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ABSTRACT
In this work, thermogravimetric analysis (TGA) was performed on samples of a carbon fiber epoxy
composite, a glass fiber epoxy composite, and a mixed carbon fiber/glass fiber epoxy composite,
as well on each constituent material (polymer epoxy, carbon fibers and glass fibers). TGA was
conducted for heating rates from 1-20 C/min with purified purge gases of nitrogen and dry air.
For the fiberglass composite, we find that ∼70% of the material remains after heating in air to 1200
C. For the carbon fiber epoxy composite, we observe greater mass loss as the carbon fibers can
oxidize, leaving little material by the end of the test. The mixed composite, which has a 2:1 ratio
of glass fibers to carbon fibers, experienced a total mass loss between the two other composites.
By determining the relationship between the thermal decomposition of a composite material and
its constituent materials, we can predict the fire behavior of novel composites during the material
design phase.
The raw data from these experiments can be found at: https://cee-gitlab.sandia.gov/omd/experimental-
data/-/tree/master/tga
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Glass fiber data is shown from N2 tests because these fibers do not react.
Therefore, the GFE decomposition is predicted by the behavior of the epoxy,
similar to the predictions in an inert environment. Unlike for the CFE, the GF +
epoxy predicts reactions at slightly higher temperatures. Here, the prediction
underestimates the mass remaining by about 5%. These differences are assumed
to be due to the same behaviors as the differences seen in the inert environment. 54

Figure 5-14. Normalized mass as a function of temperature for the decomposition of GFE and
its constituents, epoxy and glass fiber, in air prediction at 5 C/min. Here, epoxy
and glass fiber are scaled by their respective mass fractions in the composite.
Glass fiber data is shown from N2 tests because these fibers do not react.
Therefore, the GFE decomposition is predicted by the behavior of the epoxy,
similar to the predictions in an inert environment. Unlike for the CFE, the GF +
epoxy predicts reactions at slightly higher temperatures. Here, the prediction
underestimates the mass remaining by about 5%. These differences are assumed
to be due to the same behaviors as the differences seen in the inert environment. 55
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Figure 5-15. Normalized mass as a function of temperature for the decomposition of GFE and
its constituents, epoxy and glass fiber, in air prediction at 10 C/min. Here, epoxy
and glass fiber are scaled by their respective mass fractions in the composite.
Glass fiber data is shown from N2 tests because these fibers do not react.
Therefore, the GFE decomposition is predicted by the behavior of the epoxy,
similar to the predictions in an inert environment. Unlike for the CFE, the GF +
epoxy predicts reactions at slightly higher temperatures. Here, the prediction
underestimates the mass remaining by about 5%. These differences are assumed
to be due to the same behaviors as the differences seen in the inert environment. 56

Figure 5-16. Normalized mass as a function of temperature for the decomposition of GFE and
its constituents, epoxy and glass fiber, in air prediction at 20 C/min. Here, epoxy
and glass fiber are scaled by their respective mass fractions in the composite.
Glass fiber data is shown from N2 tests because these fibers do not react.
Therefore, the GFE decomposition is predicted by the behavior of the epoxy,
similar to the predictions in an inert environment. Unlike for the CFE, the GF +
epoxy predicts reactions at slightly higher temperatures. Here, the prediction
underestimates the mass remaining by about 5%. These differences are assumed
to be due to the same behaviors as the differences seen in the inert environment. 57

Figure 5-17. Normalized mass as a function of temperature for the decomposition of CFGFE
and its constituents, epoxy, carbon fiber, and glass fiber, in N2 at 1 C/min. The
line indicating epoxy + fibers shows the superposition of the constituents, which
aligns with the epoxy mass loss curve, as anticipated. The prediction of epoxy
+ fibers agrees fairly well with the actual CFGFE decomposition; however,
CFGFE has more remaining mass at the end of the test. This could be due to
the fibers affecting heat transfer to the epoxy. Samples were left in layers, rather
than ground, in case of impacts of structure on the decomposition. . . . . . . . . . . . 59

Figure 5-18. Normalized mass as a function of temperature for the decomposition of CFGFE
and its constituents, epoxy, carbon fiber, and glass fiber, in N2 at 5 C/min. The
line indicating epoxy + fibers shows the superposition of the constituents, which
aligns with the epoxy mass loss curve, as anticipated. The prediction of epoxy
+ fibers agrees fairly well with the actual CFGFE decomposition; however,
CFGFE has more remaining mass at the end of the test. This could be due to
the fibers affecting heat transfer to the epoxy. Samples were left in layers, rather
than ground, in case of impacts of structure on the decomposition. . . . . . . . . . . . 59

Figure 5-19. Normalized mass as a function of temperature for the decomposition of CFGFE
and its constituents, epoxy, carbon fiber, and glass fiber, in N2 at 10 C/min. The
line indicating epoxy + fibers shows the superposition of the constituents, which
aligns with the epoxy mass loss curve, as anticipated. The prediction of epoxy
+ fibers agrees fairly well with the actual CFGFE decomposition; however,
CFGFE has more remaining mass at the end of the test. This could be due to
the fibers affecting heat transfer to the epoxy. Samples were left in layers, rather
than ground, in case of impacts of structure on the decomposition. . . . . . . . . . . . 60

13



Figure 5-20. Normalized mass as a function of temperature for the decomposition of CFGFE
and its constituents, epoxy, carbon fiber, and glass fiber, in N2 at 20 C/min. The
line indicating epoxy + fibers shows the superposition of the constituents, which
aligns with the epoxy mass loss curve, as anticipated. The prediction of epoxy
+ fibers agrees fairly well with the actual CFGFE decomposition; however,
CFGFE has more remaining mass at the end of the test. This could be due to
the fibers affecting heat transfer to the epoxy. Samples were left in layers, rather
than ground, in case of impacts of structure on the decomposition. . . . . . . . . . . . 60

Figure 5-21. Normalized mass as a function of temperature for the decomposition of CFGFE
and its constituents, epoxy, carbon fiber, and glass fiber, in air at 1 C/min.
Here, epoxy and carbon fiber are scaled by their respective mass fractions
in the composite. Glass fiber is plotted at its mass fraction, assuming no
decomposition, but not plotted from experiments. The constituents predict
oxidation reactions happening at lower temperatures with slightly different
reaction rates for the late oxidation reactions (around 700 C). The prediction
also slightly overestimates the remaining mass. . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Figure 5-22. Normalized mass as a function of temperature for the decomposition of CFGFE
and its constituents, epoxy, carbon fiber, and glass fiber, in air at 5 C/min.
Here, epoxy and carbon fiber are scaled by their respective mass fractions
in the composite. Glass fiber is plotted at its mass fraction, assuming no
decomposition, but not plotted from experiments. The slight difference between
the remaining mass of the CFGFE and the mass fraction of GFE is likely due
to uncertainties in manufacturing and/or in initial mass of the sample before
heating compared to at the first time step. The constituents predict oxidation
reactions happening at lower temperatures, but capture reaction rates fairly well.
The prediction also slightly overestimates the remaining mass. . . . . . . . . . . . . . . 62

Figure 5-23. Normalized mass as a function of temperature for the decomposition of CFGFE
and its constituents, epoxy, carbon fiber, and glass fiber, in air at 10 C/min.
Here, epoxy and carbon fiber are scaled by their respective mass fractions
in the composite. Glass fiber is plotted at its mass fraction, assuming no
decomposition, but not plotted from experiments. The constituents predict
oxidation reactions happening at lower temperatures with slightly different
reaction rates for the late oxidation reactions (700-800 C). The prediction also
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Figure 5-24. Normalized mass as a function of temperature for the decomposition of CFGFE
and its constituents, epoxy, carbon fiber, and glass fiber, in air at 20 C/min.
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1. INTRODUCTION

Fiber reinforced plastics are an attractive engineering material due to their low weight-to-strength
ratio. They have been extensively used in automotive and aeronautical industries, as well as
other industries where a light weight, yet strong, material is advantageous. However, unlike more
traditional engineering materials such as metals, fiber reinforced plastics can be a source of fuel in a
fire. At temperatures as low as 250°C, epoxies can start to pyrolyze, generating flammable gases. In
order to understand the safety risks associated with these materials, it is necessary to understand
their behavior when exposed to temperatures above their intended use.

Researchers have been studying fiber reinforced plastics for the past five decades. In the 1970s and
1980s, researchers were first understanding the mechanical effects of the structure of the composite,
for example, how using woven fabrics compared to using chopped fibers [1, 2]. Experimental
programs attempted to answer questions revolving around the minimum flux for ignition and the
extinction characteristics of these new materials [3], as well as how they would perform under
high heat fluxes [4]. One-dimensional models were created to understand thermal [5, 6] and
thermo-mechanical [7] responses of composites when exposed to heat sources. These models
required a range of material properties to be measured [8, 9], particularly those characterizing the
thermal decomposition of the material [10, 11].

While this early research began to answer fundamental questions about the fire safety of fiber
reinforced plastics, the number of these types of materials has increased exponentially in the
intervening years. Simultaneously, experimental and computational techniques have advanced in
both capability and accuracy. Experimental programs have used the cone calorimeter to obtain the
minimum heat flux for piloted ignition [12–14], investigated how different epoxy and fiber types
effect ignition [15, 16], explored the effects of the thickness of the sample [17], and determined how
the percentage of fibers to polymer affects flammability [18]. Other researchers have investigated
how flame spread is affected by the presence of high conductivity directional fibers [19].

Central to the issues of flammability and integrity of the composite structure is the need to understand
the decomposition mechanism for these materials. This typically includes using thermogravimetric
analysis (TGA) to track mass loss versus temperature (at a specified heating rate) and differential
scanning calorimetry (DSC) to monitor heat flux versus temperature. TGA gives researchers insight
into the reaction mechanism, while DSC gives information about the specific heat and heat of
reaction.

TGA tests produce data relating the temperature, T , the time, t, and a measure of mass (e.g. mass,
density, concentration) α. For a constant pressure, the loss dα

dt can be generally described by:

dα
dt

= k(T )f (α) (1.1)

17



where k(T ) can be represented by an Arrhenius rate:

k(T ) = Aexp
(
−E
RT

)
(1.2)

and where f (α) can take on many forms in solids, but for our purposes will take on the form:

f (α) = (1−α)n (1.3)

In addition, a reaction mechanism must be formed. The simplest of these mechanisms consist of
one step, and increase in complexity from there. Generally, the form of the reaction is:

Reactants→ νsProductssolid + νgProductsgas (1.4)

where νs and νg are the fractions of solid and gas products, respectively. Other researcher have
conducted TGA on composite materials. Quintiere et al. [12] conducted TGA tests on carbon
fiber epoxy composites under inert conditions at heating rates of 1 to 30 C/min, up to 700 C. They
determined a residue fraction of 0.74 at the end of the tests, for a composite that initially was 60%
carbon fiber and 40% epoxy. Since the TGA was only done for inert condition, it is assumed that
only the epoxy decomposed, and the mass remaining at the end of the test is a mixture of carbon
fiber and char developed during the reaction.

Dodd et al. [22] conducted TGA tests for carbon fiber epoxy composites for a range of heating
rates (2 to 500 C/min up to 727 C) using samples with a 2-mm edge length, cut from a thin square
sheet. As is true in the other literature data, there was a delay in the temperature at which the peak
mass loss occurs as the heating rate increases. In addition, in the inert environment, the amount of
char produced decreased as the heating rate increased, producing 18% to 24% char (by initial mass
epoxy).

Tranchard et al. [23] collected data for TGA under air and nitrogen environments, for a heating rate
of 20 C/min up to 1500 C using thin square samples. Under nitrogen conditions, Tranchard et al.
observed that 26% of the mass was lost (for a composite that was 35% epoxy, 55% carbon fiber), and
that char residue had formed. As they knew the exact composition of their composite (which is not
always possible due to proprietary blends), they were able to attribute the 9% by weight char residue
to the decomposition of uncrosslinked hardener (4,4´-Diaminodiphenyl sulfone), polyesthersulfone,
and epoxies. From the TGA preformed in air, they conclude that, in addition to oxidizing the
carbon fibers, oxygen promotes the formation of the transient char species. In addition, from Fourier
transformed infrared spectroscopy (FTIR), they found that the main gas products evolved were H2O,
the decomposition products of PA6, phenol, CH4, COS and CO.

As part of a larger study investigating the impact of geometry on the flammability of composites,
Fateh et al. [17] performed TGA and FTIR on samples that were ground into a powder, and heated
to 800 C at rates of 5, 10, and 20 C/min. TGA was only run under nitrogen purge gas conditions.
For a sample that was 30% epoxy by mass initially, between 20 and 25% of the mass was lost at the
end of the test. The amount of char remaining increased with heating rate, which is the opposite
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result of Dodd et al., Quintiere et al., and Tranchard et al. In addition, Fateh et al. observed less
char production than other researchers. However, unlike Dodd et al. and Tranchard et al., Fateh et
al. used ground samples for TGA (Quintiere et al. does not state the sample preparation). This may
have had an effect on the char production.

While much of the work relating to the fire safety of carbon fiber epoxy composites has focused on
the decomposition of the epoxy, the carbon fibers can also oxidize at sufficiently high temperatures
(600-1000 C). Branca et al. [25] found three main reaction for their composite: an oxidative
decomposition of the resin, followed by an oxidation of the char produced by the former step, and
finally an oxidation of the fibers.

In this work, we present TGA data for a both carbon fiber epoxy (CFE) and glass fiber epoxy
(GFE), both impregnated with the same UF3362-100 epoxy resin and cured. Details of the prepreg
materials are given in the appendix. The CFE and GFE was cured in sheets, cut into samples, and
decomposed via TGA. Each of the constituents fibers were also subjected to TGA separately after
chemically extracting them from their prepreg resin. During the cure under vacuum a small portion
of epoxy "bleeds off" near the edges of the sheets. This cured epoxy bleedoff was also separately
subjected to TGA. The samples were tested in both air and nitrogen environments at heating rate of
1, 5, 10, and 20 [C/min]. A subset of the samples contained both carbon fiber and fiberglass, and it
is theorized that by properly mixing the results from the constituent reactions, the mass loss curve of
the mixture can be predicted.

In Chapter 2, we discuss the methods used to conduct the tests. In Chapter 3, the data for the each of
the constituents (carbon fibers, glass fibers, epoxy) are presented, while in Chapter 4 the data for
the composites is presented. In Chapter 5 we show a method for predicting the mass loss curve for
mixed materials. Finally, Chapter 6 presents a summary and future work.
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2. METHODS

2.1. Materials

Tests were conducted for three composite materials and their constituent components (i.e. the epoxy
bleedoff and the fiber used to fabricate the composite). The constituents, shown in Figure 2-1,
included two different fibers: carbon fiber and glass fiber. The same epoxy was used in all three
composite materials (shown in Figure 2-1 and 2-2).

The composite materials are shown in Figure 2-3. All composite materials were approximately
33-34% epoxy, with slight variations between the specific composite. The composites include
a carbon fiber epoxy composite, AS4C-UF3362 (fabric number SC561-8HS-3K, fiber type fill
HexTow AS4 C GP 3K, resin UF 3362-100), a glass fiber epoxy composite (7781-UF3362, fabric
number 7781-8HS-50, fiber tarn type fill ECDE 75 1/0, resin UF 3362-100), and a combined carbon
and glass fiber epoxy composite, which had a ratio of 2:1 glass fiber to carbon fiber.

2.2. Thermogravimetric Analysis

For all the samples, we conducted thermogravimetric analysis (TGA) experiments which measure
the mass of a sample versus temperature for a given heating rate. The samples were decomposed in
85 microliter (6.8-mm diameter) alumina crucibles (see 2-2), and those conducted in nitrogen where
covered with a vented alumina lid (not shown). TGA is used to develop reaction mechanisms for the
decomposition of a material and determine the kinetic parameters of each reaction.

TGA requires small samples, as the basic assumption is that the temperature of the sample is uniform
throughout. Epoxy and composite samples were left whole, cut to ∼3 mm in length. The height
of each sample was dictated by the sheet of composite or epoxy. Fibers were also left whole and
wrapped to fit into the crucibles. Although TGA samples are frequently ground, here the samples
are left whole (for the composite experiments) with the same orientation as that of a larger part of
interest, to replicate any effects of the layers in the composite.

Figure 2-1. From left to right: glass fibers, carbon fibers, cut sample of epoxy, all
before decomposition.
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Figure 2-2. Top: crucible used in experiments. Middle: Cut pieces of epoxy
bleedoff for experiments. Bottom: Epoxy bleedoff from the cure cycle of the
composite fabrication. The bleedoff epoxy is uneven thickness; pieces used in
experiments are cut from thick edge.

Figure 2-3. From left to right: carbon fiber epoxy composite, glass fiber epoxy
composite, combined carbon fiber and glass fiber epoxy composite, all cut to
sizes used in TGA experiments.
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Figure 2-4. Mass loss as a function of temperature for carbon fiber epoxy com-
posite in N2 at a heating rate of 5 C/min shows negligible differences with sam-
ple sizes ranging from 6-40 mg.

2.2.1. Test Conditions

Test conditions explored changing materials, heating rates, and purge gases, as shown in Table 2-1.
A total of 2-6 repetitions are available for the range of experiments conducted (a minimum of 3
repetitions were conducted for each main condition; however, issues with some measurements
caused us to remove some clearly problematic data, e.g. mass readings below 0 mg).

Table 2-1. Experimental matrix of materials and heating rates tested for two
purge gases.

Materials Heating rates Purge gas characteristics
CF, GF (N2 only),
epoxy, CFE, GFE,
CFGFE

1, 5, 10, 20
C/min

N2 (20 mL/min, with lid), dry
air (40 mL/min, no lid)

First the influence of sample size, crucible configuration (open or closed by a lid), and gas flow rate
was explored for a small subset of experiments to select conditions such that these effects could be
neglected in subsequent testing. The impact of sample size on mass loss was investigated for three
size ranges of samples (6-7 mg, 20-23 mg, and 37-40 mg) for CFE in N2 at 5 C/min. As shown
in Figure 2-4, there is no notable, consistent influence of sample size on the mass as a function of
temperature.

All air tests were conducted with no lid on the crucible, to avoid a potentially limited supply of
oxygen from influencing the decomposition behavior. For inert tests, the impact of using a lid
versus no lid was investigated for the epoxy and all three composites at 20 C/min. Figure 2-5 shows

22



Figure 2-5. Mass loss as a function of temperature for CFGFE in N2 at 20 C/min
shows negligible impact of including a lid or not on the crucible.

the mass loss curve for CFGFE which exhibits no difference with or without a lid. The results
shown here are representative of the other fuels tested. With no impact of a lid, all inert tests were
conducted with a lid.

While all tests using N2 as a purge gas used a flow rate of 20 mL/min, the impact of flow rate for
air tests was investigated to ensure that a potentially limited oxygen supply would not influence
test results. Figure 2-6 shows the impact of air flow rate on the mass loss of CFE at 20 C/min
heating. The rate and temperature of the oxidation reactions (above approximately 500 C) are clearly
influenced by flow rate, likely due to limited oxygen availability at the lower flow rates. This trend
is more evident when investigating the derivative of the mass loss curve, shown in Figure 2-7. In
particular, at the lowest flow rates, the two separate reactions in the range of 550-700 C do not
appear. Similarly, the rate of reaction for the reaction taking place around 900 C increases as flow
rate increases. At 30 mL/min and 40 mL/min, behavior begins to converge. As a result, all tests in
air were conducted at 40 mL/min.
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Figure 2-6. Mass loss as a function of temperature for carbon fiber epoxy com-
posite in air for differing flow rates of air. For higher flow rates, oxidation reac-
tions appear to occur at a faster rate, indicating the low flow rates are likely
oxygen-limited. As the curves begin to collapse for 30 and 40 mL/min, we
choose 40 L/min as a non-oxygen-limited flow rate for air.

Figure 2-7. Derivative of the mass loss as a function of temperature of carbon
fiber epoxy composite in air for differing flow rates of air. Similar to the mass
loss plot, we see clearly that experiments conducted with air flowing at 10 or 20
mL/min miss the two reactions occurring between 600-800 C. Some differences
in rate remain between 30 and 40 mL/min, but all reactions are captured.
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3. CONSTITUENTS RESULTS

In this chapter, we present the TGA data for each of the constituent materials: epoxy, carbon fiber,
and glass fiber. Each of these materials were tested in both air and nitrogen purge gas, at heating
rates of 1, 5, 10, and 20 [C/min], as described in Chapter 2.

3.1. Epoxy

3.1.1. Epoxy in Nitrogen

In nitrogen, we expect the epoxy to decompose through the pyrolysis pathway. This will produce
flammable gases, and leave behind a charred material. In Figure 3-1, we present the data for the
epoxy in nitrogen at all heating rates. There are several things to note. First, approximately 75% of
the material is lost in this decomposition process. What remained in the crucible was a small piece
of charred material. The char was structurally stable, though it did beak apart more easily than the
virgin epoxy. Next, as the heating rate increases, the reaction happens at a higher temperature (the
shift of the data to the right). While 5, 10, and 20 C/min rates produce approximately the same
amount of mass loss, the 1 C/min loses about 5% less mass. We theorize that slowing down the
heating rate allows for the activation of different reaction pathways, which cause this difference.
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Figure 3-1. Normalized mass loss as a function of temperature for epoxy at four
heating rates decomposing in N2. All heating rates show relatively uniform
behavior with consistent reaction rates, but reactions occur at slightly larger
temperatures as the heating rate is increased. Notably, the 1 C/min heating rate
has more remaining mass than the higher heating rates (three replicates of the 1
C/min heating rate experiment are shown).

3.1.2. Epoxy in Air

In air, we expect the epoxy to decompose through the pyrolysis pathway, as observed in nitrogen, but
also to undergo an additional oxidizing reaction. Figure 3-2 shows the mass loss curve for the epoxy
in air. We see a curve similar to that in nitrogen until approximately 425 C. At this point, the slope
of the curve changes. We consider the mass loss before 425 C to be due to the pyrolysis reaction,
and after to be the oxidation of the char. By the end of the test, there was very little material left
in the crucibles. We again see that the 1 C/min tests behaves differently – the change in the slope
occurs at a higher normalized mass than for the other heating rates. We also see for the oxidation
period (mass loss after 500 C) we can see the slope changes with heating rate, where as the slope for
the pyrolysis step does not change with heating rate. This may be due to mass and heat transfer
effects. Since the oxidizing reaction is reliant on oxygen, higher heating rates may be experiencing
oxygen limited decomposition.
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Figure 3-2. Normalized mass loss as a function of temperature for epoxy at four
heating rates decomposing in air. Pyrolysis reactions below 400 C show similar
behavior to that observed in N2. Oxidation reactions occur at slower rates as the
heating rate is increased (see slope of curve between 500-700 C). The remaining
mass differs slightly between the four heating rates.

3.2. Fibers

3.2.1. Fibers in Nitrogen

In nitrogen, we expect to see no decomposition carbon fibers or fiberglass. Figure 3-3 shows no mass
loss. Carbon fiber, while not inert, requires oxygen to decompose at these temperatures. Fiberglass,
on the other hand, is not an organic material, and therefore is expected to never decompose, regardless
of the presence of oxygen. At the end of the test, the carbon fiber and the fiberglass both looked
similar to their appearance at the start of the test.
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Figure 3-3. Normalized mass loss as a function of temperature at 5 C/min for
both fibers, CF and GF, in N2. As anticipated, neither fiber experiences decompo-
sition in an inert environment.

3.2.2. Carbon Fiber in Air

In air, we expect the carbon fiber to oxidize as seen in Figure 3-4. As in the case with the epoxy, we
note a pronounce difference between the heating rates. While the onset temperature increased with
heating rate, the slope of the decomposition is similar for the 1, 5 and 10 C/m tests. However, for
20 C/min, the slope is slightly lower. Again, this may be due to a limiting of the mass transfer of
oxygen.

28



Figure 3-4. Normalized mass loss as a function of temperature for carbon in
air, shown for all four heating rates. Oxidation occurs at higher temperatures
for higher heating rates; however, the differences in reaction rate at different
heating rates are less stark for carbon fiber as compared to epoxy. All heating
rates completely consume the fibers.
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4. COMPOSITE RESULTS

In this chapter, TGA experiments of cured composites which include both fibers (glass, carbon, or
both) and epoxy are described.

4.1. Carbon Fiber Epoxy Composite

4.1.1. CFE in Nitrogen

In Chapter 3 we showed that epoxy pyrolyzes in nitrogen, while the carbon fibers undergo no
reaction. Therefore, in nitrogen we expect the composite of the two materials to decompose to
approximately the mass of the carbon fiber plus the mass of the char that is formed. As the mass
fraction of epoxy is approximately 33%, and in the epoxy-only tests approximately 25% of the mass
remained, we expect about 75% (67% plus 0.25 × 33%) of the mass should remain in composite
CFE tests in nitrogen. Figure 4-1 shows approximately this expected behavior. As with the epoxy,
we see that the onset for the reaction increases with heating rate, and that the 1 C/min has a higher
residual mass than the other heating rates. However, we do now see some differentiation in the
residual mass of the 5 and 10 C/min vs the 20 C/min. The presence of the carbon fiber may favor
reactions that produce more char. At the end of the experiments, the samples where intact, however
the layers of carbon fiber were easily separated with tweezers.
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Figure 4-1. Normalized mass loss as a function of temperature for CFE at four
heating rates decomposing in N2, with replicates for each experiment. Similar to
epoxy alone, reactions occur at slightly higher temperatures for higher heating
rates, but share similar reaction rates. A notable difference is that remaining
mass is more influenced by heating rate compared to epoxy alone. While the
lowest heating rate still has distinctly more mass remaining (similar to epoxy),
the mass remaining for higher heating rates is not similarly identical. In partic-
ular, tests conducted at 20 C/min consumes more mass than those at 5 or 10
C/min.

4.1.2. CFE in Air

Similar to the case in nitrogen, in air we see that the carbon fiber composite follows the trend
of the constituents, shown in Figure 4-2. Here, we see four distinct changes in slope: 100-80%
mass, 80-70% mass, 70-60% mass, and finally 60-0% mass. The first step is the pyrolysis of the
epoxy, followed by the oxidation of the char. The next stage is likely a combination of the char
and carbon fiber oxidizing. Once all the char has been consumed, the slope changes again as now
only carbon fiber is oxidizing. As was the case with both the carbon fiber and the epoxy, we see
a marked difference in mass loss for the oxidizing reactions as the heating rate increases. This is
particularly evident in the third and fourth segments. For the 1 C/min heating rate, the transition
between segments three and four occurs at a much lower mass than the other heating rates. This
is likely due to the lower decomposition temperature of the carbon fiber at this heating rate. This
extends the range of temperatures where both the char and the carbon fiber are decomposing. We
also see a large change in the slope of the fourth segment as the heating rate increases. This is likely
due to oxygen limitation. At the end of the tests, there was nothing left in the crucibles.
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Figure 4-2. Normalized mass loss as a function of temperature for CFE at four
heating rates decomposing in air, with replicates for each experiment. Trends
are similar to the superposition of epoxy in air and carbon fiber in air. That is,
pyrolysis reactions are fairly similar for different heating rates, while oxidation
reactions occur at higher temperatures and slow rates for higher heating rates.
This trend is particularly notable for the 20 C/min heating rate. Remaining mass
is fairly constant for all heating rates except 1 C/min.

4.2. Glass Fiber Epoxy Composite

4.2.1. GFE in Nitrogen

As was the case with the carbon fiber composite, we see that the mass loss in nitrogen in governed by
the pyrolysis of the epoxy (Figure 4-3). We see the same trends as before, where onset temperature
of decomposition increases with heating rate, and the mass remaining decreases with heating rate.
At the end of the test, the sample was still intact, but rather than white, it was now completely black
(making it indistinguishable from the the carbon fiber epoxy samples). The layers of fiberglass could
be easily pulled apart, as was the case with the carbon fiber composite.
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Figure 4-3. Normalized mass loss as a function of temperature for GFE at four
heating rates decomposing in N2. Trends with heating rate are analogous to
those observed in CFE.

4.2.2. GFE in Air

Since the fiberglass is inert, including oxygen causes the char to oxidize, but still leaves approximately
70% of the mass behind (Figure 4-4). Here we can see two segments, the first corresponding to the
pyrolysis reaction, and the second to the char oxidation. This curves appear similar to the epoxy in
air (Figure 3-2). We again see the onset temperature increase with heating rate, and for the first time
in air, we see a difference in the final mass that depends on heating rate. The presence of the inert
glass may prevent the oxidation of some small amount of char, or possibly an oxide is being formed.
At the end of the test, the fiberglass had melted, then re-solidified into a pool at the bottom of the
crucible. This suggests the melting temperature of this fiberglass is between 900 C and 1200 C, as
the fiberglass did not melt in the in the nitrogen purge gas tests to 800 C.
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Figure 4-4. Normalized mass loss as a function of temperature for GFE at four
heating rates decomposing in air. Pyrolysis reactions are fairly similar for differ-
ent heating rates, while oxidation reactions occur at higher temperatures and
slow rates for higher heating rates (shown in the reaction occurring between
500-600 C). Due to the inert nature of glass fiber, GFE has substantial remaining
mass at the end of a test, and most decomposition has occurred by 600 C. The
experiments at 1 C/min have notably more remaining mass than the other heat-
ing rates; however, trends in remaining mass with higher heating rates are not
evident.

4.3. Combined Carbon Fiber-Glass Fiber Epoxy Composite

4.3.1. CFGFE in Nitrogen

In this mixed fiber composite, we see that the mass loss curve again looks like epoxy alone, with the
final mass approximately equal to the mass fraction of the fibers (Figure 4-5). Since the fiberglass is
inert, and the carbon fiber does not decompose without oxygen at these temperatures, this behavior
is expected. We can again see the trend of the onset temperature increasing with heating rate, and
the final mass loss decreasing in with heating rate. At the end of the test, the sample was intact,
though the layers had delaminated. Char covered all the layers, making the fiberglass and carbon
fiber layers visually indistinguishable.
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Figure 4-5. Normalized mass loss as a function of temperature for CFGFE at four
heating rates decomposing in N2. Trends with heating rate are analogous to
those observed in CFE.

4.3.2. CFGFE in Air

In air, the mixed composite has a final mass fraction that is approximately equal to the mass fraction
of glass fiber in the sample (Figure 4-6). We can see the three slope changes, associated with the
pyrolysis of the epoxy, the oxidation of the char, and the oxidation of the carbon fiber. We can see
the change in slope with heat flux for the oxidative steps. At the end of the test, the fiberglass had
melted, leaving re-solidified glass in the crucible.
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Figure 4-6. Normalized mass loss as a function of temperature for CFGFE at
four heating rates decomposing in air. Pyrolysis reactions are fairly similar for
different heating rates, while oxidation reactions occur at higher temperatures
and slow rates for higher heating rates. Due to the presence of both CF and GF,
CFGFE loses more mass than GFE but still has substantial mass remaining. 1
C/min has notably more remaining mass than the other heating rates; however,
trends in remaining mass with higher heating rates are not evident.

4.4. Comparisons Between Composite Materials

As noted in the previous sections, the composites material share key characteristics during
decomposition. In order to explore this further, we now present the same data, but rather than
segregated by material, we will show all of the composite materials for a single heating rate.

4.4.1. Nitrogen

Figures 4-7 through 4-10 show the mass loss for the three composites, each at one of the four heating
rates, in nitrogen. As the decomposition in nitrogen is driven by the pyrolysis of the epoxy, we can
see there is little difference between the composites. We generally see that the fiberglass composite
has the most residual mass, the carbon fiber the least, and the mixed composite lands between the
two. This is because glass fiber is heavier, and thus is a larger percentage of the mass fraction, for
the same volume fraction of epoxy.
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Figure 4-7. Normalized mass loss as a function of temperature for all composites
(CFE, GFE, and CFGFE) in N2 at 1 C/min. As anticipated, all three composites
behave similarly in an inert environment, as the epoxy is responsible for all de-
composition since the fibers do not decompose. Slight differences in remaining
mass are likely due to slight differences in the percentage of epoxy between
the three composites. Trends shown for this heating rate are consistent across
heating rates.

Figure 4-8. Normalized mass loss as a function of temperature for all composites
(CFE, GFE, and CFGFE) in N2 at 5 C/min. As anticipated, all three composites
behave similarly in an inert environment, as the epoxy is responsible for all de-
composition since the fibers do not decompose. Slight differences in remaining
mass are likely due to slight differences in the percentage epoxy between the
three composites. Trends shown for this heating rate are consistent across
heating rates.
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Figure 4-9. Normalized mass loss as a function of temperature for all composites
(CFE, GFE, and CFGFE) in N2 at 10 C/min. As anticipated, all three composites
behave similarly in an inert environment, as the epoxy is responsible for all de-
composition since the fibers do not decompose. Slight differences in remaining
mass are likely due to slight differences in the percentage epoxy between the
three composites. Trends shown for this heating rate are consistent across
heating rates.

Figure 4-10. Normalized mass loss as a function of temperature for all compos-
ites (CFE, GFE, and CFGFE) in N2 at 20 C/min. As anticipated, all three compos-
ites behave similarly in an inert environment, as the epoxy is responsible for all
decomposition since the fibers do not decompose. Slight differences in remain-
ing mass are likely due to slight differences in the percentage epoxy between
the three composites. Trends shown for this heating rate are consistent across
heating rates.
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4.4.2. Air

Figures 4-11 through 4-14 shows the mass loss for all three composites in air. We can see that the
initial mass loss (until ∼70% of the mass remains) is very similar between the three composites.
This is because this portion is driven by the pyrolysis of the epoxy, and the oxidation of the char
formed from the epoxy pyrolysis. After this point, we see the fiberglass composite stop losing mass,
as the glass is nearly inert. The carbon fiber composite continues to decompose, as the carbon
oxides in air. The mixed composite also continues to decompose, but only to the mass fraction of
fiberglass (∼40%). While this curve at first appears fundamentally different from the carbon fiber
curve, this is an illusion of the higher final mass. Both composites show changes in the mass loss
curve at 650 C, 725 C, and stop loosing mass at 800 C.
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Figure 4-11. Normalized mass loss as a function of temperature for all compos-
ites (CFE, GFE, and CFGFE) in air at 1 C/min. The behavior of all three compos-
ites is similar at low temperatures (pyrolysis); however, two notables differences
are clear in the oxidation reactions. First, the CFE and CFGFE exhibit addi-
tional reactions not seen in GFE around 600 C, due to the presence of carbon
fiber. Second, the three composites have differing amounts of remaining mass.
Decomposition here is related to the amount of epoxy and carbon fiber. The
remaining mass seen for GFE and CFGFE is due to the presence of different
amounts of GF in these two composites. Trends shown for this heating rate are
consistent across heating rates.
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Figure 4-12. Normalized mass loss as a function of temperature for all compos-
ites (CFE, GFE, and CFGFE) in air at 5 C/min. The behavior of all three compos-
ites is similar at low temperatures (pyrolysis); however, two notables differences
are clear in the oxidation reactions. First, the CFE and CFGFE exhibit addi-
tional reactions not seen in GFE around 700 C, due to the presence of carbon
fiber. Second, the three composites have differing amounts of remaining mass.
Decomposition here is related to the amount of epoxy and carbon fiber. The
remaining mass seen for GFE and CFGFE is due to the presence of different
amounts of GF in these two composites. Trends shown for this heating rate are
consistent across heating rates.
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Figure 4-13. Normalized mass loss as a function of temperature for all com-
posites (CFE, GFE, and CFGFE) in air at 10 C/min. The behavior of all three
composites is similar at low temperatures (pyrolysis); however, two notables
differences are clear in the oxidation reactions. First, the CFE and CFGFE exhibit
additional reactions not seen in GFE around 700 C, due to the presence of car-
bon fiber. Second, the three composites have differing amounts of remaining
mass. Decomposition here is related to the amount of epoxy and carbon fiber.
The remaining mass seen for GFE and CFGFE is due to the presence of different
amounts of GF in these two composites. Trends shown for this heating rate are
consistent across heating rates.

42



Figure 4-14. Normalized mass loss as a function of temperature for all com-
posites (CFE, GFE, and CFGFE) in air at 20 C/min. The behavior of all three
composites is similar at low temperatures (pyrolysis); however, two notables
differences are clear in the oxidation reactions. First, the CFE and CFGFE exhibit
additional reactions not seen in GFE around 700 C, due to the presence of car-
bon fiber. Second, the three composites have differing amounts of remaining
mass. Decomposition here is related to the amount of epoxy and carbon fiber.
The remaining mass seen for GFE and CFGFE is due to the presence of different
amounts of GF in these two composites. Trends shown for this heating rate are
consistent across heating rates.
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5. PREDICTIONS OF COMPOSITE BEHAVIOR USING
CONSTITUENTS

The presence of differing amounts of epoxy, glass fiber, and carbon fiber showed a clear influence on
the differing decomposition behaviors of the composite materials in inert and oxidizing environments.
To further understand this behavior, we investigate whether the superposition of the constituents in
their respective mass fractions in a composite can be used to accurately describe the decomposition
of the composite itself. The mass fractions of each constituent was determined using the product
data sheets.

To create a prediction for a fiber-epoxy composite, the experimental mass loss versus temperature
data for each constituent material is used, scaled by the mass fractions at which they occur in
the initial composite, and summed at each temperature. To provide easier visual comparisons
in the following figures, the data for the epoxy constituent is plotted after re-normalizing by its
mass fraction in the composite and shifting to start at 1. Because the epoxy decomposes first, the
superposed prediction based on constituents must match the shifted epoxy curve at low temperatures.
Plotting the epoxy curved shifted in this way allows direct comparison of when the deviation from
the prediction based on constituents occurs.

5.1. Carbon Fiber Epoxy Composite

5.1.1. CFE in Nitrogen

Figures 5-1 through 5-4 show the prediction for a carbon fiber epoxy composite, using the information
from the carbon fiber and epoxy constituent data, for the four heating rates. In these plots, the black
solid line represents the prediction. The prediction is then compared to the actual composite (blue
dashes). Here we can see that the prediction tracks with the mass loss curve of the epoxy. This is
unsurprising, as in nitrogen the mass loss of the composite is due to the pyrolysis of the epoxy. The
epoxy alone lost ∼2% to 4% more mass than the composite, and this number decreases with heating
rate. This would indicate that the presence of the carbon fiber, as well as the faster heating rate,
favor a reaction that creates more char. However, this small difference in the final mass does not
eliminate the usefulness of this tool.
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Figure 5-1. Normalized mass as a function of temperature for the decomposition
of CFE and its constituents, epoxy and carbon fiber, in N2 prediction at 1 C/min.
The line indicating CF + epoxy shows the superposition of the constituents,
which aligns with the epoxy mass loss curve, as anticipated. The prediction of
CF + epoxy agrees fairly well with the actual CFE decomposition; however, CFE
has more remaining mass at the end of the test.

Figure 5-2. Normalized mass as a function of temperature for the decomposition
of CFE and its constituents, epoxy and carbon fiber, in N2 prediction at 5 C/min.
The line indicating CF + epoxy shows the superposition of the constituents,
which aligns with the epoxy mass loss curve, as anticipated. The prediction of
CF + epoxy agrees fairly well with the actual CFE decomposition; however, CFE
has more remaining mass at the end of the test.
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Figure 5-3. Normalized mass as a function of temperature for the decomposition
of CFE and its constituents, epoxy and carbon fiber, in N2 prediction at 10 C/min.
The line indicating CF + epoxy shows the superposition of the constituents,
which aligns with the epoxy mass loss curve, as anticipated. The prediction of
CF + epoxy agrees fairly well with the actual CFE decomposition; however, CFE
has more remaining mass at the end of the test.

Figure 5-4. Normalized mass as a function of temperature for the decomposition
of CFE and its constituents, epoxy and carbon fiber, in N2 prediction at 20 C/min.
The line indicating CF + epoxy shows the superposition of the constituents,
which aligns with the epoxy mass loss curve, as anticipated. The prediction of
CF + epoxy agrees fairly well with the actual CFE decomposition; however, CFE
has more remaining mass at the end of the test.
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5.1.2. CFE in Air

Figures 5-5 through 5-8 shows the results for predicting decomposition of the carbon fiber epoxy
composite in air. We again see the prediction closely follows the mass loss curve of the epoxy,
before switching over to the carbon fiber, around 600 C. As was the case in the nitrogen environment,
the prediction is close to the actual material, but not exact. Here, particularly for the oxidizing
reactions, we see a shift in temperature of when reactions being. In general, the prediction initiates
the reactions at temperatures 50 C lower than the actual composite. However, as was the case in
nitrogen, this result is promising when viewed through the lens of material design.
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Figure 5-5. Normalized mass as a function of temperature for the decomposition
of CFE and its constituents, epoxy and carbon fiber, in air prediction at 1 C/min.
Here, epoxy and carbon fiber are scaled by their respective mass fractions in
the composite. The constituents predict oxidation reactions happening at lower
temperatures, but still capture the reaction rates. The prediction captures the
remaining mass well.

Figure 5-6. Normalized mass as a function of temperature for the decomposition
of CFE and its constituents, epoxy and carbon fiber, in air prediction at 5 C/min.
Here, epoxy and carbon fiber are scaled by their respective mass fractions in
the composite. The constituents predict oxidation reactions happening at lower
temperatures (approximately 50 C), but still capture the reaction rates. The
prediction captures the remaining mass well.
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Figure 5-7. Normalized mass as a function of temperature for the decomposition
of CFE and its constituents, epoxy and carbon fiber, in air prediction at 10 C/min.
Here, epoxy and carbon fiber are scaled by their respective mass fractions
in the composite. The constituents predict oxidation reactions happening at
lower temperatures, but still capture the reaction rates. The prediction slightly
overestimates the remaining mass.

Figure 5-8. Normalized mass as a function of temperature for the decomposition
of CFE and its constituents, epoxy and carbon fiber, in air prediction at 20 C/min.
Here, epoxy and carbon fiber are scaled by their respective mass fractions in
the composite. The constituents predict oxidation reactions happening at lower
temperatures, but still capture the reaction rates. The prediction captures the
remaining mass well.
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5.2. Glass Fiber Epoxy Composite

5.2.1. GFE in Nitrogen

Figures 5-9 through 5-12 show the predictions for the fiberglass epoxy composite. As was the case
with the carbon fiber composite, the prediction follows the mass loss of the epoxy. This is due to the
glass being inert, and thus losing no mass. The final mass loss is again over predicted by 5%, which
is consistent with the composite materials favoring a char forming reaction.
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Figure 5-9. Normalized mass as a function of temperature for the decomposition
of GFE and its constituents, epoxy and glass fiber, in N2 prediction at 1 C/min.
The line indicating GF + epoxy shows the superposition of the constituents,
which aligns with the epoxy mass loss curve, as anticipated. The prediction of
GF + epoxy agrees fairly well with the actual GFE decomposition; however, GFE
has more remaining mass at the end of the test. This could be due to the glass
fiber affecting heat transfer to the epoxy. Samples were left in layers, rather than
ground, in case of impacts of structure on the decomposition.

Figure 5-10. Normalized mass as a function of temperature for the decompo-
sition of GFE and its constituents, epoxy and glass fiber, in N2 prediction at
5 C/min. The line indicating GF + epoxy shows the superposition of the con-
stituents, which aligns with the epoxy mass loss curve, as anticipated. The
prediction of GF + epoxy agrees fairly well with the actual GFE decomposition;
however, GFE has more remaining mass at the end of the test. This could be due
to the glass fiber affecting heat transfer to the epoxy. Samples were left in layers,
rather than ground, in case of impacts of structure on the decomposition.
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Figure 5-11. Normalized mass as a function of temperature for the decompo-
sition of GFE and its constituents, epoxy and glass fiber, in N2 prediction at
10 C/min. The line indicating GF + epoxy shows the superposition of the con-
stituents, which aligns with the epoxy mass loss curve, as anticipated. The
prediction of GF + epoxy agrees fairly well with the actual GFE decomposition;
however, GFE has more remaining mass at the end of the test. This could be due
to the glass fiber affecting heat transfer to the epoxy. Samples were left in layers,
rather than ground, in case of impacts of structure on the decomposition.

Figure 5-12. Normalized mass as a function of temperature for the decompo-
sition of GFE and its constituents, epoxy and glass fiber, in N2 prediction at
20 C/min. The line indicating GF + epoxy shows the superposition of the con-
stituents, which aligns with the epoxy mass loss curve, as anticipated. The
prediction of GF + epoxy agrees fairly well with the actual GFE decomposition;
however, GFE has more remaining mass at the end of the test. This could be due
to the glass fiber affecting heat transfer to the epoxy. Samples were left in layers,
rather than ground, in case of impacts of structure on the decomposition.
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5.2.2. GFE in Air

Figures 5-13 through 5-16 show the predictions for the fiberglass epoxy composite in air for all
heating rates. Again, since the glass fiber is inert, the prediction tracks with the decomposition of
epoxy. The final mass loss is over predicted by 3% to 5%, and there is also an increase in the onset
temperature of the oxidizing reactions (those over 400 C). This again shows that the presence of the
fibers does favor different reaction pathways than with the epoxy alone, however these results do
still show promise for material design.
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Figure 5-13. Normalized mass as a function of temperature for the decompo-
sition of GFE and its constituents, epoxy and glass fiber, in air prediction at 1
C/min. Here, epoxy and glass fiber are scaled by their respective mass fractions
in the composite. Glass fiber data is shown from N2 tests because these fibers
do not react. Therefore, the GFE decomposition is predicted by the behavior of
the epoxy, similar to the predictions in an inert environment. Unlike for the CFE,
the GF + epoxy predicts reactions at slightly higher temperatures. Here, the
prediction underestimates the mass remaining by about 5%. These differences
are assumed to be due to the same behaviors as the differences seen in the inert
environment.
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Figure 5-14. Normalized mass as a function of temperature for the decompo-
sition of GFE and its constituents, epoxy and glass fiber, in air prediction at 5
C/min. Here, epoxy and glass fiber are scaled by their respective mass fractions
in the composite. Glass fiber data is shown from N2 tests because these fibers
do not react. Therefore, the GFE decomposition is predicted by the behavior of
the epoxy, similar to the predictions in an inert environment. Unlike for the CFE,
the GF + epoxy predicts reactions at slightly higher temperatures. Here, the
prediction underestimates the mass remaining by about 5%. These differences
are assumed to be due to the same behaviors as the differences seen in the inert
environment.
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Figure 5-15. Normalized mass as a function of temperature for the decomposi-
tion of GFE and its constituents, epoxy and glass fiber, in air prediction at 10
C/min. Here, epoxy and glass fiber are scaled by their respective mass fractions
in the composite. Glass fiber data is shown from N2 tests because these fibers
do not react. Therefore, the GFE decomposition is predicted by the behavior of
the epoxy, similar to the predictions in an inert environment. Unlike for the CFE,
the GF + epoxy predicts reactions at slightly higher temperatures. Here, the
prediction underestimates the mass remaining by about 5%. These differences
are assumed to be due to the same behaviors as the differences seen in the inert
environment.
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Figure 5-16. Normalized mass as a function of temperature for the decomposi-
tion of GFE and its constituents, epoxy and glass fiber, in air prediction at 20
C/min. Here, epoxy and glass fiber are scaled by their respective mass fractions
in the composite. Glass fiber data is shown from N2 tests because these fibers
do not react. Therefore, the GFE decomposition is predicted by the behavior of
the epoxy, similar to the predictions in an inert environment. Unlike for the CFE,
the GF + epoxy predicts reactions at slightly higher temperatures. Here, the
prediction underestimates the mass remaining by about 5%. These differences
are assumed to be due to the same behaviors as the differences seen in the inert
environment.
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5.3. Combined Carbon Fiber-Glass Fiber Epoxy Composite

The this section the theory of being able to predict the mass loss curve of a designed material is put
to the test. In designing a material, different combinations of materials may be desired, for example
mixing fiberglass and carbon fiber in order achieve required mechanical properties. Here we attempt
to predict the behavior of a mixed carbon fiber fiberglass epoxy composite.

5.3.1. CFGFE in Nitrogen

In Figures 5-17 through 5-20, the prediction for the mixed composite are presented for all heating rates.
As we saw in the previous sections, the epoxy pyrolysis is the dominate source of decomposition in
nitrogen, and for the mix composite we see the same result. Again, the prediction is about 5% less
than the actual composite, though this difference in the residual mass is the main difference between
the prediction and the actual material. Generally, this prediction would work well in a material
design phase.
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Figure 5-17. Normalized mass as a function of temperature for the decomposi-
tion of CFGFE and its constituents, epoxy, carbon fiber, and glass fiber, in N2
at 1 C/min. The line indicating epoxy + fibers shows the superposition of the
constituents, which aligns with the epoxy mass loss curve, as anticipated. The
prediction of epoxy + fibers agrees fairly well with the actual CFGFE decompo-
sition; however, CFGFE has more remaining mass at the end of the test. This
could be due to the fibers affecting heat transfer to the epoxy. Samples were left
in layers, rather than ground, in case of impacts of structure on the decomposi-
tion.

Figure 5-18. Normalized mass as a function of temperature for the decomposi-
tion of CFGFE and its constituents, epoxy, carbon fiber, and glass fiber, in N2
at 5 C/min. The line indicating epoxy + fibers shows the superposition of the
constituents, which aligns with the epoxy mass loss curve, as anticipated. The
prediction of epoxy + fibers agrees fairly well with the actual CFGFE decompo-
sition; however, CFGFE has more remaining mass at the end of the test. This
could be due to the fibers affecting heat transfer to the epoxy. Samples were left
in layers, rather than ground, in case of impacts of structure on the decomposi-
tion.
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Figure 5-19. Normalized mass as a function of temperature for the decomposi-
tion of CFGFE and its constituents, epoxy, carbon fiber, and glass fiber, in N2
at 10 C/min. The line indicating epoxy + fibers shows the superposition of the
constituents, which aligns with the epoxy mass loss curve, as anticipated. The
prediction of epoxy + fibers agrees fairly well with the actual CFGFE decompo-
sition; however, CFGFE has more remaining mass at the end of the test. This
could be due to the fibers affecting heat transfer to the epoxy. Samples were left
in layers, rather than ground, in case of impacts of structure on the decomposi-
tion.

Figure 5-20. Normalized mass as a function of temperature for the decomposi-
tion of CFGFE and its constituents, epoxy, carbon fiber, and glass fiber, in N2
at 20 C/min. The line indicating epoxy + fibers shows the superposition of the
constituents, which aligns with the epoxy mass loss curve, as anticipated. The
prediction of epoxy + fibers agrees fairly well with the actual CFGFE decompo-
sition; however, CFGFE has more remaining mass at the end of the test. This
could be due to the fibers affecting heat transfer to the epoxy. Samples were left
in layers, rather than ground, in case of impacts of structure on the decomposi-
tion.
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5.3.2. CFGFE in Air

Figures 5-21 through 5-24 show the results for the prediction of the mixed composite for all heating
rates. The prediction tracks well with the actual material until the oxidizing reaction begin (around
450 C). At this point we see the prediction having a lower activation temperature than the actual
material. The prediction improved as the heating rate increases, because the carbon fiber oxidation
occurs over a wider range of temperatures than at the lower temperatures. Here was also see that the
final mass is slightly over predicted, whereas for the cases it was under predicted. This is likely
due to accuracy in defining the exact mass fraction of carbon fiber, fiberglass, and epoxy. However,
these issues are minor, and the prediction does a good job of recreating the actual material.
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Figure 5-21. Normalized mass as a function of temperature for the decomposi-
tion of CFGFE and its constituents, epoxy, carbon fiber, and glass fiber, in air
at 1 C/min. Here, epoxy and carbon fiber are scaled by their respective mass
fractions in the composite. Glass fiber is plotted at its mass fraction, assuming
no decomposition, but not plotted from experiments. The constituents predict
oxidation reactions happening at lower temperatures with slightly different re-
action rates for the late oxidation reactions (around 700 C). The prediction also
slightly overestimates the remaining mass.

Figure 5-22. Normalized mass as a function of temperature for the decomposi-
tion of CFGFE and its constituents, epoxy, carbon fiber, and glass fiber, in air
at 5 C/min. Here, epoxy and carbon fiber are scaled by their respective mass
fractions in the composite. Glass fiber is plotted at its mass fraction, assuming
no decomposition, but not plotted from experiments. The slight difference be-
tween the remaining mass of the CFGFE and the mass fraction of GFE is likely
due to uncertainties in manufacturing and/or in initial mass of the sample before
heating compared to at the first time step. The constituents predict oxidation
reactions happening at lower temperatures, but capture reaction rates fairly well.
The prediction also slightly overestimates the remaining mass.
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Figure 5-23. Normalized mass as a function of temperature for the decomposi-
tion of CFGFE and its constituents, epoxy, carbon fiber, and glass fiber, in air
at 10 C/min. Here, epoxy and carbon fiber are scaled by their respective mass
fractions in the composite. Glass fiber is plotted at its mass fraction, assuming
no decomposition, but not plotted from experiments. The constituents predict
oxidation reactions happening at lower temperatures with slightly different reac-
tion rates for the late oxidation reactions (700-800 C). The prediction also slightly
overestimates the remaining mass.

Figure 5-24. Normalized mass as a function of temperature for the decompo-
sition of CFGFE and its constituents, epoxy, carbon fiber, and glass fiber, in
air at 20 C/min. Here, epoxy and carbon fiber are scaled by their respective
mass fractions in the composite. Glass fiber is plotted at its mass fraction, as-
suming no decomposition, but not plotted from experiments. The constituent
prediction smooths out the final oxidation reactions in the 650-900 C range. The
reason these reactions are not captured is currently unclear. The prediction also
slightly overestimates the remaining mass.

63



6. SUMMARY AND FUTURE WORK

In this work we have presented the TGA data for the range of materials that make up a carbon and
glass fiber composite: carbon fiber, glass fiber, epoxy, carbon fiber epoxy composite, glass fiber
epoxy composite, and a mixed carbon fiber glass fiber epoxy composite. These materials were tested
in both a nitrogen and dry air purge gas, at heating rates of 1, 5, 10, and 20 C/min, and mass loss vs
temperature plots were presented to demonstrate how each material decomposed. We found for
nitrogen environments, the pyrolysis of the epoxy was the driver for decomposition in all materials.
Neither of the fibers decomposed in the nitrogen environment. In air, we found that the epoxy
pyrolyzed, forming a char that could them oxidize. The carbon fiber also oxidized, meaning that for
materials made from carbon fiber or epoxy (or the combination of the two), there was little material
left at the end of the test. The inclusion of fiberglass, which is nearly inert, resulted in the final mass
of decomposed samples being approximately equal to the mass of the fiberglass.

We then presented a methodology for predicting the decomposition behavior of composite materials,
using the decomposition behavior of its constituents. We found that this methodology worked
well for a first order approximation of the mixed material’s decomposition, and therefore would
be recommended for the material selection phase of a composite material. Combined with other
property considerations, this provides a means to optimize a mixed glass and carbon fiber composite
for various properties such as strength-to-weight, allowable strain, cost, and total energy released
in an accident leading to a fire (where carbon fiber provides an additional fuel source compared
to glass fiber). The mixing of the fibers with the epoxy does favor reactions that are not observed
for the epoxy or carbon fiber alone, and therefore it will always be recommended to test the final
material (or final candidates) to ensure the material behavior is within necessary parameters.

Future work will include creating decomposition mechanisms for each of these materials and
composites. In addition, we will continue to explore the applicability of the prediction modeling,
using the mechanisms generated to help guide and improve predictability. A possible approach is to
combined the first-order superposition method presented here with a second-order refinement to try
to capture the chemistry that is activated by combing the constituent materials.

Finally, tests on extracted glass fibers should be conducted in air to determine if the molten glass is
forming oxides, which might help explain the observed mass increases in GFE above 800 C.
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