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Effect of nanopaper coating on flexural
properties of a fire-treated glass fiber
reinforced polyester composite
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Abstract

Rapid re-launch aerospace vehicles require materials with high specific strength to withstand thermal shock associated

with repeated re-entry. Glass fiber reinforced polyester (GRP) composites have rapidly become preferred for high value

structural components requiring high specific strength. Their ability to sustain high tensile and impact loads has allowed

them to be used as light-transmitting panels and fuselages. Due to service conditions, heat flux strongly alters mechanical

properties with exposure time. The effect of including a thermal-barrier coating, in the form of a carbon nanopaper, on

the monotonic flexural properties of a GRP composite is analyzed. A series of three-point bend experiments was

performed on specimen-sized samples of composites subjected to various levels of heat fluxes across numerous expos-

ure times. Analysis of these experiments reveals trends in the deformation mechanisms of these materials near failure.

Correlations of flexural modulus and critical load are used to develop associations to strength.
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Introduction

The use of composites has grown rapidly due to their
attractive mechanical properties in comparison to exist-
ing conventional materials. Aircraft manufacturers
have incorporated composites into more recent designs
as a consequence. Frames of first-generation airplanes
were constructed from wood, steel wire, and even silk
until it progressed to aluminum. Aluminum alloys have
historically been the primary choice due to its good
specific strength; however, more recently, the need for
higher fuel economy has continued to alter aerospace
materials selection.1 The usage of components fabri-
cated from composites has grown tremendously in cur-
rent commercial aircrafts. Components of next
generation commercial aircrafts have grown from 12
to 50wt% for composites; while the use of aluminum
has decreased from 50 to 20wt%.2 Advanced research
has demonstrated through testing that composites have
high specific strength at ambient temperatures (below
212�F) and, thus, have grown in popularity. The
market pull for light-weight, high-strength design is
critical for development activities of re-usable launch
vehicles (RLVs). Such spacecrafts must be able to

withstand the cold, near absolute zero, temperature
occurring outside of the limits of the stratosphere, but
also endure the high temperature of approximately
1260�C (2300�F) during re-entry.3 The spacecraft com-
ponents should be designed to endure these repetitive
thermal exposures for numerous mission cycles while
simultaneously or sequentially being mechanically
loaded. Re-entry vehicles that have traveled from
Earth to Mars have encountered temperatures that
exceed 1500�C (2732�F), with the vehicle’s nose-cone
exhibiting the highest temperature profile.4 Without
the presence of any form of a thermal-barrier coating,
glass fiber reinforced polyester (GRP) composites exhi-
bit pyrolysis between 250�C and 400�C.5 It is essential
that the selected fuselage materials be able to withstand
these thermal shock loads without compromising
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structural integrity. Application of advanced coatings
as thermal insulation raises the effective operating tem-
perature of the composite substrate.

The focus of this study is to characterize how ther-
mal barrier carbon nanopaper affects the flexural prop-
erties of GRP composites. Nanopaper coatings are
applied to a GRP composite, which is then exposed
to an applied heat flux, �, at various exposure times,
texp. A heat flux is used to simulate the thermal shock of
re-entry temperature loading. Following the return to
room temperature (23�C), three-point bend experi-
ments are performed on the coated and uncoated sam-
ples. Results of these flexure tests are outputted in the
form of force–displacement curves. The mechanical
properties related to deformation, strain energy, and
rupture behavior of the samples are subsequently
derived. Microscopic analysis is conducted to develop
damage mechanism maps. Based on the experimental
results and microscopy, equations are developed to pre-
dict the mechanical response of carbon nanopaper
coated GRP composites under service conditions.

A review of the relevant mechanics of materials con-
cepts of GRP composites is detailed in the following
section. The candidate material for the current study
is discussed next, and the experimental mechanics
approach is described later. Subsequent sections pro-
vide the data obtained from the three-point bend test
and focus on the elastic properties of the GRP compos-
ite materials, while later sections cover observations on
the rupture trends that were developed and provide an
analysis of the residual energy. Lastly density to
strength is correlated and a damage mechanism map
is detailed. Conclusions are presented in the final
section.

Mechanical properties of GRP composites

An increase in the use of fiberglass composites has led
to a surge of mechanical characterization of these
materials. Models have been developed that predict
the mechanical properties of composites while exposed
to fire. Research by Gibson et al.6 and Mouritz et al.7

establishes models that predict the tensile strength fail-
ure of fiberglass composites during fire, thereby super-
imposing thermal and tensile mechanical loading;
although these models assume a consistent and uniform
fiber composition throughout the experiments. The cur-
rent study isolates the post-fire mechanical properties
through sequential firing then flexure, similar to Bai
and Keller.8 They modeled the post-fire stiffness of
the polyester composites and incorporated the concept
of the specimens recuperating some of their mechanical
properties during normalized cooling back to room
temperature. In addition, this approach allows the
designer to approximate the residual properties of the

structure/material. This notion led to the investigation
and development of damage mechanism maps illu-
strated in this work.

A model developed by Gibson et al.9 maps the tem-
perature profile of the composite when one side is
exposed to a heat source. The authors determined
that three processes occur during this type of experi-
ment. The first process is the heat transfer that occurs
between the heat source and the composite interface
into the body of the material. Once the temperature
of the material reaches a critical value, the second pro-
cess occurs. This process is characterized by a change in
the temperature profile due to the decomposition of the
matrix which in turn causes heat generation/absorp-
tion. The final process is the fluid flow of the volatile
gases, caused by the matrix decomposition, towards the
heat source/composite interface. The authors mention
that agreement between the model and the data is not
so accurate when the thickness is below 6mm; this is
due to the critical thickness that is necessary for the
progressive degradation process to occur. The authors
confirm the notion that the fire retardant effect of com-
posites is a temporary one, existing only until the resin
has been gasified. Once the resin has been expunged,
the driving force for delaying heat conduction is
eradicated.

A post-fire mechanical analysis was also performed
by Pering et al.10 in which the residual tensile strength
and stiffness were associated with the percent loss of
mass of the specimens. As research techniques
advanced in the late 1990s, researchers approached
the analysis of the residual strength of post-fire com-
posites by analytically differentiating the material into
two layers. One layer would be the unaffected virgin
material whose material properties remained
unharmed; while the layer exposed to the fire, would
be considered the damaged region which possessed little
to no residual strength.

The technique of classifying two distinct layers of the
composite was explored by Mouritz and Mathys.11–16

The authors developed correlations between the thick-
ness of the degraded charred layer, the exposure time,
and the time in which charring began. The authors clas-
sified the two layers by alternative approaches. The
method adopted by Mouritz14 involved physically mea-
suring the depth of each layer, which in turn led to
correlating the thickness to the temperature profile of
the specimen.17 Bai and Keller8 improved this proced-
ure by distinguishing a third layer, a transition layer,
which could be classified as neither completely
damaged nor completely unaffected.

Gardiner et al.18 carried out a universally accepted
method in which the layers are categorized according to
the remaining resin content (RRC) criteria. Due to the
introduction of heat, a chemical reaction occurs within
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the resin matrix that causes a product of toxic gases;
which in turn reduces the mass percent and corrupts the
structural validity of the composite. With the use of a
pulse-echo instrument, the degraded layer is considered
any region in which the RRC is less than 80%.18

Glass-fiber reinforced polyester
composites

Materials

GRP composites are composed of multiple layers
adhered by an orthophthalic resin. The polyester sub-
strate material used in this study (Figure 1) is reinforced
with glass fibers whose specific strength is approxi-
mately 0.94MJ/kg, this value gives the composite its
high specific strength.19 Use of GRP composites in
more widespread applications is limited by their poor
fire resistivity;20 designers seek a thermal barrier to pro-
tect the effectiveness of the material. Carbon nanopaper
is selected as the protective barrier that acts not only as
a thermal barrier, but absorbs the heat that would
otherwise penetrate the composite and compromise
the structural integrity.21 The current study is focused
on whether the carbon nanopaper can considerably
protect the flexural strength of the substrate material
in the presence of high temperatures. Figure 2 details
the dimensions of the uncoated and coated GRP
composites.

Carbon nanopaper coatings have become increas-
ingly popular due to their ability to improve the elec-
trical properties of those materials with poor
conductivity, such as polymers. Lu et al.22 were able
to improve both the electrical properties and thermal
conductivity of an epoxy-based resin by coating them
with a nanopaper. Chang et al.23 analyzed the thermal
stability and combustion properties of a nanocoating
on a plywood substrate. The authors study showed
that nanocoatings can effectively decrease the heat
rate through the material to protect the underlying
and volatile plywood base. As concluded by the studies
listed above, the authors of the current study believe
that the addition of a nanopaper coating will aid in the
protection of the base materials properties.

Vapor grown carbon nanofibers (CNFs) (Pyrograf
III PR25-HHT) were supplied by Applied Sciences,
Inc. (Cedarville, Ohio), with an average diameter of
80 nm and average surface area of about 50m2/g. The
traditional flame retardant, ammonium polyphosphate
(AP423), was supplied by Clariant International Ltd.
(Muttenz, Switzerland). The Cloisite Naþ clay was a
pristine form of montmorillonite clay, which was
obtained from Southern Clay Products, Inc.
(Gonzales, Texas). According to the product specifica-
tions, 90 vol.% of dry particles have the size that is less
than 13 mm. The exfoliated graphite nanoplatelets
(xGnP) were obtained from XG Sciences with a thick-
ness of 5–15 nm. The reinforcement, E-glass fiber mat,

Figure 1. Sample composed of candidate material: (a) uncoated composite (front); (b) uncoated composite (back); (c) coated

composite (front); (d) coated composite (back).
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was supplied from Composites One, Inc. (Arlington
Heights, Illinois) with a surface density of 800 g/m2

and an average thickness of 0.85mm. The matrix
material for laminated composites was unsaturated
polyester resin. It was a pre-promoted, thixotropic,
orthophthalic type of resin that was supplied by
PolyGard (Kannur, India) (product code: GP100P;
density: 1.1 g/cm3; heat deflection temperature: 75�C).
The hardener used in this study was methyl ethyl
ketone (MEK) peroxide, and was mixed with resin at
a weight ratio of 100:1.

Processing of hybrid nanopaper and nanocomposites

Based on a previous study,24 the as-received CNF, clay,
and, xGnP powders were mixed together at the weight
ratios shown in Table 1 and dispersed in 1000 mL of
distilled water with the aid of surfactant Triton-X100
(3–5 drops). The mixture was then sonicated (Misonix,
Model No. S-3000) for 15min at an amplitude of 60–80
per the controller. After the suspension was well dis-
persed, the nanopaper was fabricated by filtering the
suspension through a vacuum system. It should be
noted that due to the lower permeability of the nano-
papers containing clay, the fabrication time was much
longer than nanopapers containing xGnP. The as-made
nanopapers were then dried at 120�C for 2 h.
Additionally, the APP powders run the risk of decom-
posing into smaller particles during sonication, poten-
tially preventing their inclusion in the hybrid
nanopaper during filtration. Instead of directly mixing
them with CNF, clay, and xGnP in the sonication

process, they were mixed into the polymer matrix
using a mechanical shear mixer provided by Cole-
Parmer Instrument Company (Vernon Hills, Illinois)
(Model No. 50002-30) at 1400 r/min for 4 h, then the
mixture was brushed onto the back surface of the dry
hybrid paper. Finally, the hybrid nanopaper was coated
to the surface of the composite during resin transfer
molding (RTM) process. The composition of the
hybrid nanopapers and nanocomposites is shown in
Table 1.

A Zeiss ULTRA-55 FEG scanning electron micro-
scope (SEM) was utilized to take high magnification
images of the material presented in this study. Any ref-
erence to the term ‘‘transverse’’ is considered the direc-
tion perpendicular to the length, L, of the sample. A
reference frame is shown in Figure 1. The SEM pictures
shown in Figure 3 are of the unfired, pre-bend test
coated sample. At a low magnification it is evident
that the candidate material is of a woven-fiber nature,
where ‘‘CN-P’’ is the carbon nanopaper, ‘‘P-C Inter’’ is
the paper–composite interface, ‘‘TF’’ is the transverse
fibers, and ‘‘LF’’ is the longitudinal fibers which run
parallel to the length, L. The dark ‘‘filler’’ apparent
between each fiber strand is the polyester matrix. The
uncoated sample is composed in the same manner, with
the exception of the nanopaper.

An equation was formulated to model the geometry
of the composite samples. With use of composite
dimensions, microscopy, and SEM pictures; the equa-
tion was determined to be a sine function to model the
centerline of the yarn, and a cosine function to model
the widthwise yarn. The geometry is shown in Figure 4

Figure 2. Dimensions of uncoated and coated GRP samples.

Table 1. Composition of hybrid nanopapers and nanocomposites.

Nanocomposites

Sample ID

Contents (wt%)
Weight ratios of particles

in the nanopaperGF Resin Nanopaper

Control 50.6 49.4 0 No paper

1Clay/5CNF/9APP 49.3 47.6 3.1 Clay/CNF/APP¼ 1/5/9

1xGnP/5CNF/9APP 51.0 45.8 3.2 xGnP/CNF/APP¼ 1/5/9

3xGnP/5CNF/9APP 51.0 46.0 3.0 xGnP/CNF/APP¼ 3/5/9
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and the constants for the equations are displayed in
Table 2. Lengthwise and widthwise values are assumed
to be the same, because the yarns are assumed to be
uniform.

Experimental approach

To determine the post-fire mechanical properties of
both the coated and uncoated GRP composites, three-
point bend experiments were performed on flat, speci-
men sized samples. The GRP composites were exposed
to predetermined combinations of � and texp as outlined
in Table 3; the firing experimentation was performed
using a calorimeter. Some were subjected to firing,
while nonfired specimens were implemented to establish
a performance baseline. The temperature–time heating

profiles are graphed in Figure 5 for the 25, 35, 50, 75,
100 kW/m2 flux levels. Flexure experiments were then
performed on samples of the candidate material to
determine the effect of firing on the residual mechanical
strength. Flexure experiments are preferred on compos-
ite samples since the imparted mechanical load bears
resemblance to service conditions of the full-scale com-
ponents of these materials. These flexure tests were
administered in accordance with the ASTM D790-10
standard.25 A total of 117 samples, 3 per �-texp combin-
ation, underwent three-point bending (Figure 6) using
an electromechanical universal test machine
(INSTRON Model No. 3369) with a load capacity of
50 kN. The fire-treated side of the sample was placed
face down (i.e. opposite of the middle ram) during the
three-point bending test. The support span, Ls, was

Figure 3. Scanning electron microscope (a) images, (b) location of images on sample of coated GRP material.

Skovron et al. 5



76mm and the crosshead motion rate, denoted by _�, was
2.4mm/min. The experiment would cease if either the
centerline deflection of the specimen reached 12mm or
there was a dramatic drop in the load–deflection curve.

The mechanical properties that are most relevant to
designers relate to elastic response (flexural modulus),
strength (ultimate flexural load), and strain energy.
Force–deflection data is analyzed to acquire each; for
example, the flexural modulus is determined from

EB ¼
L3
sm

4bt3c
ð1Þ

Here, m is the slope of the tangent to the initial straight-
line portion of the load–deflection curve (kN/mm), b is
the width of the beam tested (mm), and tc is the thick-
ness of the composite tested (mm). The ultimate flexural
load, Fult, is observed as the maximum load on the
force–deflection curve. The flexural load at propor-
tional limit, FPL, is shown along with Fult in Figure 7.
The strain energy up to the maximum force, denoted by
Uult, and the residual strain energy after the maximum

Figure 4. Modeled geometry of lengthwise and widthwise composite yarn.

Table 3. Heat treatment for the post fire three-point bending

test.

Applied heat flux,

� (kW/m2) Exposure time, texp (s)

0 0

25 120, 180, 240, 300

35 60, 100, 140, 180

50 40, 80, 120, 150

75 20, 50, 75, 100

100 15, 40, 70, 100

Table 2. Constants for composite geometry.

Quantity Lengthwise value Widthwise value

A1 mm 250 250

A2 mm 250 250

B1 mm�1 0.0010472 0.0010472

B2 mm�1 0.0007306 0.0007306

w1-g1 mm 3000 N/A
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Figure 5. Temperature profiles of the samples subjected to various heat fluxes: (a) 25 kW/m2; (b) 35 kW/m2; (c) 50 kW/m2;

(d) 75 kW/m2; (e) 100 kW/m2.
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force, Uresidual, also shown in the figure, were calculated
by implementing the following

U ¼

Z �ult

0

Fð�Þ@�þ

Z �max

�ult

Fð�Þ@� ð2Þ

where �ult is the displacement corresponding to the
ultimate force.

Results

Once the data were obtained from the uniaxial test
device in the form of force–displacement curves, post-
processing of the data was carried out.
Characteristically, experimental analysis on the mech-
anical properties of composites can pose a challenge
due to specimen variability. Despite advancements in
the manufacturing of composites, it is common to
encounter composites that are anisotropic and hetero-
geneous. Due to this setback, three experiments were
conducted for each �-texp combination to reduce scatter
in the data and provide substantial data.

The force–displacement curves for the control
(unfired) samples, along with three �-texp combinations
are shown in Figure 8. It is notable that for most cases,
the post-fire uncoated (UC) samples reach a higher
force value than the post-fire coated (C) ones, this
result is expected since tc,un> tc,co - tco. This variation
is due to the manufacturing process of RTM in which
the volume fraction taken up by the nanopaper coating
would otherwise be filled with a high volume of the
fibers. Thus, the uncoated samples have a greater
amount of matrix and fiber volume, which allows it
to bear more loads. The paper coating itself contributes
little to no strength to the sample; it merely acts as a
thermal barrier.

An observation was noted that independent of the
presence of the nanopaper and during a constant flux
level, �, an increase in exposure time, texp, diminishes
the mechanical properties of the material. Figure 9

Figure 7. Graphical representation of flexural properties.

Figure 6. (a) Photograph and (b) schematic of three-point bend

experimental setup.
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illustrates this relationship present in the uncoated sam-
ples at a constant flux of 25 kW/m2 and an increase in
exposure time. It can be observed that the Fult decreases
strongly with increasing texp, in addition to the balance
of Uult and Ures also evolving with texp. This reassures
the notion that exposing a sample to a heat source for
extended periods of time has a negative effect on the
mechanical capabilities of the material.

Elastic modulus

The post-fire elastic modulus, EB, for each of the sam-
ples was calculated to determine the ratio between the
force and the deformation of the material. The elastic
moduli of the samples were calculated using equation
(1). The values for each �-texp sample set were averaged
(unweighted) and used to formulate an equation that

Figure 9. Effect of exposure time, texp, during constant flux, �¼ 25 kW/m2 on uncoated cases.

Figure 8. Force–displacement curves for various data sets.

Skovron et al. 9



predicts the percentage of the un-fired materials elastic
modulus, post exposure to heat source, based on the
energy exposure, H. The baseline elastic moduli for the
control samples are denoted E0,un and E0,co, with
numerical values of 23.28GPa and 19.52GPa, respect-
ively. Post-fire mechanical testing can mask the true
mechanical properties of the GRP composites during
service. This attribute is present due to the nature of
composites as they tend to regain some of their strength
after being cooled back down to room temperature.26

For that reason, a temperature–time dependent equa-
tion would be less representative of the decomposition
of the material; therefore, the equations presented in
Figure 10 were developed to depict the evolution of
the normalized elastic modulus as a function of the
exposure energy, f(H). Energy exposure (kJ/m2) is
defined as follows

H ¼ �texp ð3Þ

Past researchers have developed mechanical property
models based on separating the composite into two or
three layers, but the drawback to these models is the
classification of the different layers.20,21,24–27 The equa-
tions presented in this study correlates the mechanical
properties of the uncoated and coated GRP composites
based on the energy exposure, shown in Figure 9.

The identical data point pairing from uncoated and
coated samples, �¼ 25 kW/m2 and texp¼ 120, 180 s,
were excluded due to them posing as outliers in
Figure 10. These samples were exposed to the lowest

flux level imposed during this study and thus retain a
higher percentage of the control samples elastic moduli
due to the low value of energy exposure applied to
them. The observed driving factor in all the experiments
is the exposure time and not necessarily the flux level.
The equations, therefore, are developed with the exclu-
sion of these two data points. The uncoated and coated
equations are presented in the same manner with the
coated equation having a smaller exponential slope.
This smaller slope correlates to retaining a higher per-
centage of the unfired materials modulus for a given
energy exposure. Across the range of energy exposure
values, the equations predict that the coated samples
have retained nearly 10% greater elastic moduli. The
uncoated specimens degrade at a quicker rate, at a
given energy exposure of 5 kJ/m2 for example, the
uncoated samples have 30% lower normalized elastic
moduli than the coated ones. The uncoated and coated
equations possess correlation values of 86.4% and
75.8%, respectively, with the equation forced to predict
a normalized value of 1, unchanged, when the energy
exposure is zero. The coating is a benefit at low expos-
ure times, but as exposure time approaches infinity, it
has little to no effect. A possible solution to decrease
the degradation of the elastic modulus at higher expos-
ure times is to increase the thickness of the coating.

Rupture

The effects of the addition of carbon nanopaper on the
normalized maximum force and rupture behavior of the

Figure 10. Normalized elastic moduli evolution of fired GRP samples.

10 Journal of Composite Materials 0(0)



GRP samples are detailed based on the mechanical test
data and microscopy. Due to their nature, composites
become pliable when exposed to a high temperature,
thus the flexural properties measured after the heat
flux process may not give accurate properties of how
these composites act during fire.28 The characterization
behavior of composites is a daunting task due to their
anisotropic construction. This structural property alters
their heat transfer process as when they burn, they
release heat, particle-filled vapors, etc., which is fol-
lowed by delamination then charring.28 From the
force–displacement curve, the maximum force applied
during the three-point bend test was tabulated for each
specimen sample. Three tests were administered for
each combination of � and texp as shown in Table 3.

The data for each �-texp combination were averaged
and the trends were analyzed. In general it can be con-
cluded that for each flux level set, the longer the expos-
ure time, the lower the maximum force. This is due to
the loss of the virgin material properties, and the mater-
ial becoming ‘‘charred’’ and rendered unusable in ser-
vice conditions. The maximum forces for the uncoated
and coated samples were normalized for each � level.
These normalized distributions are shown in Figure 11.
One can see from this figure that during a � of 25kW/m2,
the maximum force for the paper coated samples
exposed to the flux for 180 s have almost three times
the original maximum force compared to that of the
uncoated samples, normalized values of 0.9598 and
0.3646, respectively. When the samples were exposed
to a texp of 240 s, the normalized values became closer

but the paper samples still maintained a higher percent
of their original values, 0.222 compared to 0.029. The
same trend can be observed for the samples exposed to
a flux level of 50 kW/m2. A generalized linear trend, for
25 and 50 kW/m2, is displayed to show a negative cor-
relation in the data; it is not stating that the data is
linearly associated. Independent of flux level, a steeper
negative slope is observed for the uncoated samples;
which demonstrates the advantage of the thermal
coating.

The physical appearance of the GRP composites
after being subjected to a level of heat flux and a
three-point bend test is observed in this section.
Figure 12(a) shows the composites exposed to a � of
100 kW/m2 with texp of 70 s. The uncoated sample has
continued to fray, in addition to the expansion of the
fibers. This expansion is likely due to the gases escaping
during the applied heat flux process.28 The paper on the
coated sample has become severely charred and has
allowed a greater level of heat flux to penetrate the
composite. Fire barrier treatments, such as the carbon
nanopaper used in this study, occupy the role of either
reflecting the heat back towards the source or delaying
the heat penetration towards the underlying
composite.28

The extreme end of the flux-time combination
is shown in Figure 12(b). The samples shown in
Figure 12(b1) and (b2) have been exposed to a level
of 100 kW/m2 for 100 s. Despite both samples having
noticeably different physical appearances compared to
their associated controls, the coated sample is still in

Figure 11. Effects of texp on the normalized maximum force for fluxes of 25 kW/m2 and 50 kW/m2.

Skovron et al. 11



one piece. Figure 12(b1) displays delamination of the
composite. Delamination is considered to be the sign of
critical failure of a composite; it is characterized by
fraying or ply separation due to interlaminar stresses.29

This particular sample is to be considered beyond
‘‘failed’’ due to it experiencing delamination and it
being classified as a failed specimen before the three-
point bend test. The coated sample was able to endure a
three-point bend test, except it only retained a normal-
ized maximum force value of 0.033, equating to 3.3%
of the 15 s sample.

Residual energy

Reusable launch vehicles require materials that are able
to withstand repeatable loading and unloading during

various temperature levels. The mechanical behavior of
the material after it has reached its maximum force,
Fult, is investigated to determine the residual energy as
well as the unloading conditions that it exhibits for the
duration of the experiment. Figure 13 illustrates the
exposure time-dependent normalized residual energy
absorbed by the specimen according to each flux level
for short exposures. It is notable that the slope between
the data points for each uncoated or coated flux level.
The slope describes the rate at which the residual
energy is lost as compared to the control, unfired,
sample. Independent of the flux level, it is observed
that the residual energies for the coated samples
decrease at a slower rate than that of the uncoated
samples. The average slope for the uncoated 35, 50,
75, and 100 kW/m2 fluxes was calculated to be

Figure 13. Effects of exposure time on both coated and uncoated material strain energy under flexural loading.

Figure 12. Post-flexural test GRP exposed to 100 kW/m2 for 70 s (a1) uncoated and (a2) coated samples and 100 kW/m2 for 100 s

for (b1) uncoated and (b2) coated samples.
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�0.01887 s�1; which translates to degrading 1.887% of
the residual energy every second. On the other hand,
the slope for the coated samples was �0.00999 s�1;
which correlates approximately to a 1% decrease in
the residual energy every second. As the uncoated sam-
ples lose a higher percentage per second, this confirms
the ideology that the presence of the thermal-barrier
coating helps retain a higher percentage of the original
materials properties. It was noted that once the mater-
ial had reached its peak force value, it unloaded in one
of four ways. These conditions exhibited include,
deforming the 12mm per the ASTM standard; the
force value decreasing to 50% of the maximum force;
the force unloading too quickly; or the force value con-
verges to a constant value. The most commonly
observed unloading trend was the material unloading
too quickly due to pop-in occurring to individual glass
fibers. Each of the unloading trends is illustrated in
Figure 14.

A linear relationship was determined between the
normalized maximum force and the normalized resi-
dual energy per millimeter. The equations, along with

the data points, are illustrated in Figure 15. These equa-
tion are ideal to understand how much residual energy
the sample can withstand after it has been subjected to
its maximum force. The equations contribute to the
focus of this research study, which is aimed at under-
standing and determining if these materials can with-
stand re-launches. Based on design criteria of an
observed maximum force, the designer can determine
how much more residual energy per mm displacement
these samples can withstand. The R2 values for the
uncoated and coated equations are 0.99 and 0.96,
respectively.

An additional relationship was observed between the
normalized stiffness values and the normalized residual
energy per millimeter. The equations and data points
are shown in Figure 16. Once again, based on the
design criteria of in-service stiffness, the designer can
determine the residual energy per millimeter displace-
ment remaining. It is interesting to note that the equa-
tions intersect at a normalized stiffness value of 0.39.
This predicts that at lower normalized stiffness values,
the coated samples have a higher value of the

Figure 14. Classifications of unloading conditions: (a) deformed to 12 mm (UC �¼ 100, texp¼ 70); (b) load decreases to 50% of max

(C �¼ 25, texp¼ 180); (c) unloaded rapidly (UC �¼ 50, texp¼ 40), and (d) force value converges (C �¼ 75, texp¼ 75).
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normalized residual energy per millimeter. The R2

values for the uncoated and coated equations are 0.96
and 0.87, respectively.

Density-based prediction of post-fire
stiffness

The uncoated and coated samples were weighted
pre- and post-fire to determine how exposure to a
heat source affects the density of the material.

An assumption was made that the volume remained
constant throughout the experiments. The samples
were weighed as a whole as shown in Figure 1, the
gage section was not isolated. The density ratio, equa-
tion (4), is defined as the ratio between the post-fire
density and the pre-fire density for the corresponding
uncoated and coated samples.

Density Ratio ¼
�post�fire
�pre�fire

ð4Þ

Figure 16. Residual energy per millimeter equations as functions of stiffness.

Figure 15. Residual energy per millimeter equations as functions of maximum force.
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The pre-fire density value for uncoated samples all
had a value of �0,un¼ 2.02� 10�3g/mm3 and the coated
samples had a pre-fire density of �0,co¼ 2.08� 10�3

g/mm3. A contour map displaying the density ratio of
the uncoated and coated samples as a function of flux
level and exposure time is shown in Figure 17. The data
obtained from the contour map was extrapolated
to form a plot that maps out the normalized density
difference as a function of � and texp (Figure 18).

Normalized Density Difference

¼

�co,post�fire
�co,pre�fire

�
�un,post�fire
�un,pre�fire

����
����

� �
�un,post�fire
�un,pre�fire

ð5Þ

Themap shows that the biggest density difference, i.e.
when the coating is of most benefit, is at a flux range of
25–65 kW/m2 and a medium to high exposure time of
110–150 s. At higher flux times, the coating is merely
charred off instantaneously, and is able to obtain only
a slightly higher density percentage than that of the
uncoated sample. The peak normalized density differ-
ence value was at an exposure time of 110 s at fluxes of

45 and 65 kW/m2. At this �-texp combination, the coat-
ing retains 20% more of its corresponding density than
that of the uncoated. The lowest differences, i.e. when
the coating has little to no effect, are at low exposure
times regardless of flux level. The coating’s benefit is at a
minimum in this section, as it only retains 0.6–3% more
of its density compared to the equivalent uncoated sam-
ples. The exposure duration is too short to have signifi-
cant time to significantly damage the sample.

The density ratio is correlated to the normalized
stiffness with the unfired (�¼ 0, texp¼ 0) samples used
as a baseline. The equations shown in Figure 19 dem-
onstrate that for a given density ratio, the coated sam-
ples retained a higher percentage of their original
stiffness compared to that of the uncoated. This is an
interesting observation due to the uncoated samples
possessing a higher volume fraction of composite
material, with the coated samples forfeiting structural
material for the nanopaper thermal barrier coating. For
instance, at a given density ratio of 0.9 the coated equa-
tion predicts a normalized stiffness of 0.37, while the
uncoated only predicts a value of 0.30. Throughout the
entire data range, independent of density ratio, the
coated equation always predicts a higher normalized

Figure 17. Density ratios as a function of � and texp.
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stiffness. The R2 values for the uncoated and coated
equations are both 0.947.

Damage mechanism maps

Failure in fiber-reinforced composites can occur due to
fiber, matrix, or a combined failure of these

constituents. The fibers can fail as an account of tensile,
compressive, or shear stresses; while the matrix modes
of failure include transverse tensile, transverse compres-
sive, shear, or a combination of these stresses.
However, popular methods used to predict the failure
method are carried out by analyzing the properties of
the composite as a whole, rather than individual fiber

Figure 19. Normalized stiffness values as a function of density ratio.

Figure 18. Plot demonstrating benefit of coating based on �-texp combination.
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or matrix compoenents.30 The uncoated and coated
samples were plotted according to their corresponding
flux and time values, each sample was then visually
examined. An uncoated damage mechanism map
(Figure 20) was divided into four sections. Samples in
the first section failed due to a single crack, the matrix is
still intact however it does exhbit minor plasticity. The
second section also has a single crack, yet the matrix
plasticity has become more distributed with early signs
of the matrix gasifying. Samples in the third section
posses multiple transverse and longitufinal cracks as
the matrix is gasified. The last section is considered
failed as the matrix is considered severely gasified.

A similar damage mechanism map was developed
for the coated samples (Figure 21). The first section is
characterized by a single crack with the nanopaper
coating still intact. The second section also exhibits a
single crack, yet the coating has begun charring.
Gasification is initiated in the third section, along
with the coating becoming nonexistent. The fourth
and final section, like the uncoated, is considred failed
as the coating is nonexistent and the matrix is com-
pletely gasified.

Conclusion

GRP composites used for reusable launch vehicles can
experience large declines in their mechanical properties
after being exposed to a high heat source. The proper-
ties decrease as both heat flux and exposure time
increase, with the driving variable weighted towards
exposure time. The study confirms that the carbon
nanopaper helps slow down the degradation process
by acting as a thermal barrier between the heat source
and the underlying composite. The data suggests that at
high exposure times, the paper-coated samples were
able to maintain a higher percent of the normalized
elastic modulus compared to that of the uncoated sam-
ples. Equations to simulate the normalized elastic
modulus as a function of energy exposure; and normal-
ized stiffness as a function of density ratio were devel-
oped as a guide to understand the properties of GRP
composites at various heat flux and exposure time
values, with both of these equations outputting a
higher value for the coated samples. The damage mech-
anism maps developed confirm the notion that at high
flux, low exposure time situations, the flux is high

Figure 20. Damage mechanism map of uncoated samples, dotted line represents load application (as shown on load-applied surface).
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enough that it only burns the coating away yet the
exposure time is not long enough to affect the under-
lying laminate. At low flux, high exposure time situ-
ations, the exposure time is long enough to give the
heat source sufficient time to penetrate the full sample.

Although no cyclic tests have been conducted to
compare the effect of the thermal barrier coating, the
authors believe that those composites with the thermal
barrier coating would have increased fatigue life over
those with no coating. This assumption is made due to
the increased static performance of those with the
added thermal barrier coating and its virgin material
strength preservation. Future work will also include,
analyzing the coated and uncoated GRP composites
under more extreme temperature values, a range from

absolute zero to near 2500�F. One must understand the
characterization of these materials at extreme tempera-
tures to ensure proper service.
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