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ABSTRACT 

Carbon fiber epoxy composites are increasingly used in systems requiring a material that is both 
strong and light weight, as in airplanes, cars, and pressure vessels. In fire environments, carbon fiber 
epoxy composites are a fuel source subject to oxidation. This literature review seeks to provide 
material properties as well as uncertainty bounds for those properties for computational models of 
decomposing carbon fiber epoxy composites. The goal is to guide analysts when measurements are 
lacking and increase credibility of uncertainty quantification ranges.  
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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 like 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 heating.  

Researchers have been studying fiber reinforced plastics for the past four 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]. 1D 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 involving 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 sorts of plastics have increased exponentially in the 
intervening years, as have experimental and computational techniques. 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 affect 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].  

There has also been a push to better understand the decomposition mechanism for these materials. 
This typically includes using thermogravimetric analysis (TGA) to track mass loss vs temperature (at 
a specified heating rate) and differential scanning calorimetry (DSC) to monitor heat flux vs 
temperature. TGA gives researchers insight into the reaction mechanism, while DSC gives 
information about the specific heat and heat of reaction [20]. Early work used a graphical method to 
determine the activation energy and pre exponential factor by plotting the mass loss vs the inverse 
of temperature [21]. More advanced analytical methods have also been used [12, 22]. As 
computational availability has increased, the preferred methodology for fitting TGA data has been to 
use an optimization algorithm [23-26]. The sensitivity of the reaction parameters to the mass loss 
curve has also been considered [27]. In order to fully understand the reaction mechanism, it is also 
important to evaluate the composition of the evolved gases [14, 23, 28]. 

A number of 1D [29] and higher dimensional [24, 30-36] thermal decomposition models have been 
created for fiber reinforced plastics. These higher fidelity models require an increasing number of 
material properties in order to solve the constituent equations [36-46]. These material properties 
include, but are not limited to, conductivity, density, specific heat, permeability, and emissivity. 
These properties need to be measured for not only the virgin state of the material, but also at the 
intermediate decomposed states. In addition, many composites are made up of fabrics that introduce 
anisotropy into the material properties, particularly the conductivity and the permeability. Further 
complicating the problem, many models are formulated on a species basis (i.e., epoxy, carbon fiber, 
char…) making it even more difficult to specify the material properties, particularly if the 
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composition of the composite is unknown due to the proprietary nature. This problem only 
increases when the thermo-mechanical problem is considered [33, 34, 47-52]. 

In this work, I will review the literature to provide material properties with uncertainty bounds for 
computational models of decomposing carbon fiber epoxy composites. First, I will review the 
equation set used in our computational model, then review literature for each of the material 
properties for each of the properties needed for the model. The goal of this work is to provide 
analysts material properties with appropriate values and bounds when preforming a UQ analysis 
with a composite material. Recommended values are labeled as ‘this study’ in the proceeding review. 
Anytime measurements can be taken of a specific composite of interest, that should supersede this 
study.  

The literature for reaction mechanisms will be reviewed, however no mechanism will be 
recommended, nor will a way to vary these parameters be suggested. The reaction parameters are 
highly coupled, causing issues when varying these parameters as scalars. In reviewing the literature, 
there was not an established way to deal with these parameters. As it is a current research topic, I 
point the interested reader to Frankel et al. [53] to learn more about parameter ranges for carbon 
fiber epoxy composites through Bayesian analysis. For additional experimental TGA results, I 
recommend Hakes et al. [54].  
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2. COMPUTATIONAL MODEL DESCRIPTION 

1.1. General Numerical Description  

The pyrolysis and smolder of the carbon fiber epoxy composite is computationally modeled using 
the Sierra Thermal/Fluids code, Aria, a multiphysics finite element code created at Sandia National 
Laboratories [55]. The composite is modeled as a porous medium, which is comprised of two 
phases, a solid matrix phase and a gaseous fluid phase. Each phase is represented as a mixture model 
of its constituent parts, and the two phases interact though changes in their relative volume and the 
exchange of mass and heat. In the following description Latin superscript letters will be used to 
indicate phase and species, subscripted Latin letters used to indicate specific conditions of the 
variable, with the letters i and j reserved to represent coordinate indices.  

An important derived property in the porous equations is the porosity. The porosity is the ratio of 
the volume occupied by the gas phase over the total volume.  The function form of the porosity is: 

𝜙 =
𝑉

௚

𝑉௧௢௧௔௟
= 1 −

𝑉௦

𝑉௧௢௧௔௟
 (1) 

Where 𝜙 is the porosity, 𝑉௚ is the volume occupied by gaseous material, 𝑉௦  is the volume occupied 
by solid material, and 𝑉௧௢௧௔௟ is the total volume of the sample. Porosity transforms physical 
parameters from their phase volume average to their total or bulk average values. The solid and gas 
phase bulk density is obtained by:  

𝜌௕
௦ = (1 − 𝜙)𝜌௦ (2) 

 

𝜌௕
௚

= 𝜙𝜌
௚  (3) 

where 𝜌௕
௦  is the solid phase bulk density, 𝜌௕

௚ is the gas phase bulk density, 𝜌௦  is the solid phase’s 
phase density (the mass of the solid material over the volume occupied by the solid material), and 
𝜌

௚  is the gas phase’s phase density.    

2.1.1. Gas Phase Equations 

In the gas phase, the continuity, species, and enthalpy equations are solved. Darcy’s law is used to 
approximate the flow of the gases. Gases are allowed to enter and exit the domain at specified 
boundaries. In this formulation, in the continuity equation density is related to pressure through the 
ideal gas law to solve the gas pressure. In the condensed phase, the species and enthalpy equations 
are solved, and the two phases are coupled through source terms in the species equations and a 
volumetric heat transfer term in the enthalpy equations. This derivation is based on the model by 
Lautenberger et al. [56]. 

The porous gas phase continuity equation is:  

𝜕(𝜙𝜌௚)

𝜕𝑡
+

𝜕൫𝜌௚𝑢௜
௚

൯

𝜕𝑥௜
= ෍ 𝜔̇௕௙

௚௞
−𝜔̇௕ௗ

௚௞

௞

 (4) 
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where 𝜔̇௕௙
௚௞ and 𝜔̇௕ௗ

௚௞ are the bulk formation and destruction rate of gas phase mass for the kth gas 

species, 𝜌௚ is the gas density, and 𝑢௜
௚ is the bulk velocity in direction 𝑖 of the gas. The advective term 

in this equation does not explicitly have the porosity shown, this is because the porosity is implicitly 
represented though the bulk velocity. The bulk velocity is represented using the Darcy 
approximation, which approximates the momentum equation: 

 𝑢௜
௚

= −
1

𝜇
௚ 𝐾ഥ௜௝ ቆ

𝜕𝑝
௚

𝜕𝑥௝
+ 𝜌

௚
𝑔௝ቇ (5) 

where 𝐾ഥ is the mixture averaged solid phase permeability tensor, 𝜇௚  is the gas phase viscosity and 
𝑔  is the gravity vector. The ideal gas law is used to relate the pressure to the density 

𝜌
௚

=
𝑀ഥ𝑝

௚

𝑅𝑇
௚  (6) 

where 𝑀ഥ  is the mass averaged molecular weight, 𝑅 is the gas constant, and 𝑇௚ is the gas 
temperature. (4), (5), and (6) are combined to give the form of porous gas phase continuity-
momentum equation: 

𝜕

𝜕𝑡
ቆ

𝑀ഥ𝑝
௚

𝜙

𝑅𝑇
௚ ቇ +

𝜕

𝜕𝑥௜
ቌ

𝑀ഥ𝑝
௚

𝑅𝑇
௚

𝐾ഥ௜௝

𝜇
௚ ቆ

𝜕𝜌
௚

𝜕𝑥௝
+

𝑀ഥ𝑝
௚

𝑅𝑇
௚ 𝑔௝ቇቍ = ෍ 𝜔̇௕௙

௚௞
−𝜔̇௕ௗ

௚௞

௞

 (7) 

The gas phase species is: 

𝜕(𝜙𝜌௚𝑌௚௞)

𝜕𝑡
+

𝜕൫𝜌௚𝑢௜
௚

𝑌௚௞൯

𝜕𝑥௜
= −

𝜕𝑞௜
௚௞

𝜕𝑥௜
+ 𝜔̇௕௙

௚௞
−𝜔̇௕ௗ

௚௞ (8) 

where 𝑌௚௞ is the gas phase mass fraction of the kth species, ൫𝜔̇௕௙
௚௞

−𝜔̇௕ௗ
௚௞

൯ is the difference between 

the formation and destruction rates for gas phase reactions, and 𝑞௜
௚௞ is the gas phase species 

diffusion flux, defined as: 

𝑞௜
௚௞

= −𝜙𝜌
௚

𝐷௜௝
௚௞ 𝜕𝑌

௚௞

𝜕𝑥௝
 (9) 

where 𝐷௚௞ is the gas phase mass diffusivity for the kth species. The gas phase enthalpy is: 

𝜕𝜙𝜌௚ℎ௚

𝜕𝑡
+

𝜕𝜌௚ℎ௚𝑢௜
௚

𝜕𝑥௜
= −

𝜕𝑞෤௜
௚

𝜕𝑥௜
+

𝜕𝜙𝑝௚

𝜕𝑡
+ 𝐶௩൫𝑇௦ − 𝑇

௚
൯ + ෍൫𝜔̇௕௙

௚௞
−𝜔̇௕ௗ

௚௞
൯

௞

ℎ
௚௞ (10) 

where ℎ௚  is the mixture averaged gas phase enthalpy, 𝐶௩ is the volumetric heat transfer coefficient,  

𝑇௦ is the solid phase temperature, 𝑇௚ is the gas phase temperature, ℎ௚௞ is the gas phase enthalpy of 

the kth species.  𝑞෤௜
௚௞ is the gas phase energy flux and is modeled as: 
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𝑞෤௜
௚௞

= −𝜙𝜌
௚

𝐷௜௝
௚ 𝜕ℎ

௚

𝜕𝑥௝
 (11) 

where 𝐷௚  is the mixture averaged gas phase mass diffusivity.  

2.1.2. Solid Phase Equations 

In the solid phase the same main governing equations present in the gas phase are solved: mass, 
species, and enthalpy. The main difference between the solid and gas phase versions of these 
equations is the loss of the advective term, as for this formulation it is assumed that motion in the 
solid phase is negligible.  

The solid phase continuity equation is:  

𝜕𝜌௕
௦

𝜕𝑡
= ෍ 𝜔̇௕௙

௦௞ − 𝜔̇௕ௗ
௦௞

௞

 (12) 

where 𝜔̇௕௙
௦  and 𝜔̇௕ௗ

௦௞  are the bulk formation and destruction rate of solid phase mass for the kth 
species, respectively. 

The condensed phase species equation is:  

𝜕൫𝜌௕
௦𝑌௦௞൯

𝜕𝑡
= 𝜔̇௕௙

௦௞ − 𝜔̇௕ௗ
௦௞  (13) 

where 𝜔̇௕௙
௦௞ − 𝜔̇௕ௗ

௦௞  is the difference between the formation and destruction rates of solid phase mass 

for the kth species and 𝑌௞ is the condensed phase mass fraction of the kth species. 

The condensed phase enthalpy is defined as: 

𝜕𝜌௕
௦𝑇௦𝑐௣

𝜕𝑡
= −

𝜕𝑞෤௝
௦

𝜕𝑥௝
+ 𝐶௩(𝑇௚ − 𝑇௦) (14) 

where 𝑐௣ is the specific heat in the condensed phase and 𝑞௝
௛ is the condensed phase energy flux: 

𝑞෤௝
௦ = −(𝐾௕ + 𝐾௥)

𝜕𝑇௦

𝜕𝑥௝
 (15) 

where 𝐾௕ is the bulk thermal conductivity and 𝐾௥ is an effective conductivity for radiant heat 
transfer in optically thick media.  
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3. MATERIAL PROPERTIES AND UNCERTAINTY  

This section covers the specific representations of several key material parameters present in the 
governing equations for the porous composite model. In each subsection a material property will be 
highlighted, its representation in our model detailed, and the spread of experimental evidence related 
to the parameter discussed. Recommended values will be labeled as ‘this study’ and bounds on that 
value will be provided.  

3.1. Density 

Density is a critical parameter to capture, because of how important the transfer of mass is to the 
composite decomposition problem. As described in section 1.1, in modeling the composite as a 
porous medium two scales of density must be defined: the bulk averaged density and the phase 
averaged density. In addition, the density of a particular phase of the composite is the summation of 
the different species constituents in that phase. This allows us to define a ‘partial bulk density’, 
analogous to what partial pressure represents in a gas mixture. In this case the partial density, 𝜌௣

௞ ,  is 
defined as: 

ρ୮
୩ = ρୠ Y௞ (16) 

Where 𝑌௞ is the mass fraction of the kth species. Written another way the bulk density is the sum of 
the partial densities: 

𝜌௕ = ෍ 𝜌௣
௞

௞

 (17) 

With the ‘partial bulk density’ the volume fractions occupied by the solid components (𝕍௦௞
 ) can be 

determined: 

𝕍 
௦௞ =

𝜌௣
௦௞

𝜌௞  (18) 

 Where 𝜌௞ is the phase average density of the 𝑘௧௛ species. Any space not occupied by the solid 
material is assumed to be occupied by the gas phase, thus summing the solid volume fractions the 
porosity can be determined: 

 𝜙 = 𝕍௚ = 1 − Σ𝕍 
௦௞ (19) 

A collection of the experimentally determined densities of carbon fiber composites are shown in 
Figure 1. These density values provide us with the initial bulk density values for our composite. To 
use the porous formulation, this overall data needs to be augmented with the densities of the 
contributing components in isolation. These densities are shown in Figure 1. Of note is the spread 
in densities of the char. This is due to what people mean by ‘char’. For example, McKinnon et al. 
[24] have four values for char represented in the graph. In their work, they stopped the progression 
of the decomposition at a certain point (i.e., at the end of ‘reaction 1’) and then measured the 
properties. The values used in our model are shown in Table 1.  
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Figure 1: The density of the composite (blue), carbon fiber (orange), epoxy (green), and char (or 

charred composite) (grey) vs the epoxy percentage by mass. 

Table 1: Recommended bulk densities, along with the uncertainty. The uncertainty of the residue 
is assumed to be the same as the char. 

 Density [kg/m3] Uncertainty 
Composite 1360 ±2.25 

Epoxy 1215 ±4 
Carbon Fiber 1770 ±3 

Char 650 ±20 
Residue 650 ±20 

 

3.2. Conductivity 

The conductivity of a decomposing carbon fiber epoxy composite is not a trivial matter. The 
composite is made of the two constituent materials, carbon fiber and epoxy. When the 
decomposition occurs, char is formed and will alter the conductivity. In addition, sheet composites 
are anisotropic, as carbon fiber has a much higher conductivity than epoxy [18, 30, 33, 34, 51]. This 
can lead to up to an order of magnitude difference in plane vs out of plane conductivities [18, 34, 
36]. Additional complications in determining composite conductivity stem from the variation in the 
experimental methods used, from the use of hot plate methods to backing out values using time to 
ignition in a cone calorimeter (or similar apparatus) [15, 17]. 

For this study, the values for conductivity are listed in Table 2. The uncertainties are based on 
capturing the spread in the literature for each material. These are shown in Figure 2 alongside values 
from literature. In our model the conductivity is modeled as the sum of a transverse anisotropic bulk 
conductivity and an isotropic effective radiation conductivity. Making use of the rule of mixtures, 
equation (20) is the in-plane bulk conductivity (𝐾௕∥), where 𝕍௞  is the volume fraction of the kth 
component (e.g. epoxy, carbon fiber…) and 𝐾௞  is the component isotropic conductivity. Similarly, 
equation (21) is the out of plane conductivity (𝐾௕ୄ). Figure 3 shows the volume averaged 
conductivities and the resulting uncertainties used in this study, along with literature values. 
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𝐾௕∥ = 𝛴𝕍௞ 𝐾௞  (20) 

 

1

𝐾௕ୄ
= ෍

𝕍௞

𝐾௞
 (21) 

 

Table 2: Recommended conductivities, along with the uncertainty. For properties varying with 
temperature, linear interpretation is used between defined points.   

 Conductivity [W/mK] Uncertainty 
 In Plane Out of Plane  

Epoxy 0.15 0.15 ±50% 

Carbon Fiber 

Temperature [C]  Temperature [C]  

±50% 
0 0.56 0 0.056 

256 4 256 0.4 
727 10.62 727 1.062 

Char 0.029 0.0029 -90% + 200% 
Residue 7.25e-6 7.25e-6 -90% + 200% 

 

One additional solid component, beyond the epoxy, carbon fiber, and char is included in this study: 
residue. This is the solid phase product of the oxidation of the carbon fiber. In experiments, this is 
an ashy material, and thus defining a bulk conductivity for this material is difficult. I am specifying 
the residue’s conductivity to be very low because it is a discontinuous material, and the presence of 
residue is an indication of the delamination of the composite.  These two factors reduce the thermal 
contact within the material, and when residue is present in the mixture calculation its conductivity 
needs to capture the additional reduction in conductivity due to the breaking of thermal contact.  
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                                                       (a) 

 
                                                       (b) 

Figure 2: The conductivity of carbon fiber (orange), epoxy (green) and char (or charred composite) 
(grey) vs temperature. (a) Shows the range of the conductivities while (b) zooms in on the 

conductivities from 0 to 1.2 W/mK to make the conductivities of the epoxy more visible. The 
dashed lines are the uncertainty for this study. If a temperature was not given, the data was 

assumed to be at 25°C in order to plot.  
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                                                       (a) 

 
                                                       (b) 

Figure 3: The anisotropic conductivity of carbon fiber epoxy composite in the normal (dark blue) 
and transverse (light blue) directions vs temperature. (a) Shows the range of the conductivities 
while (b) zooms in on the conductivities from 0 to 2 W/mK to make the in-plane conductivities 
visible. The dashed lines are the uncertainty for this study. If a temperature was not given, the 

data was assumed to be at 25°C. Since the decomposition temperature of epoxy is ~350°C, data 
higher than that temperature should be considered to be of a partially decomposed composite. 

The values for this study were calculated using the inputs from Table 2 and calculated using (20) 
and (21).  

In the literature, particularly for cases where the conductivity was ascertained from the time to 
ignition, a singular value for the conductivity is reported for the composite. These values are shown 
in Figure 4. 
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Figure 4: The isotropic conductivity of carbon fiber epoxy vs temperature. If a temperature was 

not given, the data was assumed to be at 25°C. Since the decomposition temperature of epoxy is 
~350°C, data higher than that temperature should considered as a partially decomposed 

composite. Our study is not shown on this plot, as our material is modeled as an anisotropic 
material. 

3.3. Specific Heat 

The specification of the solid phase specific heat is modeled as a volume average mixture of the 
component specific heats. 

𝑐௣ = 𝛴𝕍୩ 𝑐௣
௞ (22) 

 
Researchers have investigated the specific heat of carbon fiber epoxy composites as a function of 
the constituents and as a composite. Figure 5 gives values for the carbon fiber alone, Figure 6 gives 
values for the char, and Figure 7 gives values for the epoxy. Figure 8 gives values for researchers 
who measured the specific heat of the combined composite.  

Sikoutris et al. [51] measured the properties for a carbon fiber epoxy composite that was 50% by 
mass fiber. They gave values for the carbon fiber and epoxy separately. Chippendale et al. [35] also 
investigated a carbon fiber epoxy composite, reporting values for the fiber, epoxy, and char. Grange 
et al. [57] reported measurements for a carbon PEKK (Polyetherketoneketone) and a carbon 
phenolic composite. They reported values as a function of temperature for the fiber, resin, and char. 
Dimitrienko [50] measured the properties for a glass fiber epoxy composite and reported values for 
the fiber, the epoxy and the char.  
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Figure 5: The specific heat of carbon fiber vs temperature. The dashed lines are the uncertainty 

for this study. If a temperature was not given, the data was assumed to be at 25°C.  

 
Figure 6: The specific heat of char (or charred composite) vs temperature. The dashed lines are 

the uncertainty for this study. If a temperature was not given, the data was assumed to be at 25°C.  

 
Figure 7: The specific heat of epoxy vs temperature. The dashed lines are the uncertainty for this 

study. If a temperature was not given, the data was assumed to be at 25°C.   
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Tranchard et al. [33] measured the measured the values for a composite that was 30% epoxy by 
mass, and reported values for the mixed composite, as well as the char, all as a function of 
temperature. McKinnon et al. [24] also measured values for the composite material, as well as the 
char at four intermediate stages. While the virgin material was reported as a function of temperature, 
the char material was not. Quintiere et al. [12] reported values for the composite and the char, both 
as a function of temperature.  

Many researchers measured only the virgin composite. Fateh et al. [17] reported values for a 
composite that was 30% by mass epoxy.  Zhang et al. [15] used time to ignition with three types of 
carbon fiber epoxy composites (each 30% by mass epoxy) to determine the specific heat. Quang 
Dao et al. [18] measured a singular value for the specific heat for a composite that was 59% fiber by 
volume while Guo [36] presented a table of values for their composite, ranging from 25C to 3316C. 

 

 
Figure 8: The specific heat of carbon fiber epoxy composite vs temperature. The dashed lines are 
the uncertainty for this study. If a temperature was not given, the data was assumed to be at 25°C. 

Since the decomposition temperature of epoxy is ~350°C, data higher than that temperature 
should be considered to be of a partially decomposed composite. The values for this study were 

calculated using the inputs from Table 3 and calculated using (22).  

Table 3: Specific heats used in this study, along with the uncertainty. For properties varying with 
temperature, linear interpretation is used between defined points.   

 Specific Heat [J/kgK] Uncertainty 
Epoxy 1800 ±50% 

Carbon Fiber 

Temperature [C]  

±30%  0 800 
500 1400 
1000 1000 

Char 

Temperature [C]  

±40% 
0 800 

500 1500 
1000 1900 

Residue 850 ±40% 
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3.4. Permeability 

The permeability of the composite will change over time as the material degrades. Sullivan [58], 
Goodrich [39], and Golestanian [40] all measured the permeability as a function of the 
decomposition. Sullivan measured it for a virgin and a charred sample; Goodrich as a function of 
mass loss; and Golestanian as a function of porosity. With the information given in the papers, there 
wasn’t a way to convert these measured values to something uniform to compare against. Therefore, 
Figure 9 presents the permeability data as a range, where blue is the virgin sample and grey is the 
charred sample. McManus et al. [59] took the additional step of measuring the anisotropic 
permeability (as a function of char volume). In a layer composite, as the epoxy decomposes, the 
gases preferentially flow along the layers of carbon fiber, as that is the path of least resistance. To 
reflect this, the composite is more permeable in the in-plane direction. Along with the literature data, 
Figure 9 shows the values used in this work, which are also tabulated in Table 4. As with all the 
material properties, they must be defined for each species of the composite. These properties are 
volume averaged using the same volume averaging scheme as the specific heat (Equation (22)). The 
virgin permeability of the composite is also shown in Figure 7. 

 
Figure 9: The permeability of the composite. Blue indicates virgin composite, grey indicates char, 
orange is carbon fiber and green in epoxy. In our model, the material properties are specified by 
phase (carbon fiber, epoxy, char). The composite values for our work are calculated from those 

and shown for reference. The dashed lines are the uncertainty for this study.  
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Table 4: Permeability used in this study, along with the uncertainty.  

 Permeability [m2] Uncertainty 
 In Plane Out of Plane  

Epoxy 1E-17 1E-17 -90% +900% 
Carbon Fiber 1E-15 1E-16 -90% +900% 

Char 1E-13 1E-14 -90% + 200% 
Residue 1E-13 1E-14 -90% + 200% 

3.5. Radiative Conductivity 

For this study, heat transferred through the pore space is approximated by adding an effective 
conductivity for radiant heat transfer (𝐾௥ in equation (15)). The conductivity can be approximated 
as: 

𝐾௥ =
16

3𝛽ோ 
𝜎𝑇ଷ (23) 

where 𝛽ோ is the Rosseland-mean extinction coefficient, 𝜎 is the Stefan-Boltzmann constant, and 𝑇 is 
the temperature. The Rosseland-mean extinction coefficient can be measured, and has been for 
carbon fiber epoxy composites [41], phenolic foam insulation [42], and alumina-silica fibrous 
insulation [43]. Van Eekelen et al. offer an alternative way to calculate the effective conductivity for 
a carbon fiber epoxy composite based on the geometry of the material [44]. The effective 
conductivity from each paper, along with value used in this work, are shown in Figure 10. In this 
case, I used the same value for each species of the composite.  

 
Figure 10: The effective conductivity from literature, shown with value used in this work. The 

dashed lines are the bounds of the uncertainty. 
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Table 5: Effective conductivity used in this study, along with the uncertainty. 

 Radiative Conductivity [W/mK] Uncertainty 

Composite 
16

(3 ∗ 5000)𝜎𝑇ଷ
 ±70% 

3.6. Emissivity  

As with the radiative conductivity, the emissivity is specified for the composite, rather than for each 
species. Several researchers have measured the emissivity of the virgin composite. Pouliot Laforte et 
al. [45] measured the emissivity up to 100°C (which is below the decomposition temperature). 
Adibekyan et al. [46] presented a range for their measurement, which span 0.15. Sullivan [58] 
measured both the virgin and char emissivity; both values were within the range that Adibekyan et al. 
published. As such, I chose to not assign a different value for the components. Figure 11 shows 
these literature values, along with the value used in this study.  

 
Figure 11: The emissivity from literature, shown with value used in this work. The dashed lines are 

the bounds of the uncertainty.  

Table 6: Effective emissivity used in this study, along with the uncertainty. 

 Radiative Conductivity [W/mK] Uncertainty 
Composite 0.87 ±10% 

 

3.7. Reactions  

As discussed in the introduction, only the literature for reaction mechanism will be discussed. A 
mechanism will not be recommended, nor will ranges be provided. Determining a suitable reaction 
is more difficult that assigning most other material properties. The parameters are coupled, leading 
to unphysical results if each component is varied independently. This is a current research topic, so I 
suggest you see our work Frankel et al. [53] for possible fits and Bayesians analysis and ranges and 
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Hakes et al. [54] for additional experimental data. Recommendations for fits and parameter ranges 
will be left to future work.  

When determining a reaction for a composite, it is necessary to understand the behavior in both 
inert and oxygenated environments. Plots of the mass loss from select mechanisms is shown in 
Figure 12 and the parameters from the fits are shown in Table 7. Fateh et al. [17], McKinnon et al. 
[24], and Quintiere et al. [12] developed reactions in inert environments. Fateh et al. and Quintiere et. 
al. both used a one-step reaction, while McKinnon et. al. developed a four-step reaction. The four-
step reactions smooths the transition from the composite mass loss to the residual mass. Biasi et. al. 
[26] and Branca et. al. [25] both developed mechanisms for oxidizing environments. In both cases a 
three-step mechanism was used. 

 

  
(a) (b) 

Figure 12: Normalized mass loss vs temperature for TGA from the literature for (a) inert and (b) 
oxidative conditions.  

Table 7: Kinetic parameters from literature 

 Inert Oxidative 

 Rxn 
A 

[1/s] 
E 

[kJ/mol] 
n 

[-] 
A 

[1/s] 
E 

[kJ/mol] 
n 

[-] 

Ragnier 
1 121 92 1 8.04e6 132 1 
2 24 103 1 3.28e5 154 1 
3 - - - 3.32 108 1 

Quintiere 1 9.67e10 182 1 - - - 

Tranchard 
1 7.2 58.7 1.11 - - - 
2 5.33e8 146.7 2.08 - - - 

Fateh 1 1.97e9 149 1 - - - 

Branca 
1 1.4e4 82 1.25 1.4e5 82 1.25 
2 1.1e4 90.5 1.6 3.2e4 104.6 1.07 
3 - - - 1.2e8 184 1.75 

Biasi 
1 4.18e10 164 2.72 9.03e5 106 1.8 
2 - - - 5.65e10 203 1.8 
3 - - - 2e5 167 0.5 

McKinnon 

 ቈ
(mଷ kg⁄ )୬ିଵ

s
቉ [kJ/mol] [-] ቈ

(mଷ kg⁄ )୬ିଵ

s
቉ [kJ/mol] [-] 

1 4.09e5 91.8 1 - - - 
2 6.16e19 278 1 - - - 
3 1.23e21 301 1 - - - 
4 150 8e5 2 - - - 
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4. CONCLUSION 

This work has presented an extensive literature review for the material properties needed to 
populate a porous media model for a carbon fiber epoxy composite. Along with nominal values 
(should experimental measurements be lacking), appropriate ranges, based on the spread in the 
literature values, are provided. The goal of this work is to guide analysis when implementing a 
decomposing composites model, as well as provide credibility for ranges in uncertainty 
quantification studies.  

Left to future work is an in-depth analysis of a best practice for applying uncertainty ranges to 
decomposition mechanisms. This work was started in Frankel et al. [53] and will continue in the 
future.  
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