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Abstract

Carbon/Carbon composites used in rocket propulsion contain many process-

related pores and have a porosity-dependent oxidation recession rate. A 1D

analytical model has been developed to describe this behavior and assess the

structure-reactivity relationship for the oxidation of such composites. The

model has been compared to experiments for validation. Oxidation experiments

have been carried out using samples featuring individually different matrix frac-

tions in a thermogravimetric analysis apparatus under dry air. Post-test mor-

phologies were characterized with X-ray micro-computerized tomography and a

3D-image correlation technique. Finally, guidelines are given for the design and

optimization of porous C/C composites with respect to oxidation resistance.

Keywords: A. Carbon/Carbon Composites (CCCs), B. Porosity, C.

Analytical modelling, B. Environmental degradation, Design.

1. Introduction

Carbon/Carbon (C/C) composites are widely used for their thermomechani-

cal high resistance properties in various applications: heat exchangers, aircraft
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brake discs, thermal protective systems for atmospheric re-entry vehicles, solid

and liquid rocket motor (SRM/SLM) nozzle throats and divergents [1, 2, 3, 4].5

In these applications, physicochemical conditions are harsh and coupled (high

pressure and gas velocity, very high temperatures, oxidizing atmospheres, abra-

sion by solid particles). As carbon is known to begin degrading under dioxygen

at temperatures above 673K at atmospheric pressure [5, 6], C/C materials expe-

rience oxidation [7] and/or sublimation [8] phenomena, in addition to mechanical10

etching, leading to material recession [9]. In such applications, especially those

related to aerospace technology, predicting material recession under specified

conditions is essential. Indeed, this quantity is a first order parameter for SRM

design: the dimensional changes of the nozzle diameter induce a loss of engine

efficiency [10].15

In the past two decades, the behavior of C/C materials under ablation by chem-

ical etching has been experimentally studied and modeled under various condi-

tions. Lachaud et al. [11] considered an ideal fully densified 3D C/C composite

oxidized in a cylindrical reactor at 898K under dry air at atmospheric pressure.20

Based on the observation of the surface roughness features, they developed a

modeling strategy to predict material behavior from that of its components (i.e.

fibers, interphase and matrix). The main controlling parameters were found to

be the contrasts between the reactivities of the various constituents and the com-

petition between surface reaction and diffusion [12]. Indeed, it is well known25

that the oxidation kinetics of a dense and predominantly sp2 carbon material

depends on its degree of organization [13, 14, 15]. Furthermore, the non-additive

property of fibers and matrix intrinsic kinetics was proven, whereas it was only

a guesswork until then. Ferguson et al. [16] intended the same modeling strat-

egy with a carbon fibers reinforced fully infused resin matrix composite by a30

numerical method.

On the other hand, work was done on porous carbon materials. Lachaud et al.

[17] initiated an elementary approach to model the oxidation behavior of carbon
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fibers bundles at 893K under dry air at atmospheric pressure in a cylindrical35

reactor and identified fibers oxidation kinetics. The Thiele modulus, which is

commonly used to describe the reaction/diffusion competition in porous cata-

lysts, has been reformulated to quantify the reaction/diffusion competition in

the porous volume of carbon fibrous materials. Panerai et al. [18] re-operated

the method on carbon fibrous preforms in an air-flow tube under various tem-40

peratures and oxygen partial pressures to assess reaction- or diffusion-limited

regimes in atmospheric re-entry, via the Thiele modulus analysis. Later, Fer-

guson et al. [16, 19] reconsidered the preliminary strategy with the help of

X-ray micro-tomography (µCT) images and a computational framework, as-

suming the oxygen content in the atmosphere. Vignoles et al. [20] went further,45

considering carbon fibrous preforms nitridation combined with simultaneous ni-

trogen recombination in a nitrogen plasma atmosphere. They also compared

3D image-based detailed computations to analytical results.

Summarizing, the above-mentioned studies spotlighted the leading and cou-50

pled roles of phases reactivity contrasts and surface/volume reaction-to-diffusion

rates. However, as they were either modeling fully solid multi-phase materials

(fibers/interphase/matrix without pores) or porous materials with a single solid

phase, they are not suitable for C/C materials containing porosity. Indeed, their

preferred manufacturing process is Chemical Vapor Infiltration (CVI), which is55

a gas-route densification process of fibrous architectures; it is known to lead

to multi-scale porosity and density gradients in parts [1, 21, 22, 23, 24, 25].

Porous C/C composites are three-phase materials (fibers/matrix/pores); there-

fore, former models of C/C behavior to oxidation are not sufficient in that case.

Improving the knowledge of the interaction of porous C/C with their environ-60

ment is then essential. To address this, the present work is focusing on their

physicochemical ablation by oxidation and on identifying the key parameters

allowing the most suitable description of their behavior. The central tool of this

approach is an analytical model based on previous work [20] and extended to

porous materials containing two distinct solid phases. Validation of this model65
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is sought by comparing its predictions to actual experimental data.

The primary intention here is to provide a methodological framework for the

establishment of structure-reactivity relationship in the oxidation process of

porous C/C composites and for the quantitative assessment of this reactivity as

a function of the matrix volume fraction. However, working immediately with70

nominal conditions of use (i.e. high temperatures, high fluxes, high gas flows,

presence of radicals), and materials (almost dense C/C composites) is an addi-

tional difficulty in fulfilling these goals. We propose instead to operate in milder

conditions, i.e. in a ThermoGravimetric Analysis (TGA) apparatus with mod-

erate flows of dry air and temperatures, and with materials displaying a broader75

porosity range than the operational materials. At very low temperatures, i.e. at

the onset of carbon oxidation, such an approach would be unnecessary because

the very low oxidation rate ensures that carbon mass loss is fully controlled

by the chemical reaction itself, but at higher temperatures diffusion effects are

expected to take place, either externally or inside the porous material. This80

is precisely these phenomena that we aim to account for in order to describe

correctly the dynamics of material degradation. Once such a framework has

been set, it will be possible to extend its application to more realistic ablation

cases.

The paper is organized as follows. First, the oxidation of C/C composites with85

varying matrix volume fractions in a TGA apparatus is characterized and quan-

tified. Then, the model is built and its main analytical results are presented.

The third part addresses the exploitation and interpretation of the experimental

results with the help of the model. A computational reconstitution of the oxida-

tion experiments is carried out in order to retrieve the environmental conditions90

at the boundary. Matching trends and values between analytical laws and exper-

imental data are assessed in order to attest of the consistency of the developed

approach for varying matrix volume fractions and temperatures. Intrinsic re-

activities of the two distinct solid phases are also identified and compared to

literature in order to provide a second validation of the whole approach. The95

last section is devoted to design considerations, featuring in particular a sensiv-
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ity analysis on materials parameters with respect to the oxidation behavior and

to its potential impact in the whole ablative process.

2. Experimental characterization of C/C composites oxidation

A complete experimental campaign has been carried out on C/C composites100

with different initial porosities in order to retrieve kinetic and morphological

data that will be exploited throughout the analytical modeling process. This

campaign is composed of: (i) pre-test textural and morphological characteri-

zations ; (ii) oxidation tests in a TGA device ; (iii) post-test morphological

characterizations.105

2.1. Materials and methods

2.1.1. Materials

Partly infiltrated 3D needle-punched C/C composites were investigated in this

study. The preform is made of carbon yarn sheets of ex-PAN fibers, horizontally

and perpendicularly stacked (X, Y plane) and needle-punched in the transverse110

direction (Z) to hold them together as illustrated on Fig. 1. The fabrication

process of the ex-PAN fibers is conventional, as described in the work of Frank

et al. [26]. Fibers diameter is about 7 µm, their density is equal to 1.8 g.cm-3

and their volume fraction in the preform is estimated at 28% [27, 28].

Figure 1: Schematic illustration of the 3D needle-punched C/C architecture.

115
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The Isobaric and Isothermal CVI process (I-CVI) was used to fill the preform

with a pyrocarbon (PyC) matrix. Various densification durations were per-

formed to obtain samples displaying different matrix fractions (i.e. mass densi-

ties). The densified materials have not undergone any thermal treatment after

processing.120

Fibers and matrix pyrolytic texture and structure features were determined by

two complementary methods. First, by measuring the extinction angle (Ae)

with an optical microscope Nikon ME600L equipped with a graduated polar-

izer and an analyzer, using the Polarized Light Optical Microscopy (PLOM)

method established by Gillard et al. [29]. Then, by assessing the Full Width at125

Half Maximum of the D-band (FWHMD), the Half Width at Half Maximum

of the G-band (HWHMG) and the ratio of the D-band intensity to the G-band

intensity (ID/IG) on a Raman spectrum, providing details about the amount of

graphite edge plane defects and graphitization degree of the different carbona-

ceous phases [30, 31, 32]. These data were obtained with a LabRAM HR Raman130

spectrometer using a wave length of 632.8 nm. An attempt to numerically ap-

proximate matrix structure descriptors such as the in-plane coherence length

(La) was undertaken using the method established by Mallet-Ladeira et al. [33]

based on the HWHMG parameter. Table 1 sums up texture and structure data

for fibers and matrix phases. Fibers displayed a characteristic isotropic texture135

of ex-PAN fibers [34]. Coupled data from PLOM and Raman indicates that the

matrix is made of Rough Laminar (RL) PyC [29]. FWHMD data implies that

matrix graphitic planes contain a larger amount of defects than fibers ones.

Constituant
Ae FWHMD HWHMG ID/IG La [33]

° cm-1 cm-1 - nm

Fibers 0.9 ± 0.6 70.8 ± 2.7 24.9 ± 1.2 4.1 ± 1.5 8.3 ± 0.3

Matrix 14.0 ± 0.7 95.5 ± 6.6 32.1 ± 1.1 3.8 ± 1.2 6.9 ± 0.2

Table 1: Fibers and matrix micro-textural and micro-structural parameters obtained from

PLOM technique and Raman spectroscopy.

6



For oxidation tests, cubic C/C samples of 6 mm edge length were used. After,140

having been cut off with a wire saw, faces were polished on silicon carbide grit

disks. Three separate densities have been tested under three different high tem-

peratures, for a total of five different samples. Table 2 gives details on samples

designation, initial mass density, porosity and matrix volume fraction, as well as

operating conditions. Mass densities and porosities data were measured with a145

Micromeritics AccuPyc 1340-1 helium pycnometer. Further details on the pores

diameter distribution of the three types of materials are given in Appendix B.

The matrix volume fraction is inferred from porosity and fibers volume fraction.

Uncertainties in Tables 1 and 2 are given with a level of confidence of 95%.

Sample
Matrix fraction Porosity Initial mass density Operating conditions

% % g.cm-3 K — min

A-55-1000 17 ± 4 55 ± 4 0.88 ± 0.06 1273 — 30

A-37-900 35 ± 3 37 ± 3 1.25 ± 0.03 1173 — 60

A-37-1000 35 ± 3 37 ± 3 1.25 ± 0.03 1273 — 30

A-37-1100 35 ± 3 37 ± 3 1.25 ± 0.03 1373 — 25

A-12-1000 59 ± 3 12 ± 2 1.76 ± 0.03 1273 — 30

Table 2: Samples designation, initial mass density, porosity, matrix solid volume fraction, and

operating conditions.

150
2.1.2. Equipment of the oxidation tests

A SETARAM Setsys 1600 TGA reactor was used to carry out oxidation exper-

iments. The internal diameter of the cylindrical reaction chamber was 17.8 mm

and it was surrounded by a cylindrical resistive heater. A diagram of the whole

equipment is given Figure 2 and an accurate description has been done by Zan-155

canaro et al. [35]. A highly accurate balance, with a precision as high as 10-5 g,

was positioned at the top of the apparatus to measure sample weight loss dur-

ing testing. Cubic samples were installed in an airy basket-like crucible made of

alumina and platinum connected to the balance. They were oriented in a way

that the needle-punched fibers were pointing downwards. Gas flow was injected160
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from the bottom of the chamber. Heating and cooling steps were carried out

under a neutral atmosphere of Ar and a 10 K.min-1 rate was used to reach the

desired temperature. The oxidation process was carried out under isostatic tem-

peratures. The oxidizing gas mixture was composed of O2 and N2 with partial

pressures of 20 kPa and 80 kPa respectively. The overall oxidizing gas flow was165

equal to 2 L.h-1. A thermocouple sensor, located close to the sample, moni-

tored the chamber temperature. The test temperatures were 1173K, 1273K and

1373K. Not all samples had the same operating conditions (temperature and

duration). Details are given in Table 2.

Figure 2: Diagram of the TGA equipment. *color should be used for that figure.*

170

2.1.3. Characterization techniques

Micrographies of the samples surface were acquired using a Hitachi S4500 FEG

Scanning Electron Microscope (SEM).

Morphological alterations of the material, which are affected lengths and depths

as well as recession rate, were identified through an innovative approach rely-175

ing on 3D µCT images correlation. A µCT image of each sample was acquired

before and after test with a laboratory tomograph (GE v|tome|x s research edi-
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tion, General Electrics, USA). A 100 kV X-ray source with an intensity of 250

µA was used. The exposure time was of 1000 ms and the spatial resolution lied

between 4.5 and 5 µm per voxel unit. One acquisition is made of 2000 slices.180

Images acquired after oxidation (post-test) are registered with respect to their

reference state prior to the test (pre-test) with the help of an in-house Digital

Volume Correlation (DVC) code, whose methods is detailed in Appendix A. A

difference image (residuals) is obtained by subtracting the registered image from

the reference one using the Image Calculator function in Fiji software [36].185

The fibers affected length δf (µm) is identified on the registered post-test im-

ages, the total affected zone length δa (µm) on the residues images, and matrix

affected length δm (µm) is assessed from the substraction of δf to δa. An affected

lengths ratio ξi is finally defined as the ratio of δf over δa, being a dimensionless

parameter.190

2.1.4. Experimental data processing

According to thermodynamical considerations [37], CO(g) is more likely to be

produced than CO2(g) for temperatures above 800K. The reaction equation

which is then considered for oxidation tests carried at temperatures equal and

above 1173K is the following:

2C(s) +O2(g) ⇀↽ 2CO(g) (1)

The oxidation activity of a C/C composites can be assessed from various meth-

ods [38, 39, 40]. Among them, the technique described by Lachaud et al. [17]

seems to be the most suitable for our study. To use this method, the effective195

geometric surface of the sample is assumed to remain constant during the oxi-

dation process. The oxidation flux jexp (g.m-2.s-1) is expressed by Eq. 2 and is

calculated from the mass loss rate dm/dt (g.s-1) and the effective geometrical

sample surface Seff (m2). Therefore, jexp is rather associated to an experimental

9



apparent mass flux.200

jexp = −dm
dt
.

1

Seff
(2)

jexp also satisfies Eq. 3:

jexp = νC k CnO2
MC (3)

where νC is the carbon stoichiometric factor, k is the reaction rate constant

of carbon in dioxygen (m.s-1), CO2
is the dioxygen concentration (mol.m-3),

n is the reaction partial order, which is assumed to be equal to 1 under an

O2 atmosphere, in consistency with other previous studies [5, 17, 20]. MC the

carbon molar mass (g.mol-1).205

The reaction rate constant k (m.s-1) may be described using the Arrhenius law:

k = k0 exp

(
−Ea
RT

)
(4)

where k0 is the pre-exponential factor (m.s-1), Ea the reaction activation en-

ergy (J.mol-1), R is the universal ideal gas constant (J.mol-1.K-1), and T is the

reaction temperature (K).

One can also define an experimental recession rate ṙexp (µm.s-1) from jexp and

ρs (g.cm-3) the initial mass density of the material satisfying:

ṙexp =
jexp
ρs

(5)

In this work, ṙexp accounts for the experimental recession rate of the exposed210

composite surface being oxidized in all the complexity of the developed rough-

ness.

2.2. Experimental results

2.2.1. Mass loss rates

The methods described in Section 2.1.4 were used to process oxidation rates215

from mass loss rates resulting from TGA experiments. Final results for high

10



temperature tests are given in Table 3. Mass loss and recession rates increase

with temperature for A-37 samples of similar matrix fraction due to the kinetic

activation. There is not much difference in term of mass loss rates between the

samples with different matrix fractions at 1273K.220

Sample
jexp δa ξi ṙexp

g.m-2.s-1 µm - µm.s-1

A-55-1000 0.219 372 ± 33 0.77 ± 0.04 0.25 ± 0.03

A-37-900 0.208 635 ± 83 0.65 ± 0.09 0.16 ± 0.02

A-37-1000 0.224 299 ± 36 0.71 ± 0.08 0.18 ± 0.02

A-37-1100 0.250 168 ± 19 0.69 ± 0.11 0.20 ± 0.02

A-12-1000 0.219 247 ± 25 0.49 ± 0.04 0.12 ± 0.02

Table 3: Mass loss rate and after test morphological characterizations via µCT image corre-

lation.

2.2.2. Morphological alterations

Slices of pre-test, post-test registered and residuals µCT images of sample A-37-

1000 are condensed in Fig. 3 as an example. Colors on the image of the residuals

(Fig. 3c) indicate areas which underwent oxidation. Very few or almost no trace225

of oxidation has been reported in the volume at high temperatures. Residuals

are intense and concentrated at the sample edge, meaning that oxidation only

occurs at its external exposed surface, which is characteristic of an exterior

diffusion-limited regime. This observation explains that there is no difference

between the mass loss rates with respect to the samples mass density. A focus230

is made on the surface roughness of sample A-37-1000 on Fig. 4. Fibers are

stripped of the matrix. This phenomenon has been extensively discussed in the

work of Lachaud et al. [11] and indicates that the fibers are more oxidation

resistant than the matrix, as the latter recedes sooner and faster due to its

higher reactivity to oxidation. Besides, fibers are displaying a needle shape after235
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oxidation, which has also been demonstrated to be characteristic of a stationary

regime in the above-mentioned works. The same observations were made for

the other samples through µCT and digital microscope imaging.

(a) Pre-test (b) Post-test (c) Residuals

Figure 3: Snapshots of the same slice from registered pre- and post-test µCT images and

residuals image. *color should be used for that figure.*

The morphological characterization techniques detailed in Section 2.1.3 were240

used. The detailed values of morphological alterations and uncertainties with

a level of confidence of 95% are indicated in Table 3. One can note that the

material overall affected length decreases with temperature and with the matrix

fraction. On the other hand, the affected lengths ratio slightly increases with

temperature and straightly decreases with the matrix fraction. These observa-245

tions will be discussed in the following sections.
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(a) X-ray µCT image before test (b) X-ray µCT image after test (c) SEM image after test

Figure 4: Focus on a yarn tip of sample A-37-1000 on X-ray µCT images (a,b) before and

after test and SEM image (c) after test.

3. One-dimensional analytical modeling

The modeling strategy involves the reconstruction of the flow conditions outside

the sample surface and the simulation of oxidation inside the sample porous

medium. Whereas the former part of the model involves principally classical250

Computational Fluid Dynamics (CFD) modeling, the latter requires an ad hoc

treatment, because carbon oxidation, which a heterogeneous chemical reaction,

is strongly coupled to the diffusion of dioxygen throughout the porous medium

and displays contrasted reaction rates depending on the exposed carbon phase.

In many cases, the matrix may be more reactive than the fibers, but the con-255

verse situation can be found. There are also cases in which a weak interphase

separates fibers and matrix which otherwise have an almost equal reactivity.

In this section, we will propose an extension of a previous analytical model [20]

to the case of porous C/C composites containing two solid phases with distinct260

reactivities. Here, we will focus on a baseline case in which a weaker matrix sur-

rounds stronger fibers, resulting in ablated morphologies exhibiting bare fibers

in extreme surface and an affected zone with a certain depth. The model, de-

veloped in 1D perpendicularly to the ablated surface, will help connecting the

response of the material to oxidation to its morphological and physicochemical265

parameters.
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3.1. Problem description

The proposed model is built at a homogenized scale, i.e. the details of the

porous medium architecture are not precisely accounted for, but are rather rep-

resented by effective quantities, such as the internal surface area and effective

diffusion coefficient, given as functions of the volume fractions of matrix and

fibers. As only the depth inside the material (x) is considered, the model is

uni-dimensional. Heat transfer is not accounted for, considering a uniform tem-

perature in the whole sample. This is justified by the fact that the affected

lengths are not large, so that temperature differences between the upper sur-

face and the bottom of the affected zone are small compared to the average

temperature. The porous medium is considered initially homogeneous; during

oxidation, it will display distributions throughout the depth below the surface

of porosity ε(x), fiber volume fraction φf (x) and matrix volume fraction φm(x),

respectively, related to each other through the following equation:

ε(x) = 1− φf (x)− φm(x) (6)

In the case where the matrix is more reactive than the fibers, the affected zone

of the material will be split into two zones, one in which some matrix remains

and the other one in which the fibers are stripped. Fig. 5 schematizes this270

situation.

The internal effective surface of the material σv,i (m2.m-3 or m-1), i accounting

for fiber or matrix, is essentially the ratio of the specific area (m2.g-1) and the

mass density (g.m-3) of the material. For fibers and matrix, σv,i is defined by

Eqs. 7a and 7b respectively, satisfying:
σv,f (x) =

4

d?f

√
1− ε(x)

√
1− ε0 (7a)

σv,m(x) =
4

d?m

(
−1 + Jε(x) +Kε(x)2 + Lε(x)3 +Mε(x)4

)
(7b)

Eq. 7a stems from the geometrical model of perfect dilute cylinders, which ap-

plies correctly to raw fibrous arrangements [41, 42], while Eq. 7b was determined
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(a) Fiber/matrix system initial

state

(b) Fiber/matrix system steady

oxidation state

(c) Overall material steady oxi-

dation state

Figure 5: Scheme of material steady oxidation state: overall and fiber/matrix system focus.

by Charles et al. [43] for the C/C material of the present study. Parameters d?f ,275

d?m, J , K, L and M are given in Table 4.

σv,f(x) Eq. 7a and σv,m(x) Eq. 7b Dp Eqs. 9 and 10

Coefficient Values Direction ηj,lim αb,j

d?f (m-1) 1.649 × 10-5 x 1.566 0.559

d?m (m-1) 1.563 × 10-4 y 1.227 0.620

J (-) 16.822 z 1.420 0.776

K (-) -57.338

Average on x - y 1.3965 0.5895L (-) 90.511

M (-) -53.264

Table 4: Parameters for Eqs. 7a and 7b, and Eqs. 9 and 10 respectively.

Thereafter, σv,f (x) and σv,m(x) will be simplified as follows:
σv,f (x) =

4

d?f

√
φf,0σ̃v,f (x) (8a)

σv,m(x) =
4

d?m
σ̃v,m(x) (8b)
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where σ̃v,f (x) =
√
φf (x) and σ̃v,m(x) = −1+Jε(x)+Kε(x)2+Lε(x)3+Mε(x)4.

We will also assume that the total internal surface area σv is the juxtaposition

of the two contributions from fiber and matrix described above.280

The effective diffusion coefficient Dp (m2.s-1), determined by Charles [44], sat-

isfies the following equation:

Dp = D0
ε

ηj,lim

(
ε− εp
εf,0 − εp

)αb,j

(9)

where εp and εf,0 are the percolation and fibrous architecture porosities respec-

tively. ηj,lim is the medium tortuosity parameter and αb,j is the Archie coeffi-

cient, accounted for direction j. These two parameters depend on the fibrous

architecture and its direction and are named geometrical diffusion parameters.

Their values were determined by Charles [44] and may be found in Table 4.

However, in the case of this simplified model, it is possible to keep the following

expression without great loss of precision:

Dp = D0
ε1+α

ηlim
(10)

where the parameters α and ηlim are averages of αb,j and ηj,lim respectively

on j = x and y. Values are given in Table 4. In the following, the simplified

parameter γ = 1 + α will be used.

285

The gas mass balance in the porous medium is the result of a combination of

the gas diffusion and the chemical reaction, and satisfies the following equation:

∂C(x, t)

∂t
+∇·

(
−Dpε(x, t)∇C(x, t)

)
= −σv

(
φf (x, t), φm(x, t)

)
khetC(x, t) (11)

where khet (m.s-1) is the effective heterogeneous reactivity of the solid phase –

be it made of fibers or of matrix – with dioxygen, and C the gaseous species

concentration along the porous medium defined for time t and position x. A

partial reaction order of 1 is chosen for the reasons detailed in Section 2.1.4.

290
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The solid mass balance in each domain is defined as follows:
−∂φf (x, t)

∂t
= Ωs,fσv,f

(
φf (x, t)

)
khet,fC(x, t) (12a)

−∂φm(x, t)

∂t
= Ωs,mσv,m

(
φm(x, t)

)
khet,mC(x, t) (12b)

where Ωs,i = MC

ρs,i
is the molar volume of the pure solid phase i ∈ {m, f}. MC

is the carbon molar mass, equal for carbon fibers and carbon matrix.

The gas mass balance, Eq. 11, combined with 12a and 12b, yields:

∂C

∂t
−∇

(
(1− φm − φf )γ

D0

ηlim
∇C

)
− Ω−1

s,m

∂φm
∂t
− Ω−1

s,f

∂φf
∂t

= 0 (13)

We are looking for the existence of a steady state regime with a defined reces-295

sion rate vr. The analytical solution of the problem is based on the definition

of a moving reference frame accompanying the oxidation front. It is detailed in

Appendix D.1. The following two sections focus on rearranging the developed

expressions in order to fully operate the potential of this model. However, be-

fore going further, some parameters set in Appendix D.1, and required in the300

following sections, have to be introduced here.

First, an explicit definition for the affected lengths ratio ξi is:

ξi =
δf
δa

(14)

Condensation ratios, which are dimensionless parameters, are introduced as:

υi = CbΩs,i i ∈ {f ;m; c} (15)

where Cb (mol.m-3) is the boundary concentration at the material surface.

The dimensionless Sherwood numbers Shi are defined as follows :

Shi =
khet,id

?
i ηlim

D0
i ∈ {f ;m} (16)

The characteristic length ratios λi are defined by:

λi =
δa
d?i

i ∈ {f ;m} (17)
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A dimensionless structural parameter Φ0 linked to gas diffusion appears and is

expressed as:

Φ0 = φm,0(1− φf,0)−γ (18)

Similarly, another architectural parameter Σm linked to the heterogeneous re-

action also appears and is not detailed here. This parameter is defined only for

φf,0 +φm,0 < 1− εp. Its expression is not realistic either for too low or too high305

values of φf,0 and φm,0.

3.2. Identification of heterogeneous kinetics

Expressions for khet,f and khet,m are determined as follows:
khet,f =

9

2

D0

Φ0ηlim

d?f
δ2
a

1

ξi(4− 5
2ξi)

Ωs,m
Ωs,f

(19a)

khet,m =
D0Σm
Φ0ηlim

d?m
δ2
a

1

(1− ξi)
(19b)

See Appendix D.2 for details. Eqs. 19a and 19b only depend on architectural

parameters (Φ0, ηlim, d?f , Σm, d?m) and on the lengths δa and ξiδa affected by

oxidation. Therefore, one can identify fibers and matrix heterogeneous kinetics310

by simply assessing the initial material architectural description and the post-

test material morphology.

Eq. 19b can also be recast into the following form:

1− ξi = Θ−2
m (20)

where Θm, called Thiele modulus for the matrix, is equal to Θm = δa

√
khet,m
d?mD0

√
Φ0ηlim

Σm
.

Similarly, the Thiele modulus for the fiber is Θf = δa

√
khet,f
d?fD0

√
Φ0ηlim. These315

dimensionless parameters quantify the predominance of diffusion or of reaction

in the fibers+matrix and the fibers-only domains, respectively. Θi lower (resp.

greater) than 1 means that diffusion (resp. reaction) is faster, therefore not

controlling.
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The reactivity contrast, firstly defined by Lachaud et al. [11], is set as A =320

khet,m
khet,f

Ωs,m
Ωs,f

. The model relates it to the architectural parameters and to the

affected lengths ratio:

A =
2

9

d?m
d?f

Σm
ξi(4− 5

2ξi)

(1− ξi)
(21)

Strong contrasts (A → 0 or A →∞) are translated by ξi → 0 or ξi → 1 respec-

tively. For instance, when the fibers are markedly more resistant to oxidation

than the matrix, almost all of the affected length contains a fibers-only region.325

On the other hand, when the contrast is low (A ≈ 1), ξi is close to
1

2
.

3.3. Predicting post-test morphologies

Making use of some of the set up equations and starting from heterogeneous

kinetics and environmental conditions, oxidized morphologies (δa, δaξi), overall

recession rate (vr) and material efficiency (keff) may be predicted.330

Eqs. 19a and 19b can be rearranged to make δa appear explicitly:

1

δ2
a

=
Φ0Shm
5Σmd?2m

1− 9

2

A
Σm

d?f
d?m

+

√
16− 9

A
Σm

d?f
d?m

+
81

4

A2

Σ2
m

d?2f
d?2m

 (22)

Thanks to this relation, an expression for ξi as a sole function of the structural

parameters and of the reactivity contrast is found:

ξi = 1− 1−W +
√

16− 2W +W 2

5

W =
9

2

F
Σm

F = A
d?f
d?m

(23a)

(23b)

(23c)

As a consequence, knowing the architectural definition of the material, the en-

vironmental conditions in which it is placed and the heterogeneous kinetics of

the two phases, post-test morphologies may be pre-empted thanks to Eqs. 14,

22 and 23. As an example, the evolution of ξi with respect to the architectural335

parameters and for F equal to 0.1 is given on Fig. D.3 (Appendix D.3).
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Making the assumption that υ−1
c � 1, an analytical relation for the recession

rate vr as a function of ξi and δa is determined (see Appendix D.4):

vr =
2D0

δaηlim

1

υ−1
c ξi + Φ0

3υm
(4− ξi)

(24)

In practice, vr is the analytical version of the experimental recession rate ṙexp,

as soon as a steady state has been reached. Recalling that δa and ξi are given

explicitly by Eqs. 22 and 23a, we now have a prediction of vr only from the

materials parameters and of Cb (see the definitions of υc and υm). The latter340

quantity is attained through CFD computations of the flow surrounding the

sample, as will be shown later.

The effective oxidation rate of the material is defined as keff =
vr
υc

meaning that:

keff

khet,m
=

2

Shmλm

1

ξi + Φ0

3
Ωs,c

Ωs,m
(4− ξi)

(25)

All quantities describing the material response are now explicitly defined. Ex-

perimental results and analytical modeling will now be confronted.345

4. Exploitation of the experimental results and model validation

4.1. Computational reconstitution of the oxidation tests and identification of the

environment

The analytical model developed in Section 3 is applicable in steady state. Ex-

perimental results from Table 3 satisfy this condition and are to be exploited in

order to experience and validate the model. However, before operating it, envi-

ronmental parameters, such as the boundary concentration Cb and the diffusion

coefficient D0, have to be calculated for each set of oxidizing conditions.

The classical correlation of Massman [45] for binary diffusion coefficients is em-

ployed (see Appendix E for details) and the selected D0 coefficients are summed

up in Table 5. The boundary concentration is retrieved through the use of a

CFD modeling of the TGA reactor on ANSYS Fluent (Table 5), that aims at re-

constructing the oxidizing environment around the sample. The computational
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setup and the data processing details are given in Appendix E. Another out-

come of the numerical reconsitution of the oxidation tests is the identification

of an apparent geometrical surface reactivity of the sample surface kapp (m.s-1)

(see Appendix E) that verifies Eq. 26 (with n = 1). kapp values are summed up

in Table 5.
dm

dt
= −jexp Seff = −kapp Seff CnO2

MC (26)

Sample
Cb kapp D0

mol.m-3 m.s-1 m2.s-1

A-55-1000 0.20 8.9 × 10-2 2.3 × 10-4

A-37-900 0.31 5.6 × 10-2 2.0 × 10-4

A-37-1000 0.19 9.9 × 10-2 2.3 × 10-4

A-37-1100 0.10 2.0 × 10-1 2.5 × 10-4

A-12-1000 0.20 8.9 × 10-2 2.3 × 10-4

Table 5: Binary coefficients from Massman [45], boundary concentrations and apparent geo-

metrical reactivities retrieved from the numerical reconstruction.

Fig. 6 displays the reconstructed conditions of temperature, gas velocity, and350

mole fractions of O2 and CO for the oxidation test of sample A-37-1000. For

reasons of convenience, the experiment is drawn horizontally.

Some interpretations can be made by now. First, for samples A-37, boundary

concentration decreases and apparent surface reactivity increases as oxidation355

temperature goes up. This is the illustration of reaction/diffusion competition:

on the one hand, the overall material reactivity increases with temperature, on

the other hand diffusion to the sample surface is limited due to the high material

chemical reactivity. As the oxidative gas is depleted at the sample surface, a

concentration gradient and a diffusion boundary layer occur (Fig. 6c). These360

results are in accordance with Eq. 25. Noticeably, there are few disparities

21



(a) Temperature (K)

(b) Velocity magnitude (m.s-1)

(c) Mole fraction of O2

(d) Mole fraction of CO

Figure 6: TGA reactor geometry and experimental conditions for A-37-1000 sample. *color

should be used for that figure.*

between the data collected for samples A-55, A-37 and A-12 at 1273K, as they

displayed very similar oxidation activities. Marked differences are expected for

keff with respect to the matrix volume fractions when operating the analytical

model.365

4.2. Interpretations of the experimental results

Initial architectural state (φf,0, φm,0, d?f , d?m, ηlim, α), as well as environmental

parameters (Cb, D0), and morphological alterations (δa, ξi) identified in Sec-

tions 2.2 and 4.1 can now be combined in the equations determined in Section

3. The considered solid molar volumes for the fibers and the matrix are of370

6.4 × 10-6 m3.mol-1 and 5.7 × 10-6 m3.mol-1 respectively.
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4.2.1. Identification of fibers and matrix heterogeneous reactivities

The fibers and matrix heterogeneous kinetics related to the reaction equation

Eq. 1 and associated to Eq. 3 are written kCOhet,f and kCOhet,m. They can be identi-

fied by means of Eqs. 19a and 19b. One has to consider that khet,f = νC kCOhet,f375

and khet,m = νC kCOhet,m, with νC equal to 2. The results provided in Table 6

confirm the morphological observations made in Section 2.2 and the amounts of

in-plane defects characterized in Section 2.1.1: the matrix is far less oxidation-

resistant than the fibers and disappears the earliest. At 1273K, the kinetics val-

ues for the fibers and the matrix determined over samples of different porosities380

are very consistent with each other, with a satisfactory relative margin between

2% to 26%. The reactivity contrast A and extended reactivity contrast F have

been calculated in each case from the equations given in Sections 3.2 and 3.3.

The values of A above 1 and of F above 0.1 attest that the material behavior

is kinetically controlled by the matrix at any temperatures. Concerning sam-385

ples A-37, fibers and matrix kinetics logically increase with the temperature, as

predicted by the Arrhenius law. However, the reactivity contrasts are not con-

stant, but also slightly increase, meaning that the discrepancy in the oxidation

resistance between the fibers and the matrix is enhanced by temperature. The

slight rise of ξi in Table 3 attests that the relative thickness of the matrix-free390

affected zone might be enhanced by an increase of temperature.

Sample
kCO
het,f kCO

het,m A F keff keff / kapp vr vr / ṙexp

m.s-1 m.s-1 - - m.s-1 - µm.s-1 -

A-55-1000 8.6 × 10-2 2.5 × 10-1 2.5 0.27 5.9 × 10-1 6.6 1.64 6.3

A-37-900 1.3 × 10-2 4.9 × 10-2 3.4 0.36 2.6 × 10-1 4.6 0.75 4.7

A-37-1000 6.3 × 10-2 3.0 × 10-1 4.2 0.45 6.1 × 10-1 6.1 1.07 5.9

A-37-1100 2.2 × 10-1 9.9 × 10-1 3.9 0.41 1.21 5.9 1.16 5.8

A-12-1000 6.4 × 10-2 2.9 × 10-1 4.1 0.44 7.0 × 10-1 7.8 0.96 8.0

Mean at 1273K 7.1 × 10-2 2.8 × 10-1 3.6 0.38 - - - -

Table 6: Kinetics data and material recession rates from analytical calculations and compar-

ison to experimental results and numerical computations.
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4.2.2. Affected lengths and ratio

The experimental values of δa and ξi at 1273K from Table 3 display a straight395

decrease with respect to the matrix volume fraction. The model-predicted evo-

lutions of δa and ξi are plotted on Fig. 7 with respect to φm,0 for F = 0.38,

corresponding to the actual averaged reactivity contrast computed in Table 6.

Fig. 7 provides a very good fit between the experimental results and the an-

alytical evolutions (for an averaged kinetic situation), within their respective400

margins.

Figure 7: Evolution of the model-predicted values of δa and ξi with respect to φm,0 for F =

0.38 and φf,0 = 0.28 and comparison to the experimental results. *color should be used for

that figure.*

Relative margins for δa and ξi between the analytical prediction for F = 0.38

and the experimental results have been computed in Table 7. They reveal slight

deviations. The highest deviation for δa values, as well as for ξi ones, occurs for405

the sample featuring the lowest matrix fractions. These observations attest of

the representativity of the model, especially for relatively high matrix rates.
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Sample

Overall affected depth δa Affected lengths ratio ξi

Experimental Model F = 0.38 Relative margin Experimental Model F = 0.38 Relative margin

µm µm % - - %

A-55-1000 372 417 +12.1 0.77 0.86 +11.8

A-37-1000 299 286 -4.3 0.71 0.67 -5.3

A-12-1000 247 243 -1.6 0.49 0.47 -3.8

Table 7: Relative margins between the model-predicted values of δa and ξi for F = 0.38 and

the experimental results.

On the other hand, in Section 4.2.1, the increase of ξi with temperature has

been evidenced through the analysis of the experimental data collected and the410

evolution of the analytically computed values of A and F . To illustrate this

behavior, Fig. 8 represents the evolution of the analytical law of ξi with F

(i.e. temperature in that case) from Eq. 23a for a material similar to samples

A-37. The increase of the affected lengths ratio with F is in agreement with the

above analysis concerning the dependency of ξi with respect to the temperature.415

Besides, one can notice that up to a certain value of F , ξi tends to 1, meaning

that the fibers are completely stripped of the matrix when the latter is much

more reactive.

Figure 8: Evolution of ξi with F for φf,0 = 0.28 and φm,0 = 0.35.
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4.2.3. Material effective reactivity420

As matrix heterogeneous reactivities and extended reactivity contrasts are now

identified, analytical values for keff are determined in Table 6 from Eq. 25. As

mentioned above, keff evolves logically with temperature for samples A-37, as

does kapp. On the other hand, at 1273K, keff is calculated for each porous sample

and increases with matrix volume fraction. The evolution of keff in the whole425

{φf,0;φm,0} parameter space is illustrated on Fig. 9, for F = 0.38 which is the

average value of F at 1273K as suggested in Table 6. It supports the fact that the

material effective reactivity is strongly enhanced by the matrix volume fraction

in this experimental study. Even though keff and numerically determined kapp

differ by a factor 4.6 to 7.8, as indicated in Table 6, the analytical law for keff430

has the merit of reproducing the sensitivity of effective reactivity to the different

solid fractions.

Figure 9: Evolution of the analytical law of keff at 1273K for F equal to 0.38 in the{
φf,0;φm,0

}
parameter space. *color should be used for that figure.*
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4.2.4. Material recession rate

Architectural features, morphological alterations and environmental parameters435

are injected in Eq. 24 to compute analytical values for the recession rate vr.

Results are summarized in Table 6. The analytical recession rate increases log-

ically with temperature and decreases with respect to the matrix fraction. A

comparison with the experimental data is provided in Table 6. In each case,

analytical recession rates differ from the experimental ones with a factor 4.7 to440

8.0, as for the numerical and analytical effective reactivities mentioned above.

The recession rate is a peculiar parameter compared to others because of its

first-order dependence to the boundary concentration, which is numerically de-

termined as detailed in Section 4.1. The apparent recession rate kapp defined

by Eq. 26 also depends to the first order on Cb, troughout CFD computations.445

Therefore, the assumption that the concentration is over-estimated by the nu-

merical reconstruction of a factor 4.6 to 8.0 is made. Besides, the very satisfying

adequation between analytical law and experimental results for ξi, which only

depends on architectural and kinetical features, supports this conjecture.

450

To sum up, the confrontation of the analytical model with the experimental

data has attested of its consistency. It has also highlighted the requirement of

accurately assessing the boundary concentration of the oxidizing species in case

of predicting the recession rate. We will now further appraise its pertinence by

comparing the identified heterogeneous kinetics with other studies from litera-455

ture.

4.3. Comparison of the identified oxidation kinetics to previous studies

4.3.1. Heterogeneous reactivities

Another manner to assess the acceptability of the model is to compare the esti-

mated fibers and matrix heterogeneous kinetic rate constants to other studies.460

This is made on Fig. 10. The values identified at 1273K for three different

porosities are averaged for sake of simplicity, as displayed in Table 6. A focus

on temperatures between approximately 900 and 1800K is made. The oxidation
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behavior in dry air of various types of carbonaceous materials from petroleum

coke to nuclear graphite has been summarized by Smith [5]. Analytically de-465

termined heterogeneous kinetics of the fibers and the matrix are indeed located

within the scatter bounds of Smith’s data, when converted into the units of the

present study. Nonetheless, RL PyC matrix data are quite close to the upper

bound. Thereafter, for consistency reasons, all data from literature provided

below are converted in the units of the present study.470

Oxidation kinetic of ex-PAN fibers under air, dry air and pure oxygen atmo-

spheres has been extensively studied in literature. The works of Halbig et al.

[46] and Govorov et al. [47] are selected for comparison because they were

carried out on T300 and PANex35 ex-PAN fibers respectively, carbonized at a

temperature similar to that of the fibers of this study, and oxidized in TGA475

devices under pure oxygen. Empty star symbols on Fig. 10, corresponding to

khet,f , are well located right over the two corresponding curves attesting of the

consistency between literature data and the model results.

On the other hand, detailed kinetics data concerning Rough Laminar pyro-

carbons oxidized in dry air are missing in literature, as they have never been480

characterized in that way before. Therefore, data from resin-derived carbons

[48] and ex-CVD (Chemical Vapor Deposition) matrix were gathered [49] in

order to assess matrix kinetics determined with our model-based data analy-

sis. Bertran [50] indicates a FWHMD of 133 cm-1 for a phenolic resin derived

carbon [51]. In their works, Ehrburger et al. [15] and Lahaye et al. [13] made485

a strong correlation between carbon defects amount, active sites and reactiv-

ity. Thus, on the basis of FWHMD structural parameter, the PyC matrix of

the present study would be more resistant to oxidation than resin derived car-

bon. This may explain lower kinetics for PyC materials as exposed by Fig. 10.

Besides, ex-pitch and coke materials are commonly reported as being less orga-490

nized than pyrocarbons and feature a higher amount of active sites [15], leading

to higher oxidation kinetics. On the other hand, ex-CVD and ex-CVI matrix

might be quite similar because of the similarities in the fabrication process. The

kinetic evolution corresponding to the ex-CVD matrix are crossing the RL PyC
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data as displayed on Fig. 10. Finally, an Arrhenius law has been previously495

determined for the RL PyC matrix of this study by experimental means in the

work of Fradin et al. [52]. Oxidation tests were performed on A-37 like samples

at low temperatures under dry air in chemical-controlled regime. Experimental

data from this work display a very concordant matching with the analytical

heterogeneous kinetics (Fig. 10). These fits strengthen the trust in the kinetics500

values identified via the analytical process for the RL pyrocarbon in dry air.

This represents one of the major results of this study.

Figure 10: Comparison of analytical modeling results to oxidation kinetics of various carbona-

ceous materials, ex-PAN fibers and ex-pitch matrix under dry air from literature (LT = low

temperatures) [5, 46, 47, 48, 49, 52]. *color should be used for that figure.*

4.3.2. Activation energies

Activation energies are extracted from the analytical heterogeneous kinetics505

from Fig. 10. A value of 192.4 kJ.mol-1 is computed for the fibers and one of

202.2 kJ.mol-1 for the matrix. These values are compared to other data from
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literature in Table 8 and attest of a good consistency, contributing to validate

the model.

Constituant Reference
Ea

Carbonaceous material Atmosphere
kJ.mol-1

Fibers

Dacic and Marinkovic [39] 181 ex-PAN air

Lamouroux et al. [53] 160 - 200 T300 ex-PAN pure oxygen

Zhao et al. [54] 191 ex-PAN air

This study 192.4 ex-PAN dry air

Matrix

Dacic and Marinkovic [39] 184 ex-CVD matrix air

Ehrburger [15] 130 pyrocarbons air

Chang and Rusnak [38] 146 - 181 ground ex-resin C/C air

Bertran et al. [48] 122 ex-resin matrix dry air

Fradin et al. [52] 203.2 ex-CVI RL PyC matrix dry air

This study 202.2 ex-CVI RL PyC matrix dry air

Table 8: Activation energy data of various carbonaceaous material under O2-containing at-

mospheres.

510

However, one can notice that the matrix displays a slightly higher activation

energy than the fibers, but has been experimentally proven to be less resistant

to oxidation. Therefore, pre-exponential factor of Arrhenius law has to be con-

sidered as well. In the present study, a pre-exponential factor k0 of 5.0 × 106

m.s-1 has been determined for the fibers whereas it is of 50.2 × 106 m.s-1 for515

the matrix, i.e. ten times larger. Such a fact has been already observed in a

previous study on carbon oxidation by water vapor [55].

5. Optimization of the oxidation behavior and design of porous C/C

composites

In the preceding sections, we have demonstrated how the model could be used to520

perform identification of previously unreachable chemical rate constants. Now,

we will show how the model can be operated in other ways. First, we will evalu-
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ate the sensitivity of the oxidation behavior with respect to material parameters;

second, we will use the model as a prediction and designing tool.

5.1. Sensitivity of the identified parameters to the model input data525

The aim of this section is to sense the influence of the parameters on different

morphological and kinetic variables. For every one of them, several equations

from Section 3 had to be recombined in order to limit mutual dependences

between parameters themselves. A variation of ± 10% is applied on each pa-

rameter, maintaining the other ones fixed. Fig. 11 illustrates the dependencies.530

5.1.1. Post-test morphological features

Eqs. 16 and 22 and the simplified expression of A are used to assess the influence

of the parameters for the overall affected length δa on Fig. 11a. An increase in

either fibers or matrix volume fractions (i.e. a decrease of porosity) decreases

δa. For the matrix volume fraction solely, this has been experimentally demon-535

strated in Sections 2.2 and 4.2.2, as the matrix behaves as a protection for the

fibers. Conversely, when it decreases, the exposed surface is increased, which en-

hances the overall reaction. One can notice that the matrix charateristic length

d?m does not influence too much δa. On the other hand, it is largely dominated

by d?f , suggesting that the mean pore size of the fibrous architecture impacts540

the material behavior at the first order. Indeed, δa follows quite logically the

evolutions of d?f and of the diffusion capacity: the less porous the material is

and the lower the diffusion coefficient is, the less it is affected indepth. The

geometrical diffusion parameters also seem to be impact factors: an increase in

ηlim and in γ strongly decreases δa. The heterogeneous reactivity of the fibers545

plays a much larger role in the establishment of δa than the matrix one. This

is logical considering that the amount and the manner in which the oxidizing

species are diffusing in-depth depend on the way that they are consumed at first

by the fibers.

550
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From Eq. 23a and the expression of A, parameters dependence for ξi is deter-

mined. An increase in the matrix volume fraction was experimentally proven to

decrease the affected length δa, but it apparently also decreases ξi according to

Fig. 11b. This means that δf decreases faster that δa when φm,0 is increased

and the fibers are more protected by the matrix. A similar trend is observed555

for the fibers heterogeneous reactivity. This highlights the fact that the more

reactive the fibers are, the less they will be stripped of the matrix and the oxi-

dation reaction will be maintained at the surface of the material. On the other

hand, Fig. 11a indicates that an increase of 10% in the matrix heterogeneous

reactivity decreases δa by less than 1%. However, the same increase in khet,m560

will increase ξi by more than 3%, meaning that increasing the matrix hetero-

geneous reactivity impacts the denudation of the fibers more than the overall

affected length.

5.1.1.1 Heterogeneous kinetics

Eqs. 19a, 19b, 23a and the expression of A are combined to assess khet,f and565

khet,m parameters dependencies. Fig. 11c illustrates that δa plays a major

role in the identification of khet,f in accordance with what is mentioned above.

However, it plays a much larger role in the evolution of khet,m, especially when it

is underestimated, as displayed on Fig. 11d. Logically, the fibers affected length

δf also has a strong impact on khet,m. Besides, one can notice that globally the570

architectural parameters have a greater impact on the value of khet,f and khet,m

than on δa and ξi, even if they remain parameters of lesser importance.

5.1.2. Recession rate and material effective reactivity

To assess parameters influence on the recession rate, Eqs. 22, 23a and 24 are

combined and Fig. 11e illustrates the evolution. As mentioned in section 4.2.4,575

vr depends at first order on the boundary concentration Cb. vr is also influenced

by parameters related to the fibers such as the fibers molar volume, their char-

acteristic length and their heterogeneous reactivity, but is surprisingly slightly

affected by matrix heterogeneous reactivity and fibers and matrix volume frac-
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(a) Overall affected depth δa (b) Affected lengths ratio ξi

(c) Fiber reactivity khet,f (d) Matrix reactivity khet,m

(e) Composite recession rate vr (f) Composite effective reactivity keff

Figure 11: Parameters influence on after test morphological features, fibers and matrix het-

erogeneous kinetics, recession rate and material effective reactivity. *color should be used for

that figure.*
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tions. Besides, vr varies logically with fibers and matrix volume fractions as580

observed in the experimental section. Fig. 11e also displays an interesting

trend: the material’s recession rate decreases when the geometrical diffusion

parameters of the fibrous architecture increase.

The influence on the material effective reactivity is inferred from the relation

keff =
vr
υc

. Thus, keff is not influenced any more by the boundary concentration585

and depends only modestly on the fibers molar volume and fibers and matrix

volume fractions. However, its evolution with fibers and matrix volume fraction

is completely in contrast with the recession rate’s. The effective reactivity is

also greatly enhanced by the fibers heterogeneous reactivity. As demonstrated

for δa in Section 5.1.1, this suggests that the material behavior is dominated by590

the fibers. Similarly to the recession rate, the geometrical diffusion parameters

seem to reduce the effective reactivity of the material, as they impede internal

gas transport. This analysis is supported by the fact that the diffusion coeffi-

cient is also a parameter of influence for keff that tends to decrease it.

595

In conclusion, the observed trends are consistent with the experimental observa-

tions. One can notice that architectural parameters do not influence to a larger

extent the post-test morphologies, the recession rate and the effective reactiv-

ity when they are considered individually, but a simultaneous variation of all

of them can have a greater impact. To conclude, graphs from Fig. 11 allow600

one to visually assess the impact of the different parameters and this provides

guidelines in a material conception process. This will be explored in more detail

in the forthcoming section.

5.2. Analytical modeling as a prediction and designing tool

In this part, the trends obtained in Section 3 will be intepreted and discussed in605

order to extensively exploit the model. First, a few equations will be reassorted

to split the contributions of the architectural parameters from those of reaction

kinetics in the material response.
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5.2.1. Evolutions of the affected length

Eqs. 22 and 23a are rearranged into the following expression:

λ2
mShm =

Σm
Φ0(1− ξi)

(27)

with (1 − ξi) being a function of F , itself a function of kinetic and structural

parameters. As a consequence, for a specified value of F , Eq. 27 indicates

that
δa
d?m

, which is the extent of volumic oxidation compared to the matrix

characteristic length, depends in a rather straightforward way on the matrix

Sherwood number and on a combination of kinetic contrast and architectural

parameters. The following two limiting cases are identified:
lim
F→0

λ2
mShm =

1

Φ0

(
Σm +

9

8
F
)

(28a)

lim
F→∞

λ2
mShm =

3F
Φ0

(28b)

Fig. 12 illustrates the evolution of λ2
mShm in three different kinetic situations610

according to F . For any value of F ,
δ2
a

d?2m
decreases with increasing values of φm,0,

or φf,0, or both, which suggests the overall affected length might be reduced

by decreasing porosity. However, as δa will never equal 0, a non-negligible

remaining affected length has to be considered, even for very dense materials.

Furthermore, as mentioned above from the analysis of Fig. 7, ξi decreases with615

the matrix volume fraction for a fixed fibers volume fraction. This means that

the fibers affected length δf also decreases with matrix volume fraction. The

same conclusion was made throughout the parameters sensitivity analysis in

Section 5.1.1.
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(a) F � 0.1 (b) F = 0.1 (c) F � 0.1

Figure 12: Graphs corresponding to Eq. 27 for three values of F in the
{
φf,0;φm,0

}
parameter

space. *color should be used for that figure.*

One can notice on Fig. 12 that minimum values of
δ2
a

d?2m
would always be ob-620

tained for non-porous composites with the highest fibers volume fractions for

any value of F .

A comparison between Figs. 12a and 12c suggests that the dimensionless af-

fected length is much less sensitive to the fibers volume fraction when F is large,

i.e. when the matrix is much more reactive than the fibers.625

Similar results can be obtained taking the fibers instead of the matrix as ref-

erence. By rearranging Eqs. 19a and 19b, we obtain (see Appendix D.3 for

details):

λ2
fShf =

9

2

υm
υf

1

ξi
(
4− 5

2ξi
)Φ−1

0 (29)

where ξi is still a function of F . As before, two limiting regimes are identified:
lim
F→0

λ2
fShf =

υm
υf

1

Φ0

(
Σm
F

+
9

8

)
(30a)

lim
F→∞

λ2
fShf = 3

υm
υf

1

Φ0
(30b)

An illustration of the evolution of λ2
fShf , for three specific kinetics cases

with respect to the fibers and matrix fractions, is given in Appendix F.1.
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Figure 13: Graphs corresponding to Eqs. 27 and 29 for three fixed combinations of{
φf,0;φm,0

}
. *color should be used for that figure.*

Fig. 13 sums up the evolution of λ2
iShi (i ∈ {f ;m}) with F for three combina-630

tions of {φf,0;φm,0} at a fixed total solid volume fraction equal to 0.7. When

F is low (resp. high), λ2
fShf (resp. λ2

mShm) strongly varies, meaning that the

kinetic behavior of the system is logically controlled by the fibers (resp. matrix)

with a slope of −υm
υf

Σm
Φ0

(resp.
3

Φ0
) given by Eq. 30a (resp. 28b). Whereas, in

the other domain, λ2
fShf and λ2

mShm remain constant with a value of 3
υm
υf

Φ−1
0635

and ΣmΦ−1
0 respectively given by Eqs. 30b and 28a. According to Fig. 13, with

the chosen combination of solid volume fractions, it appears that the material

behavior is less controlled by architectural parameters in the domain kineti-

cally controlled by the matrix as λ2
iShi can be strongly reduced when the fibers

(resp. matrix) rate increases (resp. decreases) for low values of F , but slightly640

increases for high values of F . Furthermore, the value of F for which the tran-

sition of the material behavior occurs (around F = 0.1), decreases when fibers

(resp. matrix) volume fraction increases (resp. decreases) indicating that the

delimitation of the kinetically controlled domains is not only dependent on the

reactivity constrast, but also on architectural parameters.645
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The equations and figures provided in this section can be used to determine

optimal sets of parameters {φf,0;φm,0} that will minimize the overall affected

length δa in specific physicochemical conditions.

650

5.2.2. Effective reactivity

The same method will be applied to assess material effective reactivity.

Defining a Sherwood number for the composite as Shc =
keffηlimd

?
m

D0
, the com-

bination of Eqs. 25 and 27 satisfies:

Shc√
Shm

= 2

√
Φ0

Σm

√
(1− ξi)

ξi + Φ0

3
υc
υm

(4− ξi)
(31)

As before, two limiting regimes are defined:
lim
F→0

Shc√
Shm

=
3

2

√
1

ΣmΦ0

υm
υc

(32a)

lim
F→∞

Shc√
Shm

=
2
√

Φ0Σm
1 + υc

υm
Φ0
F−1 (32b)

Fig. 14 illustrates Eq. 31 in three different kinetics states according to F . For

low values of F , Shc can be much higher than the matrix rate Shm, especially

when φm,0 is low and φf,0 is high. This means that the composite kinetics

strongly depends on the fibers behavior and it decreases drastically when a few655

matrix is added. When F increases, the dependency of Shc√
Shm

on φm,0 goes

from decreasing to increasing. Besides, for increasing values of F , the compos-

ite effective reactivity remains lower than that of the matrix and the highest

values for Shc√
Shm

are now determined for moderate fiber volume fractions and

very low porosity values. The decline of
Shc√
Shm

from Fig. 14a to 14c indicates660

that when the matrix is the most reactive phase, its weight in the kinetics bal-

ance is diluted because of the protective effect of the fibers that are less reactive.
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(a) F � 0.1 (b) F = 0.1 (c) F � 0.1

Figure 14: Graphs corresponding to Eq. 31 for three values of F in the
{
φf,0;φm,0

}
parameter

space. *color should be used for that figure.*

The effective reactivity of the composite can also be defined by Shc =
keffηlimd

?
f

D0

and Eq. 31 can be reassorted combining the fibers Sherwood number, the ex-

pression of A and the ratio of fibers and matrix characteristic lengths:

Shc√
Shf

= 2

√
AΦ0

Σm

√
d?f
d?m

√
υf
υm

√
(1− ξi)

ξi + Φ0

3
υc
υm

(4− ξi)
(33)

The following limiting regimes are defined:
lim
F→0

Shc√
Shf

=
9

2
√

2

√
d?f
d?m

√
Ωs,fΩs,m

Ωs,c

√
F√

Φ0Σm
(34a)

lim
F→∞

Shc√
Shf

=
√

2

√
d?f
d?m

√
υf
υm

√
Φ0

Φ0
υc
υm

+ 1
F− 1

2 (34b)

An illustration of the evolution of Shc√
Shf

, for three specific kinetics cases with

respect to the fibers and matrix fractions, is given in Appendix F.2.665
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Figure 15: Graphs corresponding to Eqs. 31 and 33 for three fixed combinations of{
φf,0;φm,0

}
. *color should be used for that figure.*

Fig. 15 sums up the evolution of
Shc√
Shi

(i ∈ {f ;m}) with F for three fixed

combinations of {φf,0;φm,0}. As mentioned above for the evolution of λ2
iShi,

Shc√
Shi

varies strongly in the domain where the concerned phase is dominating

and remains constant in the other domain.670

5.2.3. Optimization of the resistance to oxidation

Fig. 13 reveals that the reduction of the affected length by oxidation is ideal

when fibers and matrix have close reactivities (meaning F close to 0.1), as the

curves of λ2
fShf and λ2

mShm vary symetrically with the slopes previously iden-675

tified by Eqs. 30a and 28b around the transition value of F .

Similarly, one can notice on Fig. 15 that
Shc√
Shf

and
Shc√
Shm

both increases

symmetrically around the transition F . This means that when the fibers and

the matrix display almost the same reactivity, the composite effective reactivity

is maximized for the chosen combination of solid volume fractions. It does not680

represent an optimal situation, conversely to what has been concluded concern-

ing the affected depth.
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In order to assess to which extent the material efficiency is dependent on ex-

ternal conditions, let us select from Figs. 12 and 14 the combinations of solid685

volume fractions {φf,0;φm,0} which minimize λ2
mShm and

Shc√
Shm

separately in

the two extreme kinetic domains. The corresponding curves are given on Fig.

16.

For F < 0.1 and F > 0.1, the solid volume fractions combination that reduces

the affected length does not yield to the lowest value of
Shc√
Shm

, but instead in-690

creases it by a factor of up to 4. On the other hand, if one picks the {φf,0;φm,0}

combination minimizing the effective reactivity, λ2
mShm is larger by a factor

of up to 12 compared to its lowest potential value. Besides, discrepancies are

higher in the domain controlled by the matrix (i.e. F > 0.1).

695

To conclude on the optimization of the resistance to oxidation, Fig. 16 indicates

that the affected length and the effective reactivity cannot be minimized at the

same time. As Shm does not vary when F is fixed, the affected length equals up

to 3.5 times its lowest potential value when the effective reactivity is minimized;

and 4 times for Shc in the converse case, for every value of F . Then, the loss700

of optimization seems equivalent between the affected length and the effective

reactivity. Finally, none of the kinetic situations F < 0.1 or F > 0.1 is more

advisable than the other. The same conclusions would be given with respect to

the fibers.

705
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Figure 16: Graphs corresponding to Eqs. 27 and 31 with F for specific combinations of{
φf,0;φm,0

}
(minim. = minimization). *color should be used for that figure.*

In practice, one has to face a binary choice. On the one hand, decreasing Shc

means that the effective reactivity of the composite is decreased. However, the

immediate consequence is that the affected length is not optimal. In realistic

conditions of use, this might increase the damage by mechanical erosion. On710

the other hand, one could think of diminishing δa, which would minimize me-

chanical erosion, but this leads to a non optimal effective reactivity.

It is recalled that Shc is a dimensionless parameter which contains vr but also

depends on Cb (which depends on the flow conditions) and υc (which is itself715

a function of the fibers and matrix volume fractions). Therefore, optimizing

the recession rate vr not only depends on Shc, but also on these other two

parameters.

6. Conclusions

In this work, a simple one-dimensional analytical model describing the behavior720

of porous 3D needled C/C composites under oxidation has been set up. It pro-
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vides expressions for the recession rate and the lengths of the oxidation-affected

zones as functions of the physicochemical conditions and of the material struc-

tural and kinetic parameters.

The model has been put in front of an experimental methodology in order725

to validate it and to use it for the identification of yet unknown parameters.

Isothermal oxidation TGA experiments under dry air have been carried out on

3D needle-punched C/C composites featuring variable matrix volume fractions

at temperatures between 1173K and 1373K. Even though oxidation conditions

and porous C/C of variable matrix fractions are not representative of a real730

nozzle throat environment, they have been aptly choosen in order to provide

simple and appropriate configurations in order to validate the modeling and

identification methodology. Thus, oxidation rates and morphological evolutions

were collected. CFD computations have been used to retrieve the boundary con-

centrations and the apparent effective rates of the different materials surfaces.735

An innovative characterization method combining X-ray µCT and 3D-image

correlation, with good accuracy and confidence in the results, was used to de-

termine the fibers and matrix affected lengths. Based on these data and on the

experimental recession rates, the increasing robustness of C/C composites to

oxidation with matrix volume fraction has been proven.740

Fibers and matrix heterogeneous kinetic rate constants have been identified.

Activation energies of 192.4 and 202.2 kJ.mol-1 were determined for the fibers

and the matrix respectively. They were found out to be consistent with the

post-test morphological observations and with a literature survey. For the first

time, the identification of an Arrhenius law for the oxidation of a Rough Lam-745

inar pyrocarbon matrix at high temperatures in dry air has been made. This

particular result is a novel contribution to the study of pyrocarbons in general.

The influence of the material parameters on the oxidation behavior has been

assessed through the obtained equations and confirmed by the experimental re-

sults. Several major observations might be upheld. C/C composites oxidation750

robustness (i.e. short affected lengths by oxidation and low recession rates)

increases with respect to the matrix solid fraction, in accordance with the ex-
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perimental behavior. The post-test morphological aspect of the material (i.e.

δa) is greatly impacted by the characteristic length (i.e. initial pore size) of the

fibrous preform and by the heterogeneous reactivity of the fibers, more than755

by the matrix ones. On the other hand, the geometrical diffusion parameters

tend to have a positive effect on the oxidation robustness of the material by de-

creasing simultaneously its recession rate, its effective reactivity and the overall

affected length by oxidation. In addition, when the matrix is more reactive than

the fibers, its negative impact on the composite effective reactivity is mitigated760

by the presence of the fibers. Finally, architectural parameters taken individu-

ally do not impact significantly the affected lengths and the recession rate, but

that cumulated variations on everyone of them might have a susbtantial effect.

Another significant result of this study is the impossibility of minimizing simul-

taneously the overall affected length of the material and its effective reactivity765

with respect to the matrix volume fraction. Compromises have to be made con-

sidering the final application of the material, such as the presence of mechanical

erosion.

Further improvements could be brought to this model in a more elaborated770

version. The porosity distribution (based on the pores diameter distribution)

instead of a global porosity could be considered for more accuracy. On the

other hand, the validation of the model is mainly based on the variation of

the volume fraction of the matrix, which provides satisfaction for the targeted

nozzle throat application, but its accuracy might also be verified while making775

the volume fraction of the fibers vary. The main limitation of this methodology

relies on the limited robustness of the CFD simulations to compute the reces-

sion rate. Additional improvements are considered to provide more accuracy

in the identification of the boundary conditions. Further work is also envis-

aged on confronting this model to an image-based three-dimensional numerical780

approach as performed by Vignoles et al. [20] in order to bring another or-

der of validation. Identifying the fibers and the matrix heterogeneous kinetics

in CO2 and H2O-containing environments, by means of the above-developed
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analytical model, is considered. This approach could be validated using the

data experimentally identified in the work of Fradin et al. [52]. Also, repeating785

the same experimental protocol on C/C composites containing other types of

low-temperature pyrocarbons (Smooth Laminar, Dark Laminar, Regenerative

Laminar, Isotropic) would bring a new perspective on the structure-reactivity

relationship in this family of materials.
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Appendices790

A. In-house DVC code

The registration is performed using an in-house digital volume correlation

software. The sought mapping is assumed to be described by a global affine

transformation, including rigid translation and rotation of the specimen. It also

possibly includes an isotropic scaling to accommodate small variations in the795

images resolution. Also, prior to the registration, images are standardized to

mitigate differences in brightness and contrast between specimens. The trans-

formation parameters are found by minimizing the gray level residual between

the mapped image and the reference one.

B. Pores diameter distribution800

Figure B.1: Pores diameter distribution of the three types of densified C/C.

A Micromeritics Autopore IV 9510 mercury porosimeter, with two pressure

ports (high and low pressures), is employed to characterize the pores size distri-

bution before and after test. A contact angle of 130° is chosen to compute the
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Washburn law. The full size range of the scanned pores is between 0.004 µm805

and 600 µm.

C. Experimental mass loss rate evolution

Figure C.1: Evolution with time of the mass loss rate under oxidation compared to the initial

mass.

D. Analytical problem solution details

D.1. Solutions for the solids and gas mass balances810

Following the consideration of a steady state regime within a moving refer-

ence frame with velocity vr, we perform a coordinate change x′ = x−vrt; t′ = t.
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Eqs. 12a, 12b and 13 from the main manuscript are transformed as follows:

vr
dφf
dx′ = Ωs,fσv,f (φf )khet,fC (D.1a)

vr
dφm
dx′ = Ωs,mσv,m(φm)khet,mC (D.1b)

vr
dC

dx′ +
d

dx′

(
(1− φm − φf )γ

D0

ηlim

dC

dx′

)
− vrΩ−1

s,m

dφm
dx′ − vrΩ−1

s,f

dφf
dx′ = 0 (D.1c)

A prime integral appears:

C + (1− φm − φf )γ
D0

ηlimvr

dC

dx′ − φmΩ−1
s,m − φfΩ−1

s,f = I1 (D.2)

Looking at the boundary x
′ → ∞ where the gas is completely depleted, it is

recognized that I1 is equal to −φm,0Ωs,m
−1 − φf,0Ωs,f

−1. Thus, Eq. D.2 now

becomes:

C+(1−φm−φf )γ
D0

ηlimvr

dC

dx′ − (φm − φm,0) Ω−1
s,m− (φf − φf,0) Ω−1

s,f = 0 (D.3)

For convenience, the following dimensionless quantities are introduced:
χ =

C

Cb
(D.4a)

ξ =
x′

δa
(D.4b)

Eq. D.3 can be rewritten as:

χ+ (1− φm − φf )γP−1 dχ

dξ
− φmυm−1 − φfυf−1 + υ−1

c = 0 (D.5)

where a dimensionless number P =
vrδaηlim
D0

appears. An effective molar vol-

ume Ωs,c, or composite molar volume, can be defined as follows:

φm,0Ω−1
s,m + φf,0Ω−1

s,f = Ω−1
s,c (D.6)

and condensation ratios, which are dimensionless parameters, are also intro-

duced as:

υi = CbΩs,i i ∈ {f ;m; c} (D.7)

Eqs. D.1a and D.1b can be re-written as follows:
dφf

σ̃v,f (φf )dx′
= Afχf (ξ)dξ (D.8a)

dφm(ξ)

σ̃v,m(φm)dx′
= Amχm(ξ)dξ (D.8b)
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where Af = 4
√
φf,0υfShfP

−1λ2
f and Am = 4υmShmP

−1λ2
m. Shi are known as

Sherwood numbers and λi are characteristic length ratios. These dimensionless

parameters are defined by:

Shi =
khet,id

?
i ηlim

D0
i ∈ {f ;m} (D.9)

λi =
δa
d?i

i ∈ {f ;m} (D.10)

From Eqs. D.8a and D.8b, a relation between solid volume fraction profiles and

concentration profiles may be found:

∫ ξ

0

χ(ξ) dξ = A−1
f

∫ φf (ξ)

0

σ̃−1
v,f (φf ) dφf +A−1

m

∫ φm(ξ)

0

σ̃−1
v,m(φm) dφm (D.11)

A convenient approximation consists in splitting Eq. D.11 in two parts over

space, introducing a normalized ordinate ξi indicating the position of a separa-

tion between two domains, as illustrated by Fig. 5:815


∫ ξ

0

χ(ξ) dξ = A−1
f

∫ φf (ξ)

0

σ̃−1
v,f (φf ) dφf for ξ ∈ [0; ξi] (D.12a)∫ ξ

ξi

χ(ξ) dξ = A−1
m

∫ φm(ξ)

0

σ̃−1
v,m(φm) dφm for ξ ∈ [ξi; 1] (D.12b)

An appropriate definition for ξi is:

ξi =
δf
δa

(D.13)

where δf would be the fiber oxidation affected length as defined by Fig. 5.

In this approximation, the fiber solid volume fraction is equal to the fraction

φf,0 present in the pristine material as soon as ξ ≥ ξi, and the matrix volume

fraction goes to the pristine material value φm,0 when ξ goes to 1. The solution

may be approximated by picking candidate functions for χ(ξ) in the two inter-820

vals: let us call them χf (ξ) and χm(ξ), respectively. For sake of simplicity, a

2nd order polynomial is chosen for the fibers-only domain (Eq. D.14a) and a 3rd

order polynomial for the fiber+matrix domain (Eq. D.14b). Let us define the
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normalized concentration at the interface between both domains as χi = χ(ξi).

To alleviate further notations, in the fibers+matrix domain, ξ can be substi-825

tuted with ξ′ =
ξ − ξi
1− ξi

.


χf (ξ) = 1− a ξ

ξi
− b

(
ξ

ξi

)2

(D.14a)

χm(ξ) = χi

(
1− 3

2
ξ′ +

1

2
ξ′3
)

(D.14b)

where the polynomial coefficients a and b are determined assuming that the

concentration and its first derivative are continous at the interface i:χf (ξ−i ) = χm(ξ+
i ) (D.15a)

χ′f (ξ−i ) = χ′m(ξ+
i ) (D.15b)

a and b are found to be equal to:

a =
1

3
υ−1
m PΦ0(ξi − 4) + 2 (D.16)

b =
1

3
υ−1
m PΦ0(ξi + 2)− 1 (D.17)

using the dimensionless structural parameter Φ0.

From the same assumptions, an expression for χi may be found:

χi =
2

3

Φ0P

υm
(1− ξi) (D.18)

By taking up the conditions that φf (ξ = ξi) = φf,0 and φm(ξ′ = 1) = φm,0, one

may obtain: 
Af =

18
√
φf,0υm

Φ0Pξi
(
4− 5

2ξi
) (D.19a)

Am =
4Σmυm

Φ0P (1− ξi)
(D.19b)

where Σm is the integral of σ̃−1
v,m(φm) from ξi to 1. For an easy calculation, a

polynomial approximation has been taken for σ̃−1
v,m(φm) prior to integration. As
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a result, Σm(ε) is approximated by:

Σm = P(εf,0)− P(ε0) (D.20)

where P(ε) = I ′ε+ J ′ε2 +K ′ε3 +L′ε4 +M ′ε5 +N ′ε6, ε0 equals 1−φf,0−φm,0830

and εf,0 accounts for 1− φf,0. Polynomial parameters are listed in Table .

Coefficient Values

I ′ 11.8

J ′ -65.7

K ′ 211.5

L′ -374.6

M ′ 344.5

N ′ -127.7

Table : Parameters for P(ε) in Eq. D.20.

Fig. D.1 illustrates the evolution of Σm with the architectural parameters φf,0

and φm,0. Due to the methodology used by Charles et al. [44], Σm is defined835

only for φf,0 + φm,0 < 0.93 (the percolation porosity εp is equal to 0.07). It

is also not clearly defined for too low or too high values of φf,0 and φm,0 that

would represent unrealistic materials.

Using the same approach, Eq. D.5 could be evaluated in each domain. Con-

centration profiles χf and χm are substituted back by their expressions (Eqs.

D.14a and D.14b), and the resulting equations were evaluated at ξ = 0 for fibers

and at ξ′ = 0 for matrix respectively. χi is replaced by its expression from Eq.
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Figure D.1: Evolution of Σm as a function of φf,0 and φm,0.

D.18, yielding:
1−

(
1

3
υ−1
m PΦ0(ξi − 4) + 2

)
P−1ξ−1

i + υ−1
c = 0 (D.21a)

2

3

Φ0P

υm
(1− ξi)

(
1− 3

2P

(1− φf,0)γ

1− ξi

)
+ φm,0υm

−1 = 0 (D.21b)

Eqs. D.21a and D.21b provide solutions for ξi and P . From that point, every840

parameter can be determined.

Actual numerical coefficients, for example
3

2
in Eq. D.21b, depend on the choice

made for the concentration profile χ(ξ): they might differ for a distinct analyt-

ical model in which a different functional had been chosen for it [20]; however,

they are not expected to change their order of magnitude.845

D.2. Details for the identification of the heterogeneous kinetics equations and

the reactivity contrast

The expression for khet,f is straightforwardly determined from Eq. D.19a.

Knowing that χi satisfies Eq. D.18, an expression for khet,m is obtained from
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Eq. D.19b: 
khet,f =

9

2

D0

Φ0ηlim

d?f
δ2
a

1

ξi(4− 5
2ξi)

Ωs,m
Ωs,f

(D.22a)

khet,m =
D0Σm
Φ0ηlim

d?m
δ2
a

1

(1− ξi)
(D.22b)

The combination of Eq. D.19a and the 1− ξi = Θ−2
m relation provides a expres-

sion for the reactivity contrast as A =
khet,m
khet,f

Ωs,m
Ωs,f

:

A =
2

9

d?m
d?f

Σm
ξi(4− 5

2ξi)

(1− ξi)︸ ︷︷ ︸
Ξ(ξi)

(D.23)

Figure D.2: Evolution of the Ξ function with ξi.

Fig. D.2 is a graph of Ξ (from Eq. D.23) showing the monotonous increasing,850

though strongly non-linear, evolution of A with ξi.

D.3. Details for the prediction of post-test morphologies

Eqs. 19a and 19b can be rearranged to make δa appear explicitly. However,

such an expression would depend on the experimentally determined parameter
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ξi. We must also solve the problem for ξi. This is done as follows.

From Eqs. 19a and 20 let us define the following set of equations:

V

δ2
a

=
9

2
Θ−2
f

Ωs,m
Ωs,f

(D.24a)

U

δ2
a

= Θ−2
m (D.24b)

1

δ2
a

=
1

5U

(
1− V

U
+

√
16− 2

V

U
+
V 2

U2

)
(D.24c)

where ξi(4−
5

2
ξi) =

V

δ2
a

, ξi = 1− U

δ2
a

and

(
1− U

δ2
a

)(
3 + 5

U

δ2
a

)
= 2

V

δ2
a

.

An explicit expression for δa independent from ξi is inferred from the combina-

tion of Eqs. D.24a, D.24b and D.24c:

1

δ2
a

=
Φ0Shm
5Σmd?2m

1− 9

2

A
Σm

d?f
d?m

+

√
16− 9

A
Σm

d?f
d?m

+
81

4

A2

Σ2
m

d?2f
d?2m

 (D.25)

Eqs. D.24a and D.24b are combined to define W as:

W =
V

U
=

9

2

A
Σm

d?f
d?m

(D.26)

From that point, an extended reactivity contrast F = A
d?f
d?m

is defined. For a855

low reactivity contrast (A ≈ 1), F is close to 0.1. Then W accounts for
9

2

F
Σm

.

Knowing that ξi satisfies Eq. 20 and that Eq. D.24c is an expression for
U

δ2
a

, ξi

depends only on W :

ξi = 1− 1−W +
√

16− 2W +W 2

5
(D.27)

As displayed on Fig. D.3, for a fixed fibers volume fraction and a standard

value for the reactivity contrast F equal to 0.1, ξi strongly decreases with the

matrix volume fraction.

860
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Figure D.3: Evolution of ξi in the
{
φf,0;φm,0

}
parameters space for F equal to 0.1. *color

should be used for that figure.*

D.4. Details for the recession rate equation

From the combination of Eq. D.21a and making the assumption that υ−1
c � 1,

an analytical relation for the recession rate vr as a function of ξi and δa is

determined:

vr =
2D0

δaηlim

1

υ−1
c ξi + Φ0

3υm
(4− ξi)

(D.28)

E. ANSYS Fluent CFD modeling details

E.1. Simulation set up

A detailed description of the TGA reactor and an associated schematic were

given in Section 2.1.2. A global scale CFD modeling of the reactor was adressed865

in 2D axi-symmetric based on the work of Zancanaro et al. [35]. The sample

geometry was simplified as a cylinder displaying a geometrical surface equivalent

to the one of a 6 mm edge length cube. The mesh is composed of more than

16,000 hexahedral cells and 17,000 nodes and refined close to sensitive zones

such as the sample surface. The quality of all elementary cells is acceptable870
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with low distorsion. The commercial CFD software Fluent 17.2 [56] was used

to solve gas flow and reactant species distribution in the experimental setup.

E.2. Data processing method

The apparent geometrical reactivity of the sample surface kapp (m.s-1), including

the carbon stoechiometric factor, satisfies Eq. E.1:

dm

dt
= −jexp Seff = −kapp Seff CnO2

MC (E.1)

and might be considered as the reactivity of an effective surface Seff generating

an oxidative mass flow jexp including diffusion effects in the sample.875

The following assumptions are made:

� according to thermodynamical considerations [37], CO(g) is more likely to

be produced than CO2(g) for temperatures above 800K. The reaction equa-

tion which is then considered for oxidation tests carried at temperatures

equal and above 1173K is the following:

2C(s) +O2(g) ⇀↽ 2CO(g) (E.2)

� the consumed dioxygen rate, which is equal to jexp according to Eq. E.2, is

uniformly reported on the overall sample surface, and is used an apparent

geometrical reactivity;880

� multi-component diffusion is simplified into a global diffusion coefficient

computed from the average of binary diffusion coefficients of O2 in N2, O2

in CO, CO in N2 and CO2 in N2. Associated diffusion coefficient data are

from the classical correlation of Massman [45];

� in Eq. E.1, n is equal to 1 for the reasons detailed in Section 2.1.4 ;885

� the boundary concentration Cb is averaged on the overall sample surface.

E.3. Binary dioxygen diffusion coefficients

The binary diffusion coefficient D0 of O2 in N2 is computed from Massman [45]

data for each temperature tested. Detailed values are condensed in Table 5.
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F. Fibers cases details from Section 5.2890

F.1. Evolutions of the affected length for the fibers

Fig. F.1 is an illustration of λ2
fShf for three specific kinetics cases. One can

notice that the fibers related quantity behaves, quite logically, like the matrix

related quantity divided by the extended reactivity contrast F , as demonstrated

by Eqs. 28a, 28b, 30a and 30b. The behavior of λ2
mShm and λ2

fShf only differ895

by their order of magnitude.

(a) F � 0.1 (b) F = 0.1 (c) F � 0.1

Figure F.1: Graphs corresponding to Eq. 29 for three values of F in the
{
φf,0;φm,0

}
param-

eter space. *color should be used for that figure.*

F.2. Effective reactivity for the fibers

Eq. 33 is illustrated by Fig. F.2. One can notice that the graphs from Fig. F.2

show similar evolutions as those from Fig. 14 with a proportionality factor of900

√
A

√
d?f
d?m

√
Ωs,f
Ωs,m

. In accordance with what has been said before, for increas-

ing values of F , the sensitivity of the material effective reactivity to its solid

phases switches from the fibers to the matrix. However, in analogous domains

of prevalence, the orders of magnitude of Shc√
Shi

are different which indicates

that Shc is more dependent on
√
Shf when fibers prevail than on

√
Shm when905

matrix prevails. This confirms that the presence of fibers strongly reduces the

composite effective reactivity when the matrix is the most reactive phase.
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(a) F � 0.1 (b) F = 0.1 (c) F � 0.1

Figure F.2: Graphs corresponding to Eq. 33 for three values of F in the
{
φf,0;φm,0

}
param-

eter space. *color should be used for that figure.*

Nomenclature

Symbol Meaning Unit(s)

Greek symbols
α Diffusion exponent -
γ Condensed diffusion exponent -
δ Oxidation affected depth m (or µm)
ε Porosity - (or %)
εp Percolation porosity - (or %)
εf,0 Fibrous architecture porosity - (or %)
ηlim Tortuosity -
Θ Thiele modulus -
λ Length ratio -
νC Carbon stoichiometric factor -
ξ Coordinate ratio -
Ξ Intermediate function (Eq. D.23) -
ρs Mass density g.cm-3

σv Effective surface area m-1

Σm Integrated matrix surface -
υ Condensation ratio -
φ Solid volume fraction - (or %)
Φ0 Structural dimensionless group -
χ Concentration ratio -
Ωs Solid molar volume m3.mol-1

Latin symbols
A Reactivity contrast -
Ai Dimensionless group (Eqs. D.8a and D.8b) -
Ae Extinction angle °

C Molar concentration mol.m-3

d? Characteristic length m
D0 Binary diffusion coefficient m2.s-1

Dp Effective diffusion coefficient m2.s-1

Ea Activation energy J.mol-1

F Extended reactivity contrast -

910
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FWHMD Full Width at Half Maximum of the D-band cm-1

HWHMG Half Width at Half Maximum of the G-band cm-1

ID/IG Intensity ratio of the D- and G-bands -
I1 Prime integral (Eq. D.2) mol.m-3

jexp Experimental mass flow g.m-2.s-1

jeff Analytical effective mass flow g.m-2.s-1

k Reaction activity m.s-1

kapp Apparent geometrical reactivity m.s-1

keff Material effective reactivity m.s-1

khet Heterogeneous reactivity m.s-1

k0 Pre-exponential factor m.s-1

La In-plane coherence length nm
m Mass g
MC Carbon molar mass g.mol-1

n Reaction partial order -
P Dimensionless group (Eq. D.5) -
P Polynomial function (Eq. D.20) -
ṙexp Experimental recession rate µm.s-1

rf Fiber radius m
R Universal ideal gas constant J.mol-1.K-1

S Surface m2

Sh Sherwood number -
t Time s
T Temperature K
vr Analytical recession rate m.s-1 (or µm.s-1)
U Parameter from Eq. D.24b -
V Parameter from Eq. D.24a -
W Parameter from Eq. 23b -
x Cartesian space coordinate m

Subscripts and superscripts

a Relative to overall material

b Relative to the effective surface gas-solid boundary

c Relative to the composite
CO Relative to the production of CO(g)

eff Relative to the effective (i.e. geometrical) surface

f Relative to the fibers

i Relative to the interface fiber/matrix

m Relative to the matrix

s Relative to solid phase

vol Relative to the internal surface

0 Relative to initial state
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URL https://www.theses.fr/175664196

[51] X. Bertran, C. Labrugère, M. A. Dourges, F. Rebillat, Oxidation behavior

of PAN-based carbon fibers and the effect on mechanical properties, Oxida-

tion of Metals 80 (3-4) (2013) 299–309. doi:10.1007/s11085-013-9388-9.1100

[52] M. Fradin, G. L. Vignoles, C. Ville, G. Couégnat, M. Ridard, F. Rebillat,
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