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The influence of thermal shock conditions on the extent of carbon material decomposition and through-
thickness compressive stiffness degradation of 2D woven carbon/carbon (C/C) composites is predicted by
computational efforts and validated against experimental results. The proposed computational frame-
work consists of two main steps: (a) radiation heat transfer analysis on a meso-scale C/C composite
model exposed to thermal shock conditions accounting for the heat flux due to decomposing material;
(b) stress analysis to model the carbon stiffness degradation due to oxidation observed in the previous
step. This is followed by a through-thickness compression analysis on the meso-scale model to determine
the composite compressive stiffness. The predicted oxidation behavior and compressive responses of the
meso-scale model under various thermal shock conditions are in good agreement with previously pub-
lished experimental results for temperatures up to 700 °C. Therefore, the proposed computational frame-
work can be used in the initial design of C/C composites and thermal protection systems. That is, it can
potentially be used for modeling other C/C composites by changing the fiber architecture, weave pattern
and/or fiber volume fraction.
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1. Introduction
1.1. C/C composites

Material scientists and structural engineers working in the
aerospace and nuclear industries have a great interest in exploring
materials that can sustain high temperatures (in the range of 800-
1000 °C) in oxidizing environments [1]. Carbon-carbon (C/C) com-
posites, which consist of carbon fibers reinforced in carbon matrix,
have the capacity to retain exceptional thermal and mechanical
properties at high temperatures (e.g., 3000°C) in inert atmo-
spheres [2]. Therefore, C/C composites are desirable for high
temperature structural applications. Several earlier researchers
[3-12] have experimentally explored the properties of C/C compos-
ites at room temperature and high temperatures in inert conditions.
However, the mechanical properties of C/C composites in oxidizing
environments [13-15], both at room and high temperatures, have
seldom been studied. That is, properties like low density, high
specific modulus and strength, high thermal conductivity, small
coefficient of thermal expansion, high toughness and high thermal
and ablation resistance of C/C composites at high temperatures in
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non-oxidizing environments [8,16] are well known. However, C/C
composites appear to degrade rapidly at temperatures as low as
450 °C in oxidizing environments [17], although their mechanical
properties improved or maintained at high temperatures in inert
conditions [18]. Nonetheless, C/C composites with effective surface
protection systems are potential candidates for use in high temper-
ature applications, such as, reentry rocket nose cone, solid rocket
motor (SRM) nozzle throats, missile nose-tips and leading edges
[19,20], as well as defense specific applications that require
explosion-resistant structural parts. However, the integrity of a
structure can be adversely affected by thermal shock exposure in
oxidizing environments due to the ablation of carbon materials.

1.2. Oxidation of C/C composites

In this paper, the influence of oxidation on the through-
thickness compression of C/C composites is computationally inves-
tigated. An experimental investigation of the stiffness degradation
and corresponding oxidation mechanisms of 2D C/C composites
under thermal shock conditions in an oxidizing environment has
been previously reported by the authors [15]. Experimental
exploration of the effects of oxidation on C/C composites is compli-
cated and expensive with varying weave pattern, carbon materials,
microstructure and processing condition of the composite [21-23],
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which possesses a necessity for developing computational frame-
works to understand and predict the thermal response and mate-
rial degradation of C/C composites. Such a framework has the
potential to aid the initial design process and maintain protection
systems for quality and reliability of the structural parts through-
out their expected life-time.

High temperature exposure in oxidizing environments can
cause a combination of physical, chemical, thermal, mechanical
and structural changes in fiber-reinforced polymer (FRP) compos-
ites [24] that present extreme challenges to model and capture
all these material changes simultaneously. Typically, computa-
tional frameworks are restricted to one or two changes only, like,
thermo-chemical or thermo-physical studies. Coupling these mod-
els to predict mechanical response can result in thermo-
mechanical modeling frameworks.

Few computational models have been developed to analyze the
oxidation behavior of C/C composites. A micromechanical model of
3D C/C composites at high temperatures was developed by Liu and
Yang [16] to analyze the damage morphology of the constituents. A
1D diffusion model to describe surface ablation recession of C/C
composites was performed by Aspa et al. [25]. Further, the surface
roughness due to oxidation of C/C composites was analyzed by Vig-
noles et al. [26] and Lachaud et al. [27] using 3D reaction-diffusion
local models. Laborde et al. [28] developed a damage model for C/C
composites accounting for the thermo-mechanical effects into
their numerical solution.

In the current paper, a thermo-chemo-mechanical model is
developed that is capable of predicting the degree of decomposi-
tion of carbon material under thermal shock conditions in oxidiz-
ing environments, which is followed by the prediction of
through-thickness stiffness of 2D C/C composites. The predictions
are compared against the experimental results previously reported
by Leanos and Prabhakar [15].

2. Material description and properties

In general, manufacturing processes, like, solid pyrolysis using
thermosetting resins, pitch route using liquid infiltration car-
bonization, chemical vapor deposition (CVD), etc. are used to fabri-
cate ceramic matrix composites (CMCs). The 2D woven C/C
composite modeled in this paper was fabricated using liquid pitch
processing route (purchased from Bay Composites Inc., USA),
which typically results in a porous structure impregnated with lig-
uid phase pitch/phenolic resin, followed by carbonization and high
temperature treatment (approx. 1000-2700 °C) [18].

The composite consists of 10 layers/lamina of reinforcement
that are vacuum densified with phenolic resin as matrix precursor
and exposed to a final heat treatment temperature of 1100 °C. Each
lamina is constructed in a 2 x 2 direct twill weave pattern by inter-
weaving longitudinal and transverse tows made of approximately
6000 polyacrilonitrile (PAN) carbon fibers each. The fiber volume
fraction (‘V;’) within a tow is ~79 + 1.5%, which is an input for
predicting the carbon tow properties. Several greyscale images of
the transverse cross-section within the tow regions of the C/C com-
posite specimens at the micro-scale are captured (Fig. 1)) and
transformed to binary images using Matlab (Fig. 1(b)). The contrast
of the fibers and matrix regions is used to determine the percent-
age area of fibers within the tows. The fiber volume fraction within
a tow is then calculated as the area occupied by the fibers with
respect to the total area of the image, and is repeated for several
images to obtain a distribution of the V; value.

Thermal properties of carbon fibers and matrix are obtained from
the literature [29] and are listed in Table 1. Moreover, the properties
of the constituent materials and their corresponding fiber volume
fractions are used to determine the thermal conductivities ‘k’ of a

tow (subscript ‘t’) in the longitudinal (superscript ‘long’) and trans-
verse (superscript ‘trans’) directions [24,30], as:

t
TR S (1)
t f f mVm; t k}mnsvarkam

where, subscripts ‘f* and ‘m’ denote the fiber and matrix, respec-
tively. Table 1 lists the computed tow properties. Similarly, the rule
of mixtures is used to obtain the density ‘p’ and specific heat capac-
ity ‘C,’ for a tow as:

Pe= pfvf + P Vm;

Carbon fiber elastic properties (shown in Table 2) are obtained
from Pardini and Gregori [31]. The carbon matrix properties are
assumed such that the pristine C/C composite compressive stiff-
ness obtained from the proposed computational model matches
the pristine compressive stiffness obtained experimentally in Lea-
nos and Prabhakar [15] (i.e., ~#1.74 GPa). Concentric cylinder model
(CCM) equations, which require the constituents properties and
fiber volume fraction, are used to determine the tow elastic prop-
erties. Here, subscript ‘1’ corresponds to the tow direction, and ‘2’
and ‘3’ correspond to the plane perpendicular to the ‘1’ direction.

According to Bai et al. [24], C/C composites are considered to be
porous structures such that gas can be stored or propagated
through the pores. Thus, the variation of the density ‘p;” and ther-
mal conductivity ‘k;" with the amount of weight loss ‘o’ is assumed
to vary linearly as:

pi=pp(1—0)+apy,; ki=ky(1—a)+ ok (3)

where, subscripts ‘b’ and ‘a’ denote properties before degradation
(i.e., when «=0) and after complete degradation (i.e., o = 1), respec-
tively. The properties before degradation are those shown in Table 1,
while the density and thermal conductivity after degradation for
both the tow and carbon matrix are assumed to be
‘p, = 10 kg/m*’ and ‘k, = 0.01 W/m.K’, respectively.

Cot = CyVy + ComVm 2)

3. Brief description of previous experimental work

Oxidation mechanisms and through-thickness stiffness degra-
dation of 2D C/C composite specimens exposed to oxidizing envi-
ronments were experimentally analyzed and reported in a
previous work by Leanos and Prabhakar [15]. The 2D C/C compos-
ite plate described in Section 2 had an average thickness of
5.25mm and was sectioned into square specimens with sides
about 12.7 mm. These test specimens were placed in a ceramic
boat that was further positioned into a heating furnace (Model
BF51766A-1 Lindberg/Blue M, Thermo Fisher Scientific, Inc., USA)
and exposed to thermal shock conditions with peak temperatures
ranging from 400 °C to 1000 °C. Following this, through-thickness
compression tests were performed on pristine and thermally
exposed test specimens using a servo-hydraulic fatigue testing
system (Model 8801, Instron Corporation, USA) to determine their
compressive responses. The through-thickness stiffness measured
after each thermal shock condition was compared against the pris-
tine stiffness (~1.74 GPa). It was established that the compressive
mechanical response degrades with increasing thermal shock peak
temperature starting at ~400 °C in oxidizing environments. Fur-
ther, it was also concluded that the carbon matrix degrades much
faster than the carbon fiber tows during an ablation process and an
apparent change in oxidation mechanism occurs around 600 °C.

4. Computational framework

A novel computational modeling methodology to predict the
stiffness degradation due to oxidation is developed in the current
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Fig. 1. Micro-scale images of fibers within tows: (a) greyscale images and (b) binary images from matlab.

Table 1

Thermal properties of C/C composite constituent materials.
Material k (W/m.K) p (kg/m3) Cp (J/kgK)
Carbon fiber transverse 4 1928 9.21e-4
Carbon fiber longitudinal 40 1928 9.21e-4
Carbon matrix 10 1800 7.17e—4
Carbon tow transverse 7.7 1902 8.80e—4
Carbon tow longitudinal 34 1902 8.80e—4

Table 2

Elastic properties of C/C composite constituent materials.

Elastic property Carbon fiber Carbon matrix Carbon fiber tow

Eq1q(MPa) 230e3 0.64e3 1.8412e5
Ej; = E33(MPa) 20e3 0.64e3 3.09¢3
Gy = Gy3(MPa) 12e3 0.246¢3 1.8744¢3
Gy3(MPa) 9.7e3 0.246e3 1.5204e3
Vi2 = V13 0.18 03 0.1985
V23 0.0283 0.3 0.0162

investigation. The finite element framework was developed using a
commercially available software (ABAQUS) with additional user
subroutines to capture the complex physics during oxidation. The
proposed computational model is able to simulate the oxidation
behavior of the 2D C/C composite specimens exposed to the exper-
imental conditions described in Section 3. Also, the proposed
scheme is verified by comparing the predicted through-thickness
compressive stiffness of the 2D C/C composite specimens to that
obtained experimentally by Leanos and Prabhakar [15].

Fig. 2 shows a schematic of the computational procedure, which
consists of two main steps: (1) Step 1 - a radiation heat transfer
analysis to determine the temporal and spatial distribution of tem-
perature and material weight loss; (2) Step 2 - a stress analysis to
determine the through-thickness compressive stiffness of the C/C
composite. Primary inputs to the computational model are the
thermogravimetric analyses (TGA) curves of the composite and
its constituents. The following sub-section describes the oxidation
kinetic input parameters necessary for Step 1 of the computational
framework.

4.1. Oxidation kinetics

Kinetic parameters are required as inputs to the proposed com-
putational framework as they describe the degree of decomposi-
tion of carbon materials (i.e., fiber tow and matrix) under
thermal shock conditions in air. Generally, the constituent materi-
als degrade and experience different types of oxidation mecha-
nisms upon exposure to these conditions, i.e., linear, parabolic
and logarithmic-rate reactions [16]. During the linear stage, weight
loss of the composite follows the expression given by Guo et al.
[32]:

K(T) = % (4)

where, ‘K(T)’ is the oxidation rate constant depending on the tem-
perature ‘T, ‘o’ is weight loss and ‘t’ is the time. Further, this equa-
tion follows the Arrhenius equation:

E
RT )

where, ‘A’ is the pre-exponential factor, ‘E’ is the activation energy

and ‘R’ is the gas constant (R = 8.314e3 mJ(K mol)’l ). The Arrhenius
kinetic parameters (i.e., ‘A’ and ‘E’) may vary with temperature and
the amount of weight loss, as summarized by Guo et al. [32]. Vya-
zovkin and Wight [33] investigated the variation of kinetic param-
eters and stated that the oxidation of 2D C/C composites might need
to be decomposed into two or more single-step processes. That is,
the variation of kinetic parameters with temperature ranges might
be attributed to a change in oxidation mechanism, as observed
experimentally by Leanos and Prabhakar [15].

Section 5 describes the experimental approach to determine the
TGA curves and their post-processing to extract the oxidation
kinetic parameters. Section 6 provides the same for steady state
air flow condition, which resembles the experiments reported in
Leanos and Prabhakar [15]. Thus, the kinetic parameters deter-
mined in Section 6 are used as inputs to Step 1 of the computa-
tional framework. Section 7 provides details of the meso-scale
model geometry and architecture of the 2D twill pattern C/C com-
posite. Radiation heat transfer analysis conducted on the meso-
scale model in Step 1 is described in Section 8. The temporal and
spatial distribution of temperature and material weight loss from
Step 1 is then imported as inputs to the stress analysis described

InK(T) = InA —
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Fig. 2. Schematic representation of the procedure followed by the proposed computational framework.

in Section 9 (Step 2). In Step 2, material weight loss and tempera-
ture distribution are related to stiffness degradation to determine
the through-thickness compressive stiffness of the C/C composite.

5. Thermogravimetric analysis

Several researchers have reported thermogravimetric analyses
(TGA) in oxidizing environments previously with varying air flow
rate, pressure, temperature, thermal cycle, etc. among other exper-
imental conditions [34-45]. For example, Guo and Xiao [34] per-
formed isothermal TGA on carbon felt/carbon composites by
exposing them to flowing air at 50 ml/min. Similarly, Park and
Seo [35] performed isothermal TGA on unidirectional C/C compos-
ites under flowing air. In this paper, TGA are performed on C/C
composite specimens and carbon fibers using a thermogravimetric
analyzer (Netzsch TGA 209 F1 Iris). The weight loss of C/C compos-
ite specimens and carbon fibers are captured as a function of time
during isothermal oxidation in an Oxygen-Argon environment at
400 °C, 600 °C, 700 °C and 800 °C. Square test specimens with sides
of 4 +£ 0.11 mm are sectioned from the composite plate for the TGA,
resulting in an average volume ‘Volg,n," of 84 mm?3. Likewise, car-
bon fibers are cut from a carbon fiber textile that consists of carbon
fiber tows interwoven together. The initial mass ‘M’ of the carbon
fiber samples are 20.65 mg, 24.17 mg, 24.84 mg and 11.8 mg for
the 400°C, 600°C, 700°C and 800°C isothermal conditions,
respectively. The specimens are placed in alumina crucibles with
diameter of 5.85 mm during the analysis and are heated to the
desired temperature (400 °C, 600 °C, 700 °C and 800 °C) for isother-
mal oxidation in 99.99% Argon air at a flow rate of 50 ml/min. Upon
reaching the desired temperature, the specimens are held for 5 min
under the same condition. Following this, the specimens are

heated at a constant temperature in an air mixture of 20% Oxygen
and 80% Argon at flow rates of 10 ml/min and 40 ml/min, respec-
tively, such that the total air flow reaches 50 ml/min.

All external surfaces of the specimens except the bottom are
exposed to flowing air, maximizing the area of contact with the
oxidizing medium. The recorded weight loss ‘o’ is normalized such
that ‘« = 1’ represents complete degradation of the specimen due
to isothermal oxidation and ‘o = 0’ refers to the pristine specimen
(i.e., unoxidized). Weight loss vs time (TG curves) for the C/C com-
posite specimens and carbon fibers are shown in Fig. 3a) and Fig. 3
(b), respectively.

5.1. Post-processing of TG curves

Thermogravimetric curves for the C/C composite specimens and
carbon fibers are post-processed to predict the fiber tow and
matrix TG curves that provide the input kinetic parameters to
the computational framework. In summary, these parameters
define the weight loss within a composite unit cell ‘cicomp’ under
thermal shock conditions in air from the weight loss behavior of
the carbon matrix ‘«,," and fiber tow ‘o, as:

mod mod
Ocomp = OC[V[C + Om Vmc (6)

where V" and ‘V7°" are the volume fraction of the fiber tow and
matrix within a composite unit cell, respectively.

It can be observed in Fig. 3a) and (b) that the time taken by the
composite specimens to degrade completely is very large com-
pared to that of the individual carbon fibers. This is due to higher
average volume of composite specimens as compared to carbon
fiber samples. Therefore, carbon fiber sample must have the
same volume as the average volume of the composite specimens
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Fig. 3. TG curves upon exposure to different constant temperatures in Air at 50 ml/min for (a) C/C composite and (b) carbon fibers.

to compare the corresponding TG curves. To make the TG curves
comparable, the oxidation time of each carbon fiber TG curve
‘tiver’ is modified using the following:

fiver = Liver * C (7)

where, ‘C is a constant and the superscript ‘new’ represents the new
time that is utilized to define the new carbon fiber TG curve for each
isothermal condition. The volume of the carbon fiber samples
‘Volgiper is determined from the density ‘p’ of the carbon fibers (refer
to Table 1) and their mass ‘M’ as Volfper = %, where Vol is calcu-
lated for each isothermal condition. The constant ‘C is then deter-
mined as:

_ Volcomp
Vol lfiber

(8)

Values of ‘C for each isothermal condition are shown in Table 3,
and Eq. 7 is utilized to modify the oxidation time of the TG curves
for the carbon fiber sample (shown in Fig. 3(b)), while the weight
loss behavior is unaltered as shown in Fig. 4(a). Besides this, a time
relation among Fig. 3a) and Fig. 4(a) for the total degradation times
can be found as:
tier = toomp * D 9)
where, the superscript ‘end’ indicates the last time measurement
recorded for each isothermal condition (i.e., when « =1) and ‘D’
is a constant, as shown in Table 4. The fiber oxidation time for each
isothermal condition can be predicted using this relation from any
composite TG curves without the need of performing physical
experiments. This prediction is based on the assumption that the
fiber oxidation time varies with the volume of the fiber samples,
however, the oxidation behavior (i.e., weight loss) remains the
same. This assumption is important as it reduces the number of
required experiments to only those performed on the composite
specimens, while the fiber, matrix and fiber tow TG curves are
predicted.

Table 3

Constant ‘C’ to determine the fiber TG curve for each isothermal condition.
Isothermal temperature 400°C 600 °C 700 °C 800°C
‘C value 7.84 6.7 6.52 13.73

Fiber volume fraction within the meso-scale C/C composite unit
cell ‘V’ is required to predict the matrix and tow TG curves. The
volume fraction of the fiber tows ‘v within the meso-scale unit
cell is approximately determined to be equal to 64%, while that for
the matrix ‘szd' is approximately 36%. However, a carbon fiber
tow itself comprises of 80% of individual fibers ‘V;’ and 20% of
matrix ‘V,,;" (from the fiber volume fraction within a tow). There-
fore, the total fiber volume fraction within the composite V¢’ is
determined to be ~51.2% and the total matrix volume fraction
‘Vine' ~48.2%.

Hence, the matrix TG curves are predicted using the following
rule of mixtures, as:

acamp = (vafc + O5mvmc (10)

Rearranging the above equation, the matrix weight loss behav-
ior is determined as:
- Olcomp — O * 0.512

"o 0.482

Similarly, the fiber tow TG curves can also be predicted from the
rule of mixtures as:

(11)

o = oV + Vi (12)

As a result, the amount of weight loss of a meso-scale C/C com-
posite unit cell is predicted from the matrix and fiber tow TG
curves by satisfying Eq. 6. For example, at any given time, the sum-
mation of the fiber tow and matrix weight loss must match the
composite weight loss, as shown in Fig. 4(b).

5.2. Oxidation kinetic parameters

First, in order to verify the TG results of the C/C composite (i.e.,
linear stage of Fig. 3(a)), the oxidation rate constants ‘K(T)’ are cal-
culated for different temperatures and compared to those reported
by Park and Seo [35] and Guo and Xiao [34] for a unidirectional C/C
composite and a carbon felt/carbon composite, respectively (see
Fig. 5(a)). Fig. 5(a) shows the oxidation Arrhenius curves for com-
parison, where it is illustrated that the C/C composite oxidation
(red line) consists of two stages separated at a temperature about
700°C to support a change in oxidation mechanism at this
temperature. Activation energies that refer to the slopes of the
oxidation curves are then calculated for different temperatures
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Fig. 4. (a) Comparable TG curves for carbon fibers upon exposure to different constant temperatures in air at 50 ml/min and (b) schematic representation of the prediction of

composite TG curves from fiber tows and matrix TG curves.

Table 4
Constant ‘D’ to define a relation between fiber and composite TG curves for each
isothermal condition.

Table 5
Comparison of activation energy between the C/C composite and other carbon
composites assuming linear oxidation stage.

Isothermal temperature 400 °C 600 °C 700 °C 800°C

‘D’ value 2.07 1.031 1.62 2.39

and compared in Table 5. It can be observed that at low tempera-
tures (i.e., from 600°C to 700 °C), the C/C composite oxidation
curve (red line) possesses very similar oxidation behavior (i.e., acti-
vation energy ‘E’) to that of a unidirectional C/C composite (black
line). In this case, the activation energy varies about 22% due differ-
ences in the unidirectional C/C composite fiber volume fraction
(60%), crucible utilized in the experiment (platinum wire cage)
and air flow conditions as compared to those reported in this
paper. On the other hand, the activation energy of the C/C compos-
ite at high temperatures (i.e., from 700 °C to 800 °C) is found to be
between the carbon felt/carbon composite and unidirectional C/C
composite activation energies. However, it can be observed that

Present Study
Guo and Xiao [34] |{
Park and Seo [35]

nK s

_94 1 1 1
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(a)

Activation energy E(mJ * mol ') 600-700°C  700-800 °C

C/C composite 4.26e7 6.67e7
Unidirectional C/C composite [35] 3.3e7 3.3e7
Carbon felt/carbon composite [34] - 10.12e7

once the conversion temperature (i.e., 700 °C) is reached, the C/C
composite oxidation rates are comparable to that of a carbon felt/
carbon composite. Therefore, it is suggested that for this range of
temperatures, the C/C composite oxidation behavior (red line) is
best resembled by that of a carbon felt/carbon composite (blue
line). Variation of activation energies between the composites
might be caused by differences in carbon felt/carbon composite
samples’ volume (21 mm?) and constituents’ material properties
(i.e., density and strength). Further details about kinetic parame-
ters and comparisons with the literature are discussed in
Section 6.2.
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Fig. 5. Comparison of Arrhenius plots of oxidation for different composites assuming linear oxidation stage for (a) flowing air and (b) steady air conditions.
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Following this, the kinetic parameters for the carbon tow and
matrix are determined, and the compressive stiffness of the C/C
composite unit cell under various thermal shock conditions is pre-
dicted and further compared to experimental results. The maxi-
mum percentage difference between experimental and predicted
results is found to be about 80% for the 800 °C thermal shock con-
dition. Since, the percentage difference is very large and the con-
version temperature is not in good agreement with Leanos and
Prabhakar [15], it is concluded that the current air flow condition
does not simulate the experimental conditions accurately and fur-
ther TG experiments need to be performed for steady air condi-
tions, as discussed in the next section.

6. Thermogravimetric analysis for steady air conditions

The oxidation kinetics of carbon composites under steady air
flow conditions are less known. Hatta et al. [46] analyzed isother-
mal TGA on 2D C/C composites under natural convection of air,
which can be treated as steady air flow. In the article by Leanos
and Prabhakar [15], the C/C composite specimens are exposed to
thermal shock conditions using a heating furnace at a very small
air flow rate (i.e., almost steady). In order to best resemble these
experimental conditions, C/C composite specimens are exposed
to TGA under steady air conditions. However, performing these
experiments is extremely time consuming. Therefore, the fiber,
fiber tow and matrix TG curves are predicted using the relations
obtained in Section 5.1. It is assumed that the calculated ‘D’ values
can be used for different air flow conditions.

As explained in the previous section, only the TG curves of the
C/C composite specimens are now required to predict all the inputs
to the computational framework. In this section, TGA is performed
on C/C composite specimens using a thermogravimetric analyzer
(Severn Solutions Ltd) that is able to perform oxidation tests at
steady air flow conditions. All the experimental conditions are held
the same as those in Section 5, except that the C/C composite spec-
imens are now heated at a constant temperature (i.e., 400 °C,
600 °C and 800°C) in steady air during which the weight loss is
captured as a function of time. In other words, upon reaching a
desired temperature, Argon supply is stopped and air starts flowing
from the exterior to the heating chamber at a steady flow rate,
resembling the heating furnace conditions described by Leanos
and Prabhakar [15]. The weight loss vs. time (TG curves) for the
C/C composite specimens are shown in Fig. 6.

6.1. Post-processing of TG curves for steady air conditions

The assumptions and equations described in Section 5.1 are uti-
lized to determine the carbon fiber, fiber tow and matrix TG curves
from the TG experiments with steady air flow as the oxidizing
medium. The fiber sample oxidation time (Fig. 7(a)) is predicted
from Eq. 9, while the weight loss behavior is the same as Fig. 3
(b). It can be observed in Fig. 7(a) that all the TG curves are linear
before a critical time ‘t,’ equal to 745 min. Therefore, the matrix
TG curves are predicted up to this critical time from Eq. 11 and
are shown in Fig. 7(b).

With this information, the TG curves for the carbon fiber tows
can be constructed using Eq. 12 as shown in Fig. 8(a). It is impor-
tant to notice that the rule of mixtures described by Eq. 6 is satis-
fied at any given time. Finally, the matrix and fiber tow TG curves
are utilized to determine the oxidation kinetic parameters
described in the following section.

6.2. Oxidation kinetic parameters for steady air flow conditions

In the current work, the carbon fiber tow and matrix weight loss
behavior are found to be linear before a critical time ‘t,’ equal to

100 ; : . : .
—400C
90} .
— 600C
80| == g00°C
70t
=
= 6ot
w
é 50 b
—
5 40l
(%]
2
30
20}
10}
0

0 100 200 300 400 500 600 700 800
Time (min)

Fig. 6. TG curves for C/C composite specimens upon exposure to different constant
temperatures in steady air.

745 min, which are utilized to develop the following kinetic anal-
ysis. First, in order to verify the TG results of the C/C composite
(i.e., linear stage of Fig. 6), the oxidation rate constants ‘K(T)’ are
determined for different temperatures and compared to the oxida-
tion data reported by Hatta et al. [46] for a 2D C/C composite. The
corresponding oxidation rate constants are fitted along a least-
squares line for comparison, as illustrated in Fig. 5(b). This figure
shows that the slopes of both oxidation Arrhenius curves are very
similar (i.e., oxidation behavior/activation energy ‘E’). However,
small variations in oxidation rates might be attributed to different
experimental conditions as compared to those presented in this
paper, for example, the samples’ volume (2700 mm?), fiber volume
fraction (50%), fabrication process, stacking sequence (0 °C/90 °C),
heat treatment temperature (2073 K) and TGA equipment (Xenon
lamp heating).

Assuming that both C/C composites experience a single-step
process through the whole range of temperatures during oxidation,
kinetic parameters ‘A’ and ‘E’ can be obtained from Eq. 5 via linear
regression as ‘y = mx + b’, where ‘y’, ‘m’, ‘x’ and ‘b’ correspond to
the terms ‘InK(T)’, ‘—E/R’, ‘1/T" and ‘InA’ of Eq. 5, respectively.
Table 6 summarizes each set of kinetic parameters, showing very
similar activation energy ‘E’ between the composites (i.e., 1.83%
difference). Thus, it is suggested that both composites require com-
parable amount of energy to generate physical, thermal and/or
chemical changes in the material (i.e., to react with the oxidizing
medium) [15,47-49].

In addition, other researchers have explored the oxidation
behavior of carbon composites and reported their corresponding
activation energies [43,50-52,44,53]. Han et al. [43] reported an

activation energy of ‘E = 8.75e7 m](mol)’]’ for a 3D C/C composite
exposed to temperatures in the range of 650-800 °C. Cheng et al.
[50] analyzed the oxidation behavior of a C/C composite with a
three-layer coating for temperatures below 700 °C and reported
an activation energy of ‘E = 11.72e7 mj(mol)"’. Similarly, Shemet
etal. [51] performed a kinetics analysis on 2D C/C composites in air
at an atmospheric pressure and calculated an activation energy of
‘E = 11.6e7 mj(mol) . Therefore, it is hypothesized that these
variations in activation energies might be influenced by the fiber
volume fraction, reactivity of carbon materials, fiber architecture
and experimental conditions such as oxidizing medium, air flow
rate and pressure [54,55].
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Fig. 7. (a) Predicted TG curves for the carbon fibers for temperatures ranging from 400 °C to 800 °C in steady air and (b) predicted TG curves for the carbon matrix for
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Fig. 8. (a) Predicted TG curves for the carbon fiber tows for temperatures ranging from 400 °C to 800 °C in steady air and (b) Arrhenius plots of oxidation of carbon fiber tow

and carbon matrix assuming linear oxidation stage.

Table 6
Comparison of C/C composite kinetic parameters with the literature as a function of
temperature and steady air conditions.

Kinetic parameters 400-800 °C
A(s™1) C/C composite 0.445

E(mJ + mol™") C/C composite 8.723e7
A(s~1) 2D C/C composite [46] 1.57

E(mJ * mol™') 2D C/C composite [46] 8.563e7

Following this, the oxidation kinetics of the carbon fiber TG
results (i.e., linear stage of Fig. 7(a)) are also analyzed and com-
pared with the literature. The oxidation of PAN-based T300 carbon
fibers consists of a single-step process through the whole range of
temperatures with an activation energy of ‘E = 9.01e7 mJ(mol) ",
whereas, Ismail [54] reported an activation energy of

‘E = 9.41e7 mJ(mol)~"" for T300 carbon fibers at 100 ml/min in a

temperature range of 600-950°C. Likewise, Lamoroux et al.

[39] reported an activation energy of ‘E = 8e7 mj(mol)’l' at
16.7 ml/min for temperatures in the range of 500-700 °C. It is
shown that the activation energy of the carbon fibers considered
in this paper is comparable to the values available from literature
for flowing air and almost steady air conditions. Therefore, it is
verified that the C/C composite and carbon fiber TG curves for
steady conditions are in good correlation with previous literature
as they are the most important inputs for the current analysis.
Finally, Fig. 8(b) shows the oxidation Arrhenius curves for both
carbon fiber tow and matrix, which are also assumed to be linear
through the whole range of temperatures. The corresponding
kinetic parameters are listed in Table 7. The information provided
to the computational model, i.e., weight loss with respect to tem-
perature and time, is summarized by 3D surface plots for carbon
fiber tows and matrix as shown in Fig. 9a) and (b), respectively.
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7. Meso-scale model of the C/C composite

Macroscopic models have been developed from microscopic
measurements by previous researchers [56-58,29]. A schematic
representation of the meso-scale model developed to investigate
the material considered in this work is shown in Fig. 10(a). Geo-
metric information of the composite, such as, the tow width and
thickness, individual layer thickness, etc. are required to create a
meso-scale C/C composite voxel model using TexGen software.
The tow thickness ‘@’ and width ‘b’ are 0.285 4 0.02 mm and
2.55 4+ 0.07 mm, respectively (Fig. 10(b)), as measured using an
optical microscope (Model NJF-120A, OMAX Corporation, USA).
The average thickness of the composite measured using a caliper
is equal to 5.25 + 0.05 mm. Thus, the approximate thickness of
an individual layer is about 0.525 mm, since the composite consists
of 10 layers. Other information, such as the desired mesh and
weave pattern (2 x 2 twill weave) are required to be specified in
TexGen software.

Fig. 11 (a) and (b) show a 2 x 2 twill weave pattern from the top
and orthogonal views of the homogenized tows. A voxel model of
the meshed meso-scale C/C composite is imported into ABAQUS
software that consists of fiber tows embedded in matrix material.
Individual layer voxel model is stacked 10 times in the through-
thickness direction and merged together to create the final meso-
scale C/C composite model with sides equal to 10.56 mm and
thickness of 5.25 mm (refer to Fig. 12(a)). The final model gener-
ated is an approximation of the 2D twill weave C/C composite with
dimensions comparable to the test specimens analyzed in Leanos
and Prabhakar [15].

8. Radiation heat transfer analysis

A radiation heat transfer analysis comprises the first step of the
computational framework as shown in Fig. 2. This step consists of
two phases: heating and decomposition. The heating phase is rep-
resented by conductive heat flux and the decomposition phase as
heat flux in the form of gas. As explained by Bai et al. [59], the main
mode of oxidation in fiber reinforced composites when exposed to
high temperatures in air is a chemical reaction, which consists of
four phases, i.e., heating, decomposition, ignition and combustion.
In the current study, only heating and decomposition phases are
considered in the oxidation model of the 2D C/C composite test
specimens exposed to the experimental conditions described in
Leanos and Prabhakar [15]. Besides this, convection and radiation
heat are accounted for during the prediction of the thermal
response of fiber-reinforced composites. However, since the air
enclosed by the heating furnace is almost steady, the effect of heat
transfer through convection on the thermal response is minimum.
Therefore, only radiation heat flux ‘q,,,’ is considered to be trans-
ferred from the furnace to the exposed composite surfaces (except
the bottom surface). A schematic representation of the radiation
heat transfer analysis within the C/C composite control volume is
shown in Fig. 12(b). The solution of the heat transfer energy equa-
tion requires the specification of boundary conditions. In the
experiments, the bottom surface of the composite is in contact

Table 7
Kinetic parameters of carbon fiber tow and carbon matrix as a function of
temperature and steady air conditions.

Kinetic parameters 400-800 °C
A(s™1) Carbon fiber tow 0.1990
E(m] * mol™") Carbon fiber tow 8.6697e7
A(s™!) Carbon matrix 0.6173
E(m] * mol™") Carbon matrix 8.5117e7

with a ceramic boat, which is impermeable to heat and mass flux.
Thus, this surface is assumed to be perfectly insulated, as shown in
Fig. 2. On the other hand, surface radiation boundary conditions
are defined on all the remaining surfaces of the meso-scale C/C
composite unit cell. The heat flux due to radiation is governed by:

Grag = O€[(Ts = T°)" = (T —T°)") (13)

where, ‘q,,’ is the heat flux on the exposed surfaces, ‘¢’ is the emis-
sivity of the surfaces (i.e., € = 0.9), ‘¢’ is the Stefan-Boltzmann con-
stant (i.e., 5.67e — 11 mWmm™2 K™*), ‘T, is the temperature at
every position and time on the surfaces, ‘T is the temperature of
the heating furnace walls (i.e., ambient temperature) at any time
and ‘T is the value of absolute zero (i.e., 0 K). The ambient temper-
ature ‘T is set to follow the thermal shock conditions from the
experiments. In addition, the emissivity is suggested to be very
close to that of an ideal black body and is assumed to be 0.9. For
the initial boundary condition, the temperature distribution in the
entire domain of the model at ‘t=0’ is set at room temperature
(Trr. = 25°C).

The transient heat transfer equation is numerically solved to
determine the spatial and temporal distribution of temperature
within the model domain during the thermal process. The equation
is given by,

bl T\ - oT
@<k()_()ﬁ> +G=GCopgp (14)

where, the thermal conductivity ‘k’, the density ‘p’ and the specific

heat capacity ‘C,’ are functions of space ‘X". ‘G’ is the heat generated
due to the decomposition of the constituent materials into gases
that are released to the exterior during the heating stage and is
given by:

oo

G=pH, o (15)

where, ‘H,’ and ‘o’ are the total heat generated and the weight loss

due to oxidation, respectively. The heat generation ‘G’ is defined
within ABAQUS using HETVAL subroutine, which is coupled with
the computational framework to account for the heat flux in the
form of gas. As a result, the numerical solution of Eq. (14) provides
the weight loss, temperature and heat flux distribution with time
and space within the model domain. Following this, the thermal
response is coupled to stress analysis through a user material
(UMAT) subroutine in order to relate the extent of weight loss with
stiffness degradation, as explained in detail in Section 9.

During the decomposition step, it is considered that carbon
material reacts with Oxygen enclosed within the heating furnace
generating gases in form of CO and CO,. In other words, when
C/C composites are exposed to thermal shock conditions in air,
they lose weight and heat flux is released from the composite
surfaces (except the bottom side) to the exterior in the form of
gas. Within the novel computational framework proposed here,
the gases released to the exterior are accounted by the degree of
decomposition (i.e., weight loss) of carbon that depends on tem-
perature, time and position within the domain. The degree of
decomposition for carbon material is obtained experimentally by
Thermogravimetric analyses and the inputs to the computational
model (i.e., kinetic parameters) are determined as explained in
detail in Section 5. This information is critical for predicting the
amount of weight loss of carbon fiber tows and carbon matrix in
the model.

HETVAL subroutine is used to define the internal heat generated
due to carbon material degradation (i.e., weight loss) within ABA-
QUS software. The kinetic parameters, ‘A;” and ‘E;’ from Table 7, the
density ‘p’ for the carbon fiber tow and carbon matrix of Table 1
and the total heat generated ‘Hr’ during isothermal oxidation are
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Fig. 10. (a) Upscaling approach to model the meso-scale C/C composite unit cell and (b) optical micrograph of a C/C composite transverse cross-section showing tow

dimensions.
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Fig. 11. TexGen voxel model of a single layer: (a) top view showing fiber architecture and (b) 3D view showing fiber tows interwoven together.

inputs to the HETVAL subroutine. The HETVAL subroutine is able to
determine the extent of weight loss by specifying the Arrhenius
equation from Eqgs. (4) and (5) as:

K
o; = (DTIME * AT™) + o) (16)

where ‘o’ is the weight loss, ‘DTIME’ is the time increment, ‘A’ and ‘E’
are the Kinetic parameters, ‘a?’ is the weight loss from the previous

step and subscript ‘i’ defines the carbon fiber tow and carbon matrix
material.

(b)

9. Stress analysis

Stress analysis comprises the second step of the computational
framework (refer to Fig. 2) that is used for predicting the compres-
sive stiffness of the pristine and thermally exposed C/C composite
test specimens accounting for the carbon material degradation due
to oxidation. In this study, a computational model replicating the
through-thickness compression tests previously performed [15]
is generated, where a through-thickness displacement boundary
condition (i.e., U, = —0.00 mm) is applied on the top surface of
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Fig. 12. (a) Meso-scale C/C composite unit cell with a total of 80,000 elements and (b) schematic representation of the radiation heat transfer analysis within the C/C

composite control volume.

the meso-scale C/C composite unit cell with sides of 10.56 mm and
thickness of 5.25 mm. Boundary conditions acting as roller sup-
ports are applied on the bottom surface, such that the model is free
to expand in the in-plane direction due the through-thickness
compressive load.The compressive stiffness is computed using
the expression, ‘E = o¢’, where, ‘g’ is the stress applied and ‘¢’ is
the applied strain. ‘¢’ is calculated by dividing the total force on
the top surface by the top area of the wunit cell
(A=111.5136 mm?) and ¢ by dividing the displacement over its
original thickness. The compressive stiffness is obtained for the
meso-scale C/C composite unit cell under pristine and thermal
shock conditions with temperatures ranging from 400°C to
1000 °C in air and further compared to the experimental results.
In the experimental paper by Leanos and Prabhakar [15], it was
concluded that the C/C composite compressive stiffness degrades
at temperature as low as 400 °C in air due to oxidation. Hence, to
account for this material degradation in the computational frame-
work, a user material (UMAT) subroutine is coupled to a static
analysis in ABAQUS. The UMAT is used to define the stiffness
behavior of the composite constituent materials with respect to
their corresponding weight loss. The components of the stiffness
tensor ‘E;’ for tow and matrix are assumed to degrade linearly with

the extent of weight loss ‘o’ as Efeg = E;(1 — o), where ‘Efeg' is the
degraded stiffness for both tow and matrix individually.

10. Results

The proposed computational framework is utilized to predict the
oxidation behavior and the through-thickness compressive stiffness
degradation of a C/C composite subjected to one cycle thermal shock
condition and peak temperatures ranging from 400 °C to 1000 °C.
The heat flux distribution within the composite meso-scale model
is shown in Fig. 13 at the peak of the 800 °C thermal shock condition
(i.e., time = 3500 s). In Fig. 13 (a) it is observed that heat is being
propagated to the interior of the unit cell from the heated surfaces.
A view of the temperature distribution within the interior of the
composite is shown in Fig. 13 (b), where the bottom surface pos-
sesses the minimum amount of heat flux as it is assumed to be insu-
lated, whereas maximum heat flux is concentrated at the
matrix/tow interface due a mismatch of the constituents thermal
conductivity. Also, the edges of the unit cell are more susceptible
to the oxidation attack during the ablation process.

Fig. 14 shows the weight loss distribution within the model at
the end of the 800°C thermal shock process (i.e.,
timeen,g = 20,700 s), where the constituent weight loss is maxi-
mum. In this figure, it is verified that the carbon matrix is more
reactive than the carbon fiber tows, since the carbon matrix
degrades much faster than the fiber tows as noticed in Leanos
and Prabhakar [15]. The maximum amount of weight loss for the
carbon fiber tows and carbon matrix within the domain at the
end of each thermal cycle (i.e., from 600 °C to 1000 °C) is tabulated
in Table 8, where it is observed that the maximum constituent
weight loss increases with increasing thermal shock peak
temperature.

Further, by calculating the average temperature at the left and
right surfaces at a given time, it is found that the temperature dif-
ference through the thickness direction reaches a maximum value
of 0.005 °C. Therefore, the temperature distribution is assumed to
be uniform throughout the domain. This behavior is due to the
high thermal conductivity of the carbon material and the high tem-
peratures that are being applied.

The average pristine compressive stiffness of the unit cell is pre-
dicted to be 1.8 GPa, which has about 0.03% of difference as com-
pared to that obtained experimentally (i.e., 1.74 GPa) [15] as
shown by the blue line in Fig. 15. Next, the compressive stiffness
is predicted upon exposure to thermal shock conditions with tem-
peratures ranging from 400 °C to 1000 °C and is further compared
to that obtained experimentally [15] (refer to Fig. 15). In this figure,
the compressive response for the 400 °C thermal shock condition is
assumed to be the same as the pristine compressive stiffness since
the material degradation for this case is minimum. Fig. 15 shows
that the experimental and predicted compressive responses
decrease with increasing thermal shock peak temperature. How-
ever, the compressive stiffness obtained by the proposed model
(red curve) tends to overpredict the experimental stiffness (black
curve) and is attributed to the complexity of replicating the exper-
imental conditions (e.g., air flow rate). Further, the percentage dif-
ference between the predicted and experimental stiffness values is
calculated as shown in Table 9, where the maximum percentage
difference is found for the 800 °C thermal shock condition and is
about 37.67%. It can be observed that this percentage difference
has been reduced by half as compared to that calculated when
using flowing air conditions (i.e., 80%). Also, this large percentage
error might be due to the existence of more than one single-step
processes in the Arrhenius curve, however, more input TG curves
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Table 9
Calculated percentage of error between experimental and predicted stiffness
responses.

400°C 600°C 700°C 800°C  1000°C
Percentage of error (%) 4.65 6.69 11.55 37.67 0.21

Thermal shock condition

11. Concluding remarks

A three-dimensional finite element framework is developed
in this paper to predict the effects of oxidation on the compres-
sive properties of C/C composites subjected to thermal shock
conditions. The temperature dependent thermo-physical prop-
erty i.e., percentage weight loss, can be obtained in space and
time domain using this model. It is concluded that the thermal
response of a C/C composite can be modeled using a meso-scale
representative unit cell, whose physical morphology is based on
microscopic measurements. Also, the modeling framework pro-
posed in this work provides good predictions of the amount
of weight loss and stiffness degradation of the 2D woven C/C
composites during thermal shock conditions in air, resulting in
good agreement with experimental data [15] for temperatures
below 700°C. It is expected that this modeling technique can
be further applied to composite materials with complex archi-
tectures with known material parameters and fiber volume frac-
tion. Furthermore, it can be used for virtual testing for other 2D
C/C composites with similar fiber architecture in the early
stages of design, thus, minimizing the cost and time associated
with conducting physical experiments on composites to ensure
their good performance in many high temperature structural
applications.
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