results. The
results of the three NDE techniques presented by Noh and Whitcomb et al complimented
each other.

2

Noh, Jae and John Whitcomb, Bongtaek Oh, Dimitris Lagoudas, Konstantin Maslov, Atul Ganpatye and Vikram Kinra
“Numerical Modeling, Thermomechanical Testing, and NDE Procedures for Prediction of Microcracking Induced
Permeability of Cryogenic Composites.” Proceedings of the AMPET Conference, 5, (2002).

CHAPTER IV
MICROCRACKING BEHAVIOR OF ADVANCED CFRP
COMPOSITES AT CRYOGENIC TEMPERATURE

This section will provide an overview of the literature search on the
microcracking behavior of some IM7/epoxy composites that were thermally and thermomechanically cycled at cryogenic temperatures. The goal of these studies was to
characterize currently used advanced carbon/epoxy composites in the aerospace industry
for cryogenic microcracking behavior.
In order to study the micro-cracking behavior of composites, test methods need to
be developed. It was found in the literature that few researchers had dedicated equipment
to initiate micro-cracks. Most researchers fabricated custom cryogenic chambers which
were fitted around tensile testing machines to provide a cryogenic environment while
applying mechanical loads [Donaldson, Kessler2, Noh and Whitcomb et al, Timmerman
et al]. The cooling and heating rates were controlled in some of the research to simulate
actual thermal cycles a launch vehicle would experience [Kessler2, Noh and Whitcomb et
al]. Other researchers [Timmerman et al] immersed specimens at room temperatures
directly in a bath causing large cooling rates to initiate cracks.
11
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Thermal Cycling
Research has been done on the effect of this cycling by Kessler2 et al. Quasiisotropic IM7/977-2 test specimens with a [45/90/90/-45/0/45/90/-45]s layup, were
obtained from NASA. The specimens provided by NASA were identical to the material
used on the X-33 fuel tank. Specimens were put through ten cycles each with heating and
cooling rates of 14K/min. Each cycle involved cooling the specimens from 300K to 20K
(27oC to -253oC) and heating them up to 400K (127oC) and cooling them back to 300K
(27oC) simulating a single flight cycle of the X-33. The specimens were then tested for
strength, stiffness, permeability and were then put through an optical micro-crack
analysis. In the study, Kessler2 et al expected that both the Young’s modulus and
Poisson’s ratio for the specimens to decrease as the specimens were thermally cycled to
cryogenic temperatures due to the appearance of micro-cracks. However, from Kessler2
et al’s experimental results, no significant change in either of the properties was observed.
This suggests that micro-cracks did not form as a result of 10 thermal cycles. When put
under a 120x magnification, no visible cracks were observed. No visible cracks were also
observed when X-ray radiographs were taken.
Conclusions made by Kessler2 et al were that the specimens (quasi-isotropic,
IM7-977-2, composite) did not exhibit any cracks of detectable size after 10 simulated
flight cycles and that there was no significant increase in the permeability of the
specimens. However, Kessler2 et al did observe that the failure mode of the cycled
specimens were more violent than the control specimens when subjected to tensile testing.
While the control specimens broke cleanly in the center, the specimens that were cycled
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10 times shattered into an number of pieces. The research done by Kessler et al suggests
2

that thermally cycling the IM7-977-2 specimens alone will not cause micro-cracks to
develop.
In a research effort by Bechel et al IM7/5250-4 (Carbon/Bismaleimide) various
cross ply and quasi isotropic laminates were studied for thermal cycling induced cracking.
Thermal cycling consisted of combined low temperature and elevated temperature
exposure of the specimens. The IM7/5250-4 specimens were submerged in LN2
(77K, -196oC) for 2 minutes followed by a hold of 10 minutes at ambient temperatures.
The cycle was repeated 400 times and crack densities were recorded as a function of the
cycles. In the research, a quasi-isotropic IM7/977-3 composite was also cycled. The
IM7/977-3 quasi-isotropic composite was cycled 130 times between LN2 (77K, -196oC)
and 393K (120oC) to study the effects of combined cryogenic and elevated temperature
cycling. The cycling of the IM7/977-3 consisted of submerging the specimen in LN2 for
10 minutes followed by 10 minutes in an oven at 393K (120oC). Table 4.1 summarizes
the results and observations made by Bechel et al.
Table 4.1
Cracking behavior of IM7/5250-4 and IM7/977-3 Under thermal cycling
Crack Initiation
Crack Density After
Material
Layup
after n cycles
400cycles, Cracks/cm
Outer
Inner
Outer
Inner Plies
plies
Plies
plies
IM7/5250-4 [0/90]s
a
>175
a
0.062
[0/45/-45/90]s
a
>175
a
0.12
[90/0/90/90/0/90/0/90]T
1
None
5
0
IM7/977-3 [02/902]s
50
110
b
b
a The test setup used could not detect cracks in the outer plies
b The number of microcracks was not recorded
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It was observed that for the IM7/5250-4 composite samples, cracks generally
initiated early and is significant on the outer edges. However, for the layups [0/90]s and
[0/45/-45/90]s, the specimens could not be characterized for cracks in the outer edges due
to the outer plies being zero degrees. Inner plies exhibited low crack densities and
cracking did not occur in the inner plies till above 100 cycles. For the [0/90]s layup, it was
observed by Bechel et al that when cracks formed in one of the inner 90o plies, cracks
completely grew through both the 90o plies and arrested at the 0/90 interfaces with no
delaminations along the 0/90 interfaces. Bechel et al called these two adjacent 90o plies,
“block plies”. Block plies are basically two adjacent plies with the same layup angle. In
the [0/45/-45/90]s layup, surface crack density was found to be high(5microcracks/cm).
Surface crack density did not appear to reach saturation for the [90/0/90/90/0/90/0/90]T
layup specimen and crack density was observed to increase linearly beyond 125 cycles.
An interesting observation was however made. No cracks were detected in the inner plies
of the [90/0/90/90/0/90/0/90]T layup specimen even after 400 cycles [Bechel et al].
For the IM7/977-3 specimen with a laminate stacking sequence of [02/902]s, the
number of microcracks was not recorded. Microcracking appeared at 50 cycles in the
outer plies and the extent of microcracking increased as the number of cycles increased.
Inner plies did not appear to crack till the number of cycles exceeded 110 times. Crack
density in the inner plies of the IM7/977-3 specimen was found to be lower than the crack
density in the outer plies. Surface cracks were observed to extend through the blocked
outer plies of the specimen.
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Thermomechanical Cycling
In a research effort by Noh and Whitcomb et al to verify microcrack prediction
models of composites, specimens were thermo-mechanically cycled. The specimens used
were 18-ply IM7/977-2 graphite epoxy composites that were provided by Lockheed
Martin with a stacking sequence of [0/-45/90/45/0/45/90/-45/0]s. An important point to
note is that the specimens provided by Lockheed Martin had already been through prior
thermo-mechanical testing that included 4 thermal cycles from room temperature to
liquid nitrogen temperature, LN2 (77K) and mechanical cycling at cryogenic temperatures.
Several of these specimens were tested under additional thermomechanical loading, while
others were characterized for damage using non-destructive evaluation techniques. In the
experimental procedure described by Noh and Whitcomb et al, the specimens were
thermally cycled from room temperature (RT) to LN2 (77K) with and without mechanical
loading. To test the specimens experimentally, Noh and Whitcomb et al constructed a
custom cryogenic environment chamber. This same chamber was then mounted to an
MTS 880 frame for mechanical loading at cryogenic temperature. The chamber was first
filled with LN2. Specimens were then held in the liquid nitrogen for 30 minutes to ensure
uniform temperatures in the specimens. The specimens were then mechanically loaded
while immersed in LN2 using the described test setup while stress and strain values were
recorded. The specimens were examined after each thermal or mechanical cycle and
characterized for damage with the use of an optical microscope.
In Noh and Whitcomb’s work, prior to the thermo-mechanical testing, a single
specimen was tested mechanically in uni-axial tension to failure to determine its Young’s
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modulus and ultimate tensile strength as a baseline for the IM7/977-2 CFRP. A baseline
with a Young’s modulus of 61.2GPa and an ultimate tensile strength of 787MPa was
established. For the uniaxial testing, panels were received from Lockheed Martin and cut
into three 10”x1” pieces. The three specimens were called A, B and C. These test
specimens were then characterized for damage prior to testing. Specimen A was
subjected to 20 thermal cycles. Specimen B subjected to 2 thermal cycles which was
followed by 2 mechanical cycles at 60% of the baseline ultimate tensile strength at room
temperature. These 4 cycles were then repeated a total of 3 times. Specimen C was
subjected to mechanical loading at cryogenic temperature. However, the experiment on
specimen C had to be terminated early because of delamination near the grips.
Figure 4.1 is a plot of increasing micro-crack density in the 2nd ply from the outer
surface [-45] of the laminate vs. the number of cycles it was put through. A similar trend
in the crack density growth rate was noted for the 3rd ply [90] of the same specimens
[Noh and Whitcomb et al]. Specimen A exhibited no increase in crack density after 20
cycles of thermal loading. Specimen B exhibited a rapid increase in crack density when it
was subjected to thermal cycling followed by mechanical cycling at room temperature.
The crack density had saturated to a level about 8 times the initial crack density. When
subjected to mechanical cycling at cryogenic temperatures, specimen C exhibited an even
higher rate of increase of micro-crack densities. The experiment was however terminated
due to delaminations at the grips.
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Figure 4.1

Microcrack Densities vs. Number of Cycles
[Noh and Whitcomb et al]3

In micrographs taken by Noh and Whitcomb’s work, cracks were only detected in
plies 2, 3 and 4 in the given laminates. It was pointed out that it was possibly caused by
the presence of residual strains from manufacturing processes or stress concentrations at
matrix cracks in the above plies. From the results of the experimentation, it was
concluded that the chances of delamination and therefore leakage in LH2 fuel tanks are
higher for mechanical loading in a cryogenic environment. Delaminations at the
transverse crack tips were also observed and this could have a greater impact on
permeability.

Summary
Experimental results produced by Noh and Whitcomb et al, Kessler2 et al and
Bechel et al has shown that thermally cycling IM7/977-2 quasi-isotropic composite
3

Noh, Jae and John Whitcomb, Bongtaek Oh, Dimitris Lagoudas, Konstantin Maslov, Atul Ganpatye and Vikram Kinra
“Numerical Modeling, Thermomechanical Testing, and NDE Procedures for Prediction of Microcracking Induced
Permeability of Cryogenic Composites.” Proceedings of the AMPET Conference, 5, (2002).
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specimens at a lower number cycles alone will not cause micro-cracks to develop.
Kessler et al thermally cycled IM7/977-2 specimens ten times and observed no
microcracks of detectable size in the specimens. Noh and Whitcomb et al had similar
results with no increase in crack density in IM7/977-2 specimens when thermally cycled
20 times. Bechel et al noticed that cracking only started after 50 cycles in IM7/977-3
specimen with a laminate stacking sequence of [02/902]s. Noh and Whitcomb et al did
however notice a rapid rate of increase in crack densities when IM7/977-2 specimens
were subjected thermally cycling followed by mechanical cycling and when IM7/977-2
specimens were mechanically cycled at cryogenic temperatures. Bechel et al also
concluded that blocked plies are undesirable especially in the surface plies of a composite
since cracks first appear in the surface plies and will not arrest till they grow fully
through the blocked plies. Therefore, in LH2 fuel tanks, non-blocked surface plies are
highly desirable since cracks will be trapped in the surface plies leaving the inner plies
with fewer or no leak paths for the LH2 propellant. The literature review has shown that
at lower number of cycles, cracks only develop when the IM7/977 specimens where
thermal cycling was combined with mechanical cycling. Blocked plies are undesirable
since cracks tend to fully propagate through the blocked plies.

CHAPTER V
ALTERNATIVE COMPOSITE SYSTEMS FOR
CRYOGENIC USE

This section will present the various alternatives to the IM7/977 system discussed
in the previous section. The systems discussed in this section are not currently being used
as cryogenic aerospace structural materials. The systems that will be reviewed are; a self
healing system[Kessler1, Wool, White], nano-composites, thermoplastic (TP) matrix
composites and Carbon/Peek composites. Nano-composites and TP composites have been
tested for their cryogenic performance with favorable results. Research on the cryogenic
performance of these materials is still in an infancy stage. Further research, beyond the
scope of this thesis, is needed on these systems to realize their usage as suitable structural
materials for cryogenic fuel tanks.

Self healing composites
Using self-healing composite systems, micro-cracks that appear in fuel tanks at
cryogenic temperatures could potentially be healed when the tanks return to room
temperature. This could potentially arrest crack growth and prevent failure due to fatigue.
The only available self-healing resin system was developed by the University of Illinois
19
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at Urbana Champaign [Kessler1, Wool, White]. In this system, healing is achieved by
adding microcapsules that are filled with a healing agent and a catalyst into an epoxy
matrix. Figure 5.1 illustrates how this self healing resin system works. As a crack
propagates through the matrix, it will be attracted to a microcapsule breaking it. Upon
breaking, the healing agent that was in
the microcapsule would be released and
it would fill the crack. Coming into
contact with the catalyst embedded in
the matrix, the healing agent would
polymerize and heal the crack. In
developing this self healing resin system,
research was done by the University of
Figure 5.1 The Self-Healing Concept4

Illinois into the effects of microcapsule
geometry on the properties of the resin.

The dimensions of the capsules were designed such that they would break due to an
approaching crack but not break during the processing of the resin. In this system,
microcapsules filled with dicyclopentadiene (DCPD) were prepared in the range of
50µm-200µm.
Ring-opening metahesis polymerization (ROMP) was selected for quick
autonomic crack healing[Kessler1, Wool, White]. To achieve the ROMP reaction,
4

S.R. White, N. R. Sottos, P.H. Geubelle, J.S. Moore, M.R. Kessler, S.R. Sriram, E.N. Brown and S. Viswanathan (University of
Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA) “Autonomic healing of polymer composites.” In: NATURE.
Vol. 409, 15 February 2001, p 794-797
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microcapsules filled with DCPD was used. DCPD was the agent of choice because it
meets a wide set of requirements that included long shelf life, low monomer viscosity,
quick polymerization at ambient temperature and low shrinkage upon polymerization. A
ruthenium based Grubbs catalyst was used to react with the DCPD when the
microcapsules break and release the DCPD causing it to polymerize at room temperature.
Figure 5.2 shows a DCPD monomer which reacts with a Grubbs’s catalyst forming a
cross-linked polymer network[White et al].

Figure 5.2 Ring opening methathesis[White et al]

Critique
In considering this system for tank fabrication, two areas of concern were found.
DCPD is a dimer that decomposes at 473K (200oC) into the monomer cyclopentadiene
(CPD) which has a high vapor pressure at temperatures above 473K (200oC). The
composite system that’s being used by NASA, IM7/977-2 is autoclave cured at 448K
(175oC). Due to variations in a typical autoclaving process, local high temperature areas
could cause localized decomposition of DCPD. Since DCPD decomposes into CPD at
473K (200oC), the microcapsules filled with could explode causing tiny holes in the
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composite. Furthermore, the Ruthenium Grubbs catalyst is permanently deactivated at
373K (100oC).
In the current self-healing system [Kessler1, Wool, White], the smallest
microcapsules produced are about 20µm in diameter. Commercially available carbon
fibers have diameters of about 5-7µm. This situation poses a problem due to the capsules
being significantly larger than the fibers around it. This would cause resin-rich areas
because the microcapsules would not be able to fit between the fibers.
In order for this system to work in aerospace applications, these problems need to
be addressed. A new healing agent and catalyst that will endure high temperature curing
need to be used. The relative size between the microcapsules and the carbon fibers needs
to be further studied. It could be possible to either reduce the size of the microcapsules or
increase the size of the carbon-fibers but since carbon-fibers are brittle it is better to keep
them at currently available size.

Nano-Composites
Modifiers are often added to polymers and composites to alter their properties
[Ganguli et al, Pinnavaia et al, Timmerman et al]. In the effort of looking for methods of
reducing micro-cracks in composites at cryogenic temperatures, the idea of adding
modifiers to alter the properties of a composite was considered. In the case of this
research, exfoliated clay platelets were considered. Modifiers typically used have
dimensions in the macroscopic scale (1µm-1mm)[Timmerman et al]. Modifiers have been
found to increase stiffness and heat distortion temperature of a polymer [Timmerman et
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al]. Research on composites in the past decade has discovered the ability of various types
of nanoparticle modifiers to favorably alter the properties of polymers. Although
definitive results are yet to be established, trends show that when introduced in small
amounts (≤ 5 %wt), nanoparticle modifiers have the potential to increase the modulus,
strength, toughness, resistance to chemical attack, gas permeability, resistance to thermal
degradation, and dimensional stability of polymeric materials [Timmerman et al]. Some
of the earliest works reported on inorganic toughening were performed by Toyota in 1987
[Timmerman et al]. A resin containing only 4.2% weight of clay was found to have a
50% increase in strength, a 100% increase in tensile modulus and a 20% increase in
impact resistance.

CTE Reduction
Work has been done by Ganguli et al on exfoliated clay modified cyanate ester.
Cyanate ester is a thermosetting polymer that is brittle with reduced impact resistance.
The focus of the study was to improve the toughness of cyanate ester using exfoliated
clay modifiers. A phenolic based cyanate ester resin was obtained from YLA Inc.
(RS9RTM) and the cyanate ester was modified by a modified montmorillonite supplied
by Southern Clay Products (Cloisite® 30B). The cyanate ester was then heated in a
ceramic crucible and the modified montmorillonite clay was slowly added to the resin.
The mixture was sonicated to exfoliate the nanoclays. Samples with 1%, 2.5% and 5% of
the nanoclay dispersion by weight were made. Table 5.1 presents some of the published
data.
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Table 5.1
Properties of Cyanate Ester/layered silicate nanocomposites[Ganguli et al]
Neat resin
1% clay
2.5% clay
5% clay
by weight
by weight
by weight
E (GPa)
2.9
3.7
4.5
4.3
KIC (MN/m3/2)
0.62
0.72
0.85
0.89
Strength(MPa)
173
179
185.2
186
60
50
46
44
CTE (α) µm/m/°C
From Table 5.1, it is observed that the CTE of the cyanate ester was substantially reduced
and modulus increased with the addition of modest amounts of the modified
montmorillonite clay. In addition to the reduction of the CTE, there was also an overall
increase in strength and fracture toughness in the montmorillonite modified cyanate ester
samples. Similar results have been produced by many researchers with the use of various
clays and polymeric matrices [Liu et al, Matayabas et al, Pinnavaia et al, Timmerman et
al]. One additional work [Timmerman et al] will be discussed in the next section which
includes other properties in addition to CTE effects.

Microcrack Reduction
In recent work by Timmerman et al, carbon fiber/epoxy composites were
modified using exfoliated clays and the resultant change in mechanical properties and the
thermal cycling characteristics were reported. A mixture of commercial epoxy resins was
used for the matrix of the specimens. Resins used were EPON® 828 from Resolution
Performance Products and Araldite MY 9512 from Vantico Inc. A modified layered
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montmorillonite clay was supplied by Southern Clay Products Inc (Cloisite® 25A).
Exfoliated montmorillonite clays were dispersed into the epoxy resins at constant
temperature in appropriate amounts. Carbon fiber/epoxy composite samples with 2%, 5%
and 8% montmorillonite clay by weight (wt) were made. The samples were then
cryogenically cycled by immersing into a liquid nitrogen bath 77K(-196oC) for ten
minutes, placing in a dessicator till it returned to room temperature. Each sample was
cycled at least 5 times until no further cracking could be revealed by optical microscopy.
Table 5.2 presents data that was taken from Timmerman et al’s literature showing the
crack densities of a control sample versus the samples with 2%wt 5%wt and 8%wt.
Table 5.2
Crack Density in Nano-Modified Epoxy/Carbon Fiber Composites
[Timmerman et al]
Control
2% clay by 5% clay by 8% clay by
(unmodified) weight
weight
weight
2
Crack Density (Cracks/cm )
14
12
7
17
From Table 5.2, it is observed that with a 2%wt concentration, microcracking had
reduced slightly from the control sample, at 5%wt concentration microcracking was
reduced by about 50% and at 8%wt cracking was slightly increased over the control
sample. Timmerman et al made an assumption from the results that at 2%wt, the
exfoliated montmorillonite clays were too dispersed to cause a significant change, at
5%wt the amount of montmorillonite clays was large enough with a good amount of
exfoliation to improve the CFRP composites while at 8%wt the nanoparticles were not
exfoliated enough.
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Summary
Recent work has shown the capabilities of small amounts (<5%wt) of exfoliated
clay modifiers in reducing the CTE of a polymer without significant loss in mechanical
properties [Ganguli et al, Liu et al, Matayabas et al, Pinnavaia et al, Timmerman et al].
With the reduction of the CTE of the resin, thermal strains can be reduced at cryogenic
temperatures. The work done by Timmerman et al has shown that the inclusion of
exfoliated montmorillonite clay modifiers at low concentrations into the matrix of a
CFRP composite has the potential to substantially reduce microcracking of the matrix at
cryogenic temperatures.

Thermoplastic Matrix Composites
At cryogenic temperatures most materials including polymers become brittle.
Currently used matrices in CFRPs are brittle at low temperatures and do not yield at
failure. However in the course of a literature survey it was found that research has been
done on thermoplastics that exhibit some ductility and yielding at cryogenic temperatures
[Evans et al, Hartwig1,2, Nettles and Biss]. It was found that thermoplastics such as
polycarbonate (PC), polysulfone (PSU), polyethersulfone (PES) and high density
polyethylene (HDPE) show some ductility at cryogenic temperatures at 4.2K. The use of
these thermoplastics as a matrix material for cryogenic composites has been discussed by
Hartwig1,2.
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Ductility
Brittle materials have a low fracture strain. Static fracture strains for most
polymers are lower than 2% at 4.2K and the stress-strain relationship is linear until
fracture. Several researchers [Ganguli et al, Hartwig1,2, Nettles and Biss] have reported
that cross-linked polymers like epoxy tend to be brittle at cryogenic temperatures. Epoxy
resins that are normally used in CFRP composites have fracture strains of less than 1.6%
at 4.2K. In contrast, some thermoplastics such as PC, PSU, PES and HDPE have fracture
strains of more than 2% at a temperature of 4.2K [Hartwig1]. Stress-strain diagrams for
these thermoplastics (PC, PSU, PES and HDPE) display non-linear plastic regions before
fracture at cryogenic temperatures. Figure 5.3 shows stress strain diagrams for PC and
HDPE at 4.2K and 77K [Hartwig1].

Figure 5.3 Non-linear stress-strain diagrams for PC and HDPE
at temperatures of 77K and 4.2K5
G. Hartwig, “Low Temperature Ductile Matrices for Advanced Fiber Composites.”, Non Metallic
Materials and Composites at Low Temperatures, Vol. 3, 1986, p153-160
5
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Fracture strains
Design with brittle materials requires careful consideration of the stress-strain
relationships. Thermal residual stresses caused by a mismatch of the coefficient of
thermal expansion (CTE) between the fiber and the matrices add additional stress to the
matrices of composites. As the temperature of a composite material decreases, the matrix
shrinks more than the fibers and this causes a build up of thermal residual stresses and
strains in the matrix. The strains in a composite laminate can be calculated using
Equation 5.1[Jones]

ε=

σ
E

Where

+ α∆T

σ
E

Equation 5.1

is the applied mechanical strain, α is the coefficient of thermal expansion of

the laminate and ∆T is the difference in operating temperature from the stress free
temperature and α∆T is the thermal stresses in the composite laminate. Equation 5.1 can
then be rearranged to get Equation 5.2 which can be used to calculate the mechanical
strain in a laminate

σ
E

= ε − α∆T

Equation 5.2
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In Equation 5.2, if ε is the fracture strain of the matrix and if we assume that there are
only thermal residual stresses in the laminate, therefore

σ
E

is the amount of mechanical

strain that will cause the matrix to fracture. If this value is lower than the fracture strain
of the composite, this is the amount mechanical strain that will cause microcracking.
Figure 5.4 illustrates what happens when a composite is cooled to cryogenic temperatures.

Figure 5.4 Effects of Cryogenic Exposure of CFRP
This phenomenon reduces the effective free strain to failure for external loading of the
matrix. Free strain of the matrix is the amount of mechanical strain that can be applied
before it fractures. This is the strain at which microcracking starts in a composite and can
be called the microcracking strain of a composite. The free strain of the matrix, ε Mf in
this case is defined by the fracture strain of the matrix (ultimate tensile strain), ε UTM , the
thermal residual strain, ε MR which is determined by the relative thermal contraction of the
fiber and the matrix and creep relaxation [Hartwig1] . Using this nomenclature, Equation
5.2 can then be rewritten in a compact form as shown in Equation 5.3[Hartwig1].

30
Equation 5.3 can be used to calculate the free strain of the matrix in a
composite[Hartwig1]:

{ε } = ε
f
M

UTM

{ }

− ε MR

Equation 5.3

To help explain the meaning of free strain, data was extracted from the tank report and
the free strains or microcracking strains were calculated and compared to the transverse
tensile strength (90o ply) of the IM7/977-2 that was obtained empirically[Final Report of
the X-33 LH2 Tank]. In a composite, microcracking is expected to initiate in the
transverse plies because they are matrix controlled. Table 5.3 shows the transverse tensile,
modulus and calculated fracture strain of an IM7/977-2 composite system at LH2
temperature. Table 5.4 shows the free strains or microcracking strains calculated from
empirical data obtained by NASA
Table 5.3
Transverse Properties of IM7/977-2 at LH2 temperature (20K)
Composite System
Tensile Strength
Modulus, E22
Fracture Strain, ε
IM7/977-2*
5.7ksi
1.94Msi
0.29%
*Data as reported by Lockheed Martin Skunk Works (LMSW) [Final Report of the X-33
LH2 Tank]
Table 5.4
Free strains IM7/977-2 at LH2 temperature (20K)
Composite
Ply angle RT transverse fracture strain
Thermal
System
Strains
90
0.49%
IM7/977-2*
0.78%
0
0.52%
45
0.50%
*Data as reported by NASA [Final Report of the X-33 LH2 Tank]

Free strain
0.29%
0.26%
0.28%
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The free strains calculated for an IM7/977-2 at 20K(-253oC)composite are equal to the
transverse fracture strain for the IM7/977-2 at (-253oC) as observed from Table 5.3 and
Table 5.4.
Just like static fracture strains, the majority of polymers that are used as matrices
in fiber reinforced composites, show low free strains at cryogenic temperatures. Table 5.5
shows data of approximate fracture strains, residual strains and free strains of a few
polymers that was collected by Hartwig1.
Table 5.5
Free Strains of various polymers assuming the matrix is cooled from 293K to
4.2K[Hartwig]
Free Strain with
Polymer Type
Matrix
*Free Strain, ε Mf
relaxation, ε Mf
Thermoset
Prepreg epoxy resin
< 0.5
< 0.5
Laminating epoxy resin
1.0
1.1
Thermoplastics
Polycarbonate, PC
2.1
2.0
HDPE
≈ 2.3
≈ 2.5
Free strains need to be considered when dealing with composites at cryogenic
temperatures. This is because different polymers have different CTEs; therefore even if
two different polymers have the same static fracture strains, the free fracture strains might
be the different. Consider PC and PSU; PC has an ultimate tensile strain that is larger
than PSU, however because PC has a larger CTE than PSU, the free strain of both
thermoplastics are approximately the same[Hartwig1].
Table 5.6 presents the fracture strains of two different composites at 4.2K. It is
observed that high tensile carbon fiber composites have fracture strains of about 1.6%
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and that Kevlar fiber composites have fracture strains of about 1.5%. Comparing these
values of fracture strains for carbon and Kevlar composites to the free fracture strains
presented in Table 5.5, it is observed that the value of free fracture strain for the prepreg
epoxy matrix is lower than the fracture strains of the fibers. This means that the epoxy
matrix fractures earlier than the fibers.

Table 5.6
Fracture Strains of 2 Fiber Reinforced Composites[Hartwig(10)]
Composite System
εC, % (4.2K)
Carbon Fiber Composites
1.6
Kevlar Fiber Composites
1.3-15.
Thermoplastic matrices however, are not projected to microcrack due to thermal
stresses alone. The thermoplastic matrices presented in Table 5.5 have free fracture
strains that are higher than both carbon and Kevlar fibers. This suggests that cracking is
less likely to occur in thermoplastic matrix CFRP composites. Since the paper from
which this data was obtained from was written in 1985, the fracture strains given in Table
5.6 are a little low since developments in the manufacture of fibers have been made since
then. Due to their high free strains, thermoplastics should be considered for its use as
matrices in cryogenic composites[Hartwig1].

Cryogenic Fracture Strain Data
Table 5.7 provides a summary of published cryogenic fracture strain data. The
literature was reviewed for type of test, layup configuration, and test temperature. A
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comparison of the data indicates that some TPs exhibit higher fracture strain than the
epoxies. The carbon fiber/PEEK composites, in particular, show good fracture strain at
4.2K (-269º C) for several different layup configurations [Evans].
Table 5.7
Comparison of Fracture Strain Data for Neat Resins and Carbon Fiber Composites
Composite System
Polysulfone
HDPE
PC
Polyethersulfone
Carbon/PEEK
Carbon/PEEK
Carbon/PETI-5
Carbon/PETI-5
Carbon/PETI-5
Prepreg epoxy resin
Carbon/epoxy
Kevlar/epoxy

Reference
(10)
(10)
(10)
(10)
(11)
(11)
(14)
(14)
(14)
(10)
(10)
(10)

Type
of
Test

Fracture Strain
(%)
RT 77K 4.2K
4.2
3.2
---3.5
5.0
3.5
5.0
2.8
Bend
2.4
2.8
Bend
>4.8
3.5
Tension 2.0
1.2
1.2
Tension ----- 0.5
0.3
Tension 1.4
1.4
1.5
<1.6 <1.6
1.7
1.4

Layup
Neat resin
Neat resin
Neat resin
Neat resin
Quasi-isotropic
[-45, +45]
[-45, +45]
[90]
Quasi-isotropic
Prepreg(NA)
Unidirectional
Unidirectional

Research has been done on the IM7/PETI-5 (phenylethynyl terminated imide
oligomers 5th composition) thermoplastic polyimide matrix composite system under
cryogenic conditions [Whitley]. Samples with five different laminate stacking sequences
of IM7/PETI-5 were cryogenically aged while applying a constant strain (approximately
50% of the room temperature fracture strain of the sample) to some of the samples. No
cracks were reported by Whitley in all layups before and after aging, with and without
loading, with the exception of a quasi-isotropic layup. In the quasi-isotropic layup
however, micro-cracks were observed even before aging. Whitley noted that with that
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particular laminate stacking sequence, micro-cracking could have been caused during
processing when the composite was cooled from its cure temperature to RT.
Nettles reported on a nine layer toughened epoxy matrix composite with a
stacking sequence of [-45, + 45 ], which was tested for in-plane shear. In contrast to the
results obtained with PC and PSU, even at 77K (-196º C) the shear stress-strain
relationship of the carbon fiber/epoxy composite was completely linear until fracture with
a tensile strain of approximately 1%.
Ahlborn1,2 has done extensive work on the performance of carbon fiber
(HTA7)/PC and carbon-fiber (AS4)/PEEK composites at cryogenic temperatures. In
these studies, it was found that cracking did not occur when an AS4/PEEK [0/90]4s
composite specimen was thermally cycled between 77K (-196º C) and room temperature
(RT) for 100 cycles [Ahlborn1]. By contrast the HTA7/PC [0/90]2s had both longitudinal
(0° ply) and transverse (90° ply) cracks after one cryogenic cycle (RT to 77K (20º C to 196º C), no mechanical loading). All cracks were parallel to the carbon fiber. Moreover,
additional cracks appeared in this composite during repeated cryogenic cycling. A
possible explanation for this behavior is believed to be due to a relatively low interfacial
strength of HTA7/PC. However, other factors, like the differences in strength, need to be
evaluated before a conclusion can be made. In addition to the resistance to microcracking, the tensile strength of the PEEK resin composite system was also reported to be
higher than that of the PC composite system as summarized in Table 5.6.
Transverse and longitudinal crack densities were reported for the cross-plied
AS4/PEEK [Ahlborn1]. Transverse cracks started to appear in the AS4/PEEK composite
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samples at a strain of approximately 0.2% ([0/90]4s layup) at 77K (-196º C) and
0.7%([02/902]2s layup) of strain at 293K (20º C). A strain of 0.2% corresponded to an
applied stress of 160 MPa. Longitudinal cracks however, were relatively unaffected by
the application of strains. Longitudinal crack densities only appeared near the fracture
strain of approximately 1.5% [Ahlborn2].
Table 5.8 shows a comparison of Ahlborn’s1 data between the maximum stress of
HTA7/PC and AS4/PEEK at RT, 77K (-196º C)and 4.2K (-269º C). For both the
composites presented in the table, the maximum tensile strengths were found to be lower
than the theoretical strength. This may be due to delaminations and the formation of
transverse matrix cracks. The data from Table 5.8 shows that the maximum tensile
strength of an eight-ply [0/90]4s AS4/PEEK is more than two times that of the four-ply
[0/90]2s HTA7/PC although the AS4/PEEK sample has only twice the plies of the
HTA7/PC sample. This data suggests that the AS4/PEEK composite is stronger than the
HTA7/PC composite.
Table 5.8
Fracture Stress of PC vs. PEEK Resin Composite Systems.
Composite Reference Type
Tensile stress (MPa)
system
of Test
298K
77K
4.2K
HTA7/PC
(10)
tensile
450
600
550
AS4/PEEK
(10)
tensile
1100
1350
1350

Layup
[0/90]2s
[0/90]4s

Healability
Since a characteristic of thermoplastics is that they melt when heated, cracks in
thermoplastic composites can be healed by heating up affected areas. Cracks will be
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healed when the diffusion of polymer molecules from both sides of the crack occur.
These molecules will then re-entangle with one another healing the crack. By applying
this theory, it is believed that localized cracks that appear in cryogenic service can be
healed with the application of heat. Issues that need to be applied when healing a
thermoplastic composite include the creation of a heat-affected zone, requisite time for
the healing to occur, the effectiveness of this healing method and the re-cracking of the
composite in the same areas.

Carbon/PEEK composites
One commercially available carbon fiber/TP prepreg is poly-ether-ether-ketone or
PEEKTM is a semi-crystalline thermoplastic (~30% crystallinity)[Evans et al]. The
structure of PEEKTM is represented in Figure 5.5 [Evans]. The interest shown by NASA
in the use of this thermoplastic as the matrix of an advanced composite is due to the
excellent mechanical properties associated with PEEKTM (high modulus, good high
temperature properties, high toughness, resistant to solvents). Table 5.9 is a list of
properties associated with PEEK™.

Figure 5.5 Structure of PEEKTM [Evans(6)]
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Table 5.9
Properties of two grades of PEEK™[Entegris]
Temperature
Property
ASTM
Grade of PEEK™
Method
150Ga
150CA30b
23oC
Tensile Strength, Psi
D638
14,500
32,770
Strain at Break, %
20
1.3
Strain at Yield, %
4.9
Flexural Modulus, Psi
D790
594,000
2,784,000
Flexural Strength, Psi
24,650
51,475
Impact Strength, J/m
D256
1.12
1.5
o
250 C
Tensile Strength, Psi
D638
1,740
6,235
Flexural Modulus, Psi
D790
43,500
739,500
Flexural Strength, Psi
15,225
10,150
o
DSC
342
Melting Point, C
3
Density, g/cm
D792
1.3
1.41
a
PEEK™ neat resin
b
Carbon-Fiber Reinforced PEEK™ Polymer
Although PEEKTM is a relatively new engineering material with little data on low
temperature performance, its potential as a cryogenic engineering material has not been
completely overlooked. PEEK’sTM potential as a cryogenic engineering material was
recognized and a paper by D. Evans et al was published in 1988 on the physical
properties of a carbon fiber reinforced peek composite at cryogenic temperatures. In this
literature, some basic properties of carbon fiber reinforced PEEKTM at cryogenic
temperatures were experimentally determined. The properties included flexural properties
and the thermal contraction of specimens. Figure 5.6 is a plot of the flexural stress vs.
deflection of the quasi-isotropic composite test specimens and the specimens with the
+45o lay-up at room temperature and at 4.2K. Evidence of plastic flow is seen in the plot
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as the flexural stress vs. deflection plots becomes non-linear before breakage which
means that there is yielding before failure.

Figure 5.6 Flexural stresses vs. deflection diagram6
To quantify the failure strains, the strains were calculated using Equation 5.4 which was
obtained from ASTM D790M.

D=

rL2
6d

Equation 5.4

Where,
D = midspan deflection, mm
r = strain, mm/mm
L = Support span, mm
D = depth of the beam
6

D. Evans, J.T. Morgan and S.J. Robertson and N. Zahlan., “The Physical Properties of Carbon Fibre
Reinforced PEEKComposites at Low Temperatures.” Advances in Cryogenic Engineering
Materials, Vol 34, 1988, p. 25-33

39
Solving the equation for strain we get equation 5.5

r=

D(6d )
L2

Equation 5.5

Table 5.10 shows the calculated strains for the quasi-isotropic samples and the +45o
samples. From the calculations it is observed that the failure strains exceed 2% even 4.2K
for the specimens with the quasi-isotropic and + 45o lay-ups. The behavior of the
Carbon/PEEKTM composite is quite remarkable considering that most epoxy matrix
composites have less that 2% strain before failure at temperatures at 4.2K[Hartwig1].
Table 5.10
Calculated Strains from the Flexural test data
Deflection, mm
Strain, %
RT
4.2K
RT
4.2K
Quasi-Isotropic test specimens
4.9
5.9
2.4
2.8
o
+ 45 test specimens
N/A
7.2
N/A
3.5

CHAPTER VI
DESIGNING WITH BRITTLE MATERIALS

Before an alternative CFRP system is to be selected, a better understanding of
what happens at a macroscopic level is needed. Because CFRP composites are made up
of two constituent materials, it will behave differently than isotropic materials because of
the interaction between the fiber and the matrix.

Finite Element Modeling

Finite element analyses were performed to study the behavior of CFRP
composites at low temperature. The analyses performed were at preliminary stages and
were confined to 2D elements. The goal of these analyses was to spot trends and to gain a
better understanding of the stresses between the fiber and the resin as the composite is
subjected to large thermal loads. The ALGOR FEA package was used to in the analyses.
Because the objective of the analyses was to spot trends and to keep the model as simple
as possible, 2D elements were used and the fibers were isotropic. Two conditions were
examined; strain fields resulting from the CTE mismatch and strain fields at the free end
of the fiber.
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The Effects of modifying the CTE and the modulus of
elasticity of the matrix of a composite

A finite element analysis was used to evaluate the effect of modifying the CTE
and the matrix of a composite. By reducing the CTE of the resin, the CTE mismatch
between the fiber and the resin is also reduced. The reduction in the CTE mismatch
should then reduce the residual strains caused by temperature changes. However, if the
thermal strains remain constant and if Young’s modulus is increased, then thermal
stresses in the composite will increase based on Hooke’s Law. As discussed in an earlier
chapter, by adding modifiers to the resin, the properties of the resin can be optimized.
Ganguli et al have observed that with the dispersion of exfoliated montmorillonite
clays into a cyanate ester resin in low weight percentages of 5% or less, CTE can be
reduced while increasing other properties. Table 5.1 in Chapter V presented the resulting
changes in properties of a cyanate ester resin as observed in a research effort by Ganguli
et al. It was observed that with the dispersion of 5% weight of exfoliated clays into an
cyanate ester resin, CTE was reduced by about 27%, Young’s modulus was increased by
about 48%, Strength was increased by about 7.5% and fracture toughness KIC was
increased by about 44%.
Using these values, the stresses due to a large temperature change in an IM7/977
composite is analyzed in the first condition. Figure 6.1 shows how the fibers and the
matrix were oriented in this analysis. A simple auto-mesh was used to produce the
meshed model shown in Figure 6.2. Figure 6.2 also shows how the boundary conditions
were applied to the model. The bottom of the model was bounded in the x, y and z-planes,
the top and the sides were bounded in the y-plane.
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Figure 6.1 Orientation of the Fibers and the
Matrix

Figure 6.2 Meshed Model with Applied
Boundary Conditions

Boundary conditions were applied based on an assumption that due to the relative
high stiffness and low CTE of the continuous fibers in an LH2 tank, there is relatively no
macroscopic dimensional change in the composite except for thinning of the laminate. A
stress free temperature of 293K (20oC) was specified and the model was analyzed at LH2
temperature (20K (-253oC)). 2-D plane strain elements were used in the model.
Properties of the fibers and the matrix were then defined using the values in
Table 6.1. The values in the table were based on information found in the literature
review and technical sheets from suppliers[Choi et al, Cytec, Mohamad]. The transverse
properties of the IM7 fibers were used and the fibers were assumed to be isotropic.
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Table 6.1
Transverse Properties of IM7 Carbon Fiber and 977-2 Epoxy
IM7 Carbon Fiber
977-2 Epoxy
Young’s Modulus, E
19 GPa
3.32 GPa
Poisson’s Ratio, ν
0.35
0.35
Coefficient of Thermal Expansion, α 7.2 x 10-6 1/oC
57.6 x 10-6 1/oC
6
Shear Modulus, G
6.89 x 10 GPa
1.23 x 106 GPa

Baseline
Using the properties in Table 6.1, a baseline was first established. Figure 6.3 is a
visual representation of the maximum principal stresses in the model. The highest value
of the maximum principal stresses was found to be 122.6 MPa

Figure 6.3 Maximum Principal Stresses with Baseline Properties
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Reduced CTE of the Matrix
The effect of a matrix with a reduced CTE was then analyzed. In the literature
published by Ganguli et al a CTE reduction of 27% was observed with the addition of 5%
by weight of exfoliated montmorillonite clay into an epoxy resin. The same properties in
Table 6.1 were used in this analysis. CTE was however reduced by 27%. Figure 6.4 is a
visual representation of the maximum principal stresses in the model with a matrix with a
reduced CTE of 27%. The highest value of the maximum principal stresses was found to
be reduced from the baseline value at 92.4MPa.

Figure 6.4 Maximum Principal Stresses with a 27%
reduction in CTE of the Matrix

Increased Young’s Modulus of the Matrix
The effect of an increased Young’s modulus of the matrix was then studied.
Young’s modulus was increased by 48%. An increase of 48% was based on the results
published by Ganguli et al. Figure 6.5 is shows the result of the analysis. The highest
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value of the maximum principal stresses was found to be 164.2MPa, an increase from the
control value.

Figure 6.5 Maximum Principal Stresses with a 48%
Increase of Matrix Young’s modulus

Reduced CTE and Increased Young’s Modulus of the Matrix
Finally the model was analyzed for a combined reduction in CTE and increase in
Young’s Modulus of the matrix. This condition is more realistic for the addition of
exfoliated clays in an epoxy resin as shown in the literature[Ganguli]. Percentage changes
in the above properties were matched with the results published by Ganguli et al. This
correlates to a 27% reduction in CTE and an increase of 48% of the Young’s modulus.
Figure 6.6 shows the a visual representation of the results of the analysis. The highest
value of the maximum principal stresses was found to be 122.8MPa.
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Figure 6.6 Maximum Principal Stresses with a 27%
reduction in CTE and a 48% Increase in
Matrix Young’s modulus

Summary
From the analysis it is observed that with the reduction of the CTE of the resin in
a CFRP composite, residual stresses due to temperature changes is reduced. However, if
the Young’s modulus of the matrix is increased, stresses in CFRP composites will also
increase. Table 6.2 shows the percentage increase in highest value of the maximum
principal stresses analyzed for the control and for the modified properties of the resin. As
a comparison, the percentage increase in properties are also presented in table 6.2
together with the percentage increase in properties as recorded by Ganguli et al for a 5%
dispersion of exfoliated clays in a cyanate ester resin.
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Table 6.2
Projected Percentage changes in the properties of a modified CFRP Composite.
Stress
CTE
E
Strength
KIC
Modified
0%
-27%
48%
N/A
N/A
Ganguli et al
-27%
48%
7.5%
44%
No change in stresses was predicted due to a thermal load in a CFRP composite with a
27% reduction in CTE and an increase of 48% of the Young’s modulus properties of the
resin. Although stresses are not decreased with the associated change in properties,
Ganguli et al observed a 7.5% increase in resin strength and a 44% increase in the mode I
fracture toughness of the resin. It is assumed that the same trend can be expected for a
977 epoxy modified with exfoliated clays. Since the increase is significant, this could be
a factor for the decrease in microcracking in the nano-composites tested by Timmerman
et al. However, a more important factor for the decrease in microcracking in the nanocomposites tested by Timmerman et al could be due to a large increase in fracture
toughness of the resin as observed by Ganguli et al where a 44% increase in KIC was
observed for a 5% dispersion of exfoliated clays into an epoxy resin.

Stress concentration at fiber ends

In the effort to spot further trends and changes in a composite when it undergoes
the effect of large temperature changes, the fiber ends were analyzed. Properties that
were used in the newer models are closer to the properties of the IM7/922-2 that was used
by NASA in the construction of the hydrogen fuel tank. Table 6.3 shows the properties
that were used in the modeling of a composite.
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Table 6.3
Properties of IM7 Carbon Fiber and 977-2 Epoxy Resin
IM7 Carbon Fiber
977-2 Epoxy
Young’s Modulus, E
264 GPa
3.32 GPa
Poisson’s Ratio, ν
0.2
0.35
Coefficient of Thermal Expansion, α 0 1/oC
57.6 x 10-6 1/oC
6
Shear Modulus, G
27.6 x 10 GPa
1.23 x 106 GPa
In this new model, the 977-2 epoxy matrix is sandwiched between two carbon fibers.
These fibers were assumed to be isotropic. 2D plane stress elements were used in the
analysis with a stress-free reference temperature of 293K (20oC) and a thickness of 5µm.
Figure 6.7 shows the orientation of the fibers and the matrix. The boundary conditions are
shown in Figure 6.8. The model was analyzed at LH2 temperature (20K (-253oC))

Figure 6.7 Orientation of Fibers and Matrix
Fiber
Matrix
Fiber

Figure 6.8 Boundary Conditions
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The model was analyzed at LH2 temperature (20K (-253 C)) with no mechanical
o

loading. A visual representation of the YZ plane shear stress distribution in the model is
shown in figure 6.9

Figure 6.9 Result of the Analysis showing stress concentrations at the fiber ends
Shear stress concentrations are observed at the edge of the fiber-matrix interface.
From the analysis, it is suspected that cracks initiate at the end of fibers near the fiberresin interface and that delamination is one of the major failure modes of a composite
when it is subjected to cryogenic temperatures.

Summary
When a composite is subjected to cryogenic temperatures, differences in the CTE
between the fiber and the matrix will cause thermal residual stresses to form. These
thermal residual stresses are sometimes great enough to cause the microcracking in the
composite. These thermal residual stresses can however be reduced if the CTE of the
matrix of the composite can be altered chemically to closer match the CTE of the fibers.
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Fibers in composites tend to have breaks and cracks due to imperfections of the
manufacturing processes and careless handling of the raw materials. From the analysis, it
is suspected that some of the microcracks in the matrix of a composite initiate at the tip of
these broken fibers and propagate as delaminations along the fibers. Proper handling and
better manufacturing processes of the fibers could reduce or eliminate these cracks in the
fibers and could in turn reduce microcracking in composites at cryogenic temperatures.

Resin Modification

The previous section presented some finite element modeling that was performed
to better understand fiber-matrix interactions in CFRP composites. It is known from the
finite element modeling, thermal residual strains in CFRP composites can be lowered by
reducing the CTE mismatch between the fiber and the matrix of a composite. It was also
shown in the literature presented in Chapter 5 that modifiers can be dispersed into the
resin of CFRP composites to effectively alter CTE. An analytical model is presented in
the following section.

Analysis
An analytical model was developed to predict the resulting bulk modulus and
CTE of a resin with a dilute suspension of randomly ordered platelets. The model was
then compared to data from the literature published by Ganguli et al. A good agreement
between the analytical model and the experimental data was found. A MathCAD sheet of
calculations is presented in Appendix A. For randomly oriented platelets, or clay particles
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in a dilute suspension, the bulk modulus of the resulting composite material [Christensen]
is given by Equation 6.1:
K = K 1 + (K 2 − K 1) × c

1
K 2 − K1
1+
4
K1 + G2
3

Equation 6.1

Where:
K = bulk modulus of the resulting composite.
c = volume fraction of clay.
G = shear modulus.
ν = Poisson’s ratio.
The subscripts 1 and 2 in the equation denote the resin and the clay modifier,
respectively. It is important to note that the variable, c, in the equations is the volume
fraction of clay and not the weight fraction of clay used in the mixing process. The K1
and K2 in the above equation can be calculated using Equation 6.2 [Malvern ]:

K=

E
3(1 − 2υ )

Equation 6.2

In Equation 6.2, E is the Young’s modulus of the modified resin material and ν is the
Poisson’s ratio. The Poisson’s ratio of the modified resin can be calculated by first
calculating the shear modulus of the modified resin using Equation 6.3[Christensen]

G = G1 + (G 2 − G1) × c

1
G 2 − G1
1+
G1 + Gd

Equation 6.3
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Where Gd is given by Equation 6.4[Christensen]

Gd =

G2 (9K 2 + 8G2 )
6(K 2 + 2G2 )

Equation 6.4

Equation 6.2 can then be combined with Equation 6.5[Shigley] to get the expression for
the Poisson’s ratio of the mixture denoted by Equation 6.6.

G=

E
2(1 + υ )

Equation 6.5

ν=

3K − 2G
2(3K + G )

Equation 6.6

The Young’s modulus of the resulting composite can then be predicted by
substituting the bulk modulus, K from Equation 6.1 into Equation 6.2 and solving for E.
The resulting formula is presented in Equation 6.7:

E = 3K (1 − 2ν )

Equation 6.7

The effect of the clay modifiers on the CTE of the resultant composite can be obtained by
using Equation 6.8[Christensen]

α = α avg +

α1 − α 2
1

K1

−1

K2

⎡1
1 ⎤
⎢ −
⎥
⎣ K K min ⎦

Equation 6.8
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Where:
α = Coefficient of Thermal Expansion, CTE.
αavg = Average CTE of the mixture given in Equation 6.9.

α avg = (1 − c )α 1 + cα 2

Equation 6.9

1
is the Voigt lower bound for the bulk modus. The Voigt bound is given by
K min
Equation 6.10:

1
1− c c
=
+
K min
K1 K 2

Equation 6.10

Several material properties were needed to evaluate the analytical model for its
accuracy and for comparison with the experimental results obtained by Ganguli et al. In
the experiments conducted by Ganguli et al, cyanate ester was used as a resin material
with the following properties [Ganguli]:

Young’s Modulus,
CTE,
Poisson’s ratio,
Density,

E = 2.9 GPa
α = 60 µm/moC
ν = 0.25
ρ = 1.3 g/cm3

The values for Poisson’s ratio and density for cyanate ester were assumed based on
similarity to neat thermoset (TS) polymers such like epoxy and polyester [Lubin]. The
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properties of clay were approximated by using the properties of Mullite due to
similarities in chemistry and structure [Mullite, Kingery]. The assumed properties of clay
are as follows:

Young’s Modulus,
CTE,
Poisson’s ratio,
Density,

E = 150 GPa
α = 5 µm/moC
ν = 0.25
ρ = 2.8 g/cm3

Verification of the Analysis
Table 3 is a summary of the analytical results, compared to the experimental data
observed by Ganguli et al. A correlation is observed between the analytical results and
the experimental results.
Table 6.4
Analytical Predictions for Composite Material Properties.
Neat resin 1%wt Clay 2.5%wt Clay 5%wt Clay
EG (GPa)
2.9
3.7
4.5
4.3
E from analysis
3.3
3.8
4.7
60
50
46
44
CTEG (α) µm/m/°C
CTE from analysis
54
48
40

Summary
The CTE of the cyanate-ester resin was predicted to decrease as the percentage
weight of clay increased. A matching increase in the Young’s modulus was also predicted.
Table 6.4 shows that the predictions from the analytical model matches the trend that was
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published by Ganguli et al. However, a better correlation between the experimental
results and the analytical results can be obtained if more accurate material property data
is available. But due to the nature of clay, most of the required properties are unknown
and had to be assumed for the analysis.
The effects of modifications such as the exfoliation of clay are also unknown. In
the analysis, calculations were done based on the percentage volume of clay added to the
resin. Clay is however mixed by the percentage of weight and the percentage volume of
clay was estimated from the assumed clay density. Therefore in order for this model to be
expanded further to explore the overall effects on the residual interfacial strain at the fiber
interfaces, material properties must first be predicted analytically and accurately. A
modeling tool of this type can better aid our understanding on the complex interactions
on resulting interfacial strains by resin modifications.

Conclusions

The FEM method was used to analyze the stresses in a CFRP composite and how
the stresses are affected by the change in properties of the resin. The same percentage
change in properties in a modified cyante ester resin reported by Ganguli et al were
assumed for a 977-2 resin in the analysis. The two properties that were of interest were
the CTE (27% reduction) and the modulus (48% increase). Stresses were found to be the
same for both the control model and the modified model. The effect of the reduction of
stresses attributed to a reduced of CTE mismatch was cancelled out by the increase in
stresses due to a resin with a higher modulus. Ganguli et al however, observed a 7%
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increase in tensile strength and 44% increase in fracture toughness. The positive change
in these 2 properties could possible be the reason Timmerman et al observed a reduction
in microcracks in a thermally cycled CFRP composite with a resin modified with
exfoliated clays.
From the model, which predicts the effective change in CTE due to the dilute
suspension of platelet shaped inclusions, it is known that the change in CTE is a function
of the bulk modulus, K of the resin. The effective CTE of a resin is reduced if the bulk
modulus is increased. Therefore, any benefit from a reduced CTE due to the addition of
modifiers to a resin is largely cancelled out due to an increasing bulk modulus, K.
Because of this relationship, the addition of modifiers into the matrix of CFRP
composites should have little effect on the thermal stresses.
Previously it was thought that the CTE reduction in the matrix of a CFRP
composite was key in the reduction of microcracking. However, an analytical model has
shown that bulk modulus increases as the CTE is reduced due to resin modifications. This
means that there are other property changes that are more important in the reduction of
microcracks in a CFRP composite. From the results published by Ganguli et al, there are
two properties of interest. These properties are the increase in tensile strength (7%) and
the increase in fracture toughness(44%). Since the magnitude in which fracture toughness
is increased is much larger than the increase in tensile strength, fracture toughness is
believed to be the controlling property that could reduce microcracking in CFRP
composites.

CHAPTER VII
SUMMARY

Kessler et al and Noh et al showed that at lower amount of cycles, the currently
used quasi-isotropic IM7/977-2 toughened epoxy matrix composites do not microcrack
when only thermally cycled. Mechanical cycles combined with cryo-cycling can however
cause microcracking at lower cycles. Bechel et al reported that microcracks only form at
50 cycles in IM7/977-3 composites when cryo-cycled between LN2 temperature (77K, 196oC) and 393K(120oC) with no mechanical loading.
Alternative systems are being studied and show promise. Two of the alternative
systems being studied that show great potential for cryogenic applications are nanoparticle modified epoxy matrix CFRP and thermoplastic matrix CFRP composites. Some
Carbon/PEEK™ composite test specimens have been fabricated. The process information
for fabrication Carbon/PEEK™ composite specimens is presented in Appendix B.
An FEA analysis was performed to study the effects of changes in the properties
of the resin of a CFRP composite. Results have shown that the reduction of the CTE of
the resin and thus the CTE mismatch between the resin and the fiber can reduce thermal
stresses in a composite. Increasing the modulus of the resin however causes the stresses
in a composite to increase for the level of thermal strain. The model was also used to
analyze the resulting stresses due to a combined change in both the CTE and the modulus
57
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of the matrix. Percentage change in properties that were reported by Ganguli et al for a
cyanate ester were assumed for the 977-2 resin where the CTE of the resin was decreased
by 27% and the modulus was increased by 48%. From the analysis, stresses did not
significantly change when a change in temperature of -293K was applied. Ganguli et al
did however report an increase in strength of 7.5% and an increase in fracture toughness
of 44% for a modified cyanate ester. These properties could be the reasons Timmerman
et al observed a reduction in microcracking in carbon/epoxy nano-composites when
cryogenically cycled. FEA analysis has also shown that there are stress concentrations at
the ends of fibers in a composite. Due to the stress concentrations at the fiber ends, cracks
are believed to initiate at the fiber ends.
An analytical model has been developed to predict the change in CTE due to a
dilute suspension of nano-platelets in resins. The model has also been verified. This tool
has proven beneficial in evaluating the effectiveness of manufacturing and processing. It
is also demonstrated by this model that if CTE is reduced due to inclusions in a resin,
modulus increases as a result. Therefore based on the results of the FEA analyses, any
benefit of a reduced CTE due to resin inclusions will be offset by a corresponding
increase in modulus. With this conclusion, other resulting change in properties due to
inclusions in the resin of a composite should be the focus of study in efforts to reduce
microcracking in CFRP composites. It is believed based on the literature published by
Ganguli et al that the most significant increase in property that could effect the
microcracking behavior of a composite is fracture toughness.

CHAPTER VIII
RECOMMENDATIONS FOR FUTURE WORK

The use of exfoliated nano-clay modified matrix composites seems to have
potential as structural material at cryogenic temperatures and more research should be
conducted on its possible use. It is recommended that future work on the use of these
modifiers should include the exfoliation of treated montmorillonite clays in small
amounts of about 0.5% to 2.5% of weight in the 977 epoxy resin using sonication. The
properties of the modified resins particularly the CTE and the bulk modulus should also
be compared to the properties of a pure 977 resin. Other resin modifiers like graphite
flakes should be considered for study. All the necessary data needed for the analytical
modeling of the resin/clay system should also be collected. NDE techniques such as light
microscopy and the use of a scanning electron microscope are recommended to examine
the specimens for cracks and other defects. An uncertainty analysis of the analytical
model is recommended to obtain good correlation between experimental and analytical
results.
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APPENDIX A
MATHCAD CALCULATIONS OF THE RESULTING BULK
MODULUS AND CTE CHANGE DUE TO A DILUTE
SUSPENSION OF RANDOMLY
ORDERED PLATELETS
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Properties of Cyanate Ester
Density
ρ 1 := 1.3

Poisson's Ratio

kg

ν 1 := 0.25

3

m

Young's Modulus

Coefficient of Thermal Expansion
−6m

9

E1 := 2.9⋅ 10 Pa

α 1 := 60⋅ 10

K

Assumed Properties of the Clay
Density
ρ 2 := 2.8

Poisson's Ratio

kg

ν 2 := 0.25

3

m

Young's Modulus

Coefficient of Thermal Expansion

9

E2 := 150⋅ 10 Pa

Calculate the Volume Percentage from the Mass Percentage
wtpc

c( wtpc) :=

ρ2

wtpc
ρ2

+

1 − wtpc
ρ1

c( 1%) = 0.467%

c(2.5%) = 1.176%

Bulk Modulus of Cyanate Ester
K1 :=

(

E1

)

3⋅ 1 − 2ν 1

9

K1 = 1.933× 10 Pa

Bulk Modulus of the Clay
K2 :=

(

E2

)

3⋅ 1 − 2ν 2

11

K2 = 1 × 10 Pa

c( 5%) = 2.385%

−6m

α 2 := 5⋅ 10

K
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Shear Modulus of the Cyanate Ester
G1 :=

(

E1

)

9

Shigley Pg 34

2⋅ 1 + ν 1

G1 = 1.16× 10 Pa

Shear Modulus of the Clay
G2 :=

(

E2

)

10

Shigley Pg 34

2⋅ 1 + ν 2

G2 = 6 × 10 Pa

Bulk Modulus of the Mixture

(

1

)

K( wtpc) := K1 + K2 − K1 ⋅c( wtpc)⋅
1+

9

⎛ K2 − K1 ⎞
⎜
⎜ K1 + 4 ⋅G2
3
⎝
⎠
9

K( 1%) = 2.142× 10 Pa

9

K( 2.5%) = 2.458× 10 Pa

K( 5%) = 2.998× 10 Pa

Calculation of CTE of the Mixture

Kbar ( wtpc) :=

1 − c( wtpc)
K1

+

− 10 1

Kbar (1%) = 5.149× 10

Pa

c( wtpc)
K2

− 10 1

Kbar(2.5%) = 5.113× 10

Pa

− 10 1

Kbar(5%) = 5.051× 10

Pa
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α avg ( wtpc) := (1 − c( wtpc) ) ⋅ α 1 + c( wtpc ) ⋅ α 2

−5m

α avg (1%) = 5.974× 10

α( wtpc) := α avg ( wtpc) +

−5m

α avg (2.5%) = 5.935× 10

K

α1 − α2
1
K1

−

1

1

⎝ K( wtpc)

− Kbar ( wtpc) ⎞

⎠

K2

−5m

α(1%) = 5.454× 10

⋅ ⎛⎜

K

−5m

α avg (5%) = 5.869× 10

−5m

α(2.5%) = 4.802× 10

K

−5m

α(5%) = 4.008× 10

K

Calculate the Young's Modulus
Shear Modulus of The Mixture

Gd :=

(
)
6⋅ ( K2 + 2⋅ G2)

G2⋅ 9⋅ K2 + 8⋅ G2

9

G( 1%) = 1.303× 10 Pa

(

1

)

G( wtpc ) := G1 + G2 − G1 ⋅c( wtpc)⋅
1+

9

G( 2.5%) = 1.52× 10 Pa

G2 − G1 ⎞

⎛
⎜G +G
⎝ 1 d⎠
9

G( 5%) = 1.891× 10 Pa

Bulk Modulus of the Mixture
9

K( 1%) = 2.142× 10 Pa

9

K( 2.5%) = 2.458× 10 Pa

9

K( 5%) = 2.998× 10 Pa

K

K
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Expressions for Shear Modulus and Bulk Modulus
G

E

K

2⋅ ( 1 + ν )

E

3⋅ ( 1 − 2ν )

Therefore we can can combine the 2 Equations
K
G

2⋅ ( 1 + ν )

3⋅ ( 1 − 2ν )

Therefore we can get Poisson's Ratio

ν( wtpc) :=

3⋅ K( wtpc) − 2⋅ G( wtpc)
2⋅ (3⋅ K( wtpc) + G( wtpc))

ν(1%) = 0.247

ν(2.5%) = 0.244

ν(5%) = 0.239

E( wtpc) := 3⋅ ( 1 − 2⋅ν( wtpc) ) ⋅ K( wtpc)

9

E( 1%) = 3.25× 10 Pa

9

E( 2.5%) = 3.782× 10 Pa

9

E( 5%) = 4.687× 10 Pa

APPENDIX B
FABRICATION OF PEEK™ CFRP COMPOSITES
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PEEK TEST SAMPLES

As discussed in Chapter V, thermoplastic matrix CFRP composites show great
potential for cryogenic applications. PEEK™ being an aerospace approved material, is
currently being studied for its cryogenic performance. This section presents some
fabrication techniques that can be used to produce thermoplastic matrix CFRP
composites.
Based on the findings in the literature, thermoplastic matrices in advanced
composites show promise but have yet to be properly evaluated. It is recommended that a
variety of samples be fabricated for evaluation and characterization so that a statistical
compilation of the performance of the thermoplastic CFRP composites can be made.
Several carbon fiber/ PEEK™ (AS4/APC2) composites have been fabricated including
both uniaxial and quasi-isotropic layups. PEEK™ has a very high softening temperature
and its high molecular weight requires a time/temperature processing protocol of 673K
(400oC) for 15 minutes under 1.5 MPa of pressure, to obtain the required co-diffusion and
tangling of PEEK™ polymer molecules at the ply face[Evans et al].
The mold shown in Figure B.1 and Figure B.2 was designed and fabricated for
processing the PEEK™ CFRP test samples. The material chosen for the mold was 304
stainless steel as it had good dimensional stability at high temperatures and good
resistance to corrosion. The release agent used was a Release-All® #50 from Airtech
which could be used up to 440oC. Two 12”x12” mirror finished 1/8” thick 304 stainless
steel plates were then treated with the release agent. AS4/APC2 Carbon/ PEEK™
prepregs were obtained from Cytec. The Carbon/PEEK™ prepreg was then laid up with a
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sequence of [0/-45/90/45/0/45/90/-45/0] and placed in between two sheets of high-temper
0.003in thick aluminum foils that were pre-treated with the Release-All #50 agent..

Figure B.1 & Figure B.2 8in x 4in 304 Stainless Steel mold

The mold with the laid up prepregs were then placed in a hot-press for processing.
A resulting specimen of a trial run is shown in Figure B.3. The specimen did not exhibit
any significant amount of warping, had
good clean edges, a good surface finish and
an overall well bonded laminate. Although
the edges of the laminate exhibited minor
debonding it wasn’t significant enough to
Figure B.3 8in x 4in test specimen

specimen.

rule the specimen as a non-test-worthy
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A detailed description of the experimental procedure is as follows:

Prior to using the molds, the contact surfaces of the mold and the high temper
0.003in thick aluminum foils are treated with the Release-All® #50 agent. After coating
the contact surfaces of the mold with the release agent, the mold is preheated to
approximately 149oC (300oF). Two coats were applied. Once the mold and the aluminum
foils were treated, the following process should be used:
1) Cut prepreg tape into 8in x 4in pieces in the appropriate angles.
2) Place prepregs with a laminate stacking sequence of [0/-45/90/45/0/45/90/-45/0]
between the two pieces of high-temper aluminum foil.
3) Place the laminate stack with the aluminum foils in the mold.
4) Place the mold in the press and apply a pressure of 0.5Mpa (approx. 2500lbs of
force)
5) Heat up the mold to 370oC (700oF).
6) Increase pressure to 1.5MPa (approx. 7000lbs of force)
7) Continue heating mold till 400oC (752oF) and hold for 30 minutes.
8) Turn temperature off and continue applying pressure.
9) Allow mold to cool to approximately 190oC (374oF) before removing the
specimen.

