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Abstract

The manufacture of carbon ®bre composites (CFC) requires models di�erentiating the transport mechanisms in the

CFC ®bres and in the matrix. A non-stationary model was developed for isovolumetric desorption experiments (IDE)

and checked with results for a well-characterised homogeneous material (Ni). The apparent transport constants for

three CFC (N112, NS31 and N11) from Soci�et�e Europ�eenne de Propulsion (SEP), were derived. However, the ®tting of

the experimental hydrogen release using the homogeneous model is unsatisfactory, in that the experimental curve shows

two overlapping time constants. The analysis of the hydrogen paths served to build a non-homogeneous di�usive model

that ®ts accurately the experimental release. The intrinsic values of the ®bre and the matrix derived for the three CFC

studied are comparable. Values for the hydrogen di�usivity in the matrix are 6±7 orders of magnitude higher than in the

®bres. The determinant role of ®bres on the hydrogen solubility in the studied CFC is shown. Ó 1999 Elsevier Science

B.V. All rights reserved.
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Notation

H Hydrogen

D Hydrogen di�usivity

Ks Sieverts' constant

CFC Carbon ®bre composites

c1 Sample distribution during loading

c2 Sample distribution during pumping

c3 Sample distribution during the release

pL Loading pressure

cL Equilibrium concentration during loading

cDt Equilibrium concentration: end of the pum-

ping phase

cf Equilibrium concentration: end of the release

phase

t Time

Dt Duration of pumping phase

r Radial co-ordinate at the cylindrical case

x Linear co-ordinate

b Fitting parameter

c Fitting parameter

an Root of J0(a an)� 0

s Loading time

s� Loading time for saturation

T Temperature

JT Total ¯ux of H atoms

p(t) Pressure in V1

a Cylinder radii

Dx Thickness of the plate

R Gas perfect constant

V1 Chamber volume

Vs Volume of a sample

NA Avogadro's number

DM Hydrogen di�usivity in the matrix

DF Hydrogen di�usivity in ®bres

DFM In series hydrogen e�ective di�usivity for ®bre

and matrix

Ed Di�usion energy

Es Solution energy
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1. Introduction

The determination of the carbon ®bre composites'

(CFC) hydrogen (H) transport constants, di�usivity (D)

and Sieverts constant (Ks), is of great interest in several

®elds of composite science and industrial technology.

The design of CFC components for hydrogen propul-

sion space engines and the tracking of hydrogen isotopes

in CFC-made plasma facing components of fusion re-

actors are examples.

Anisotropy has been commonly proposed to explain

the large scattering (sometimes several orders of mag-

nitude) found in literature for hydrogen transport con-

stants in graphite. At 1073 K, the di�usivity can range

from 10ÿ12 m2/s, for A3 [1] to 10ÿ22 m2/s for YPD [2] and

Ks can range from 8 ´ 10ÿ7 at.fr.Paÿ1=2(IG-430U) [2] to

6 ´ 10ÿ6 at.fr.Paÿ1=2 (IG-110U) [3]. Hence, the extrap-

olation of further applications of hydrogen transport

data of graphite to carbon composites appears quite

inappropriate.

Isovolumetric desorption experiment (IDE) is a

classical measuring technique used to determine the

hydrogen transport parameters (D and Ks) in materials.

The experimental procedure starts with the loading of

the sample with a ®xed hydrogen gas pressure, option-

ally achieving hydrogen saturation in the sample, and to

force ultra high vacuum (UHV) conditions in the mea-

suring chamber by fast pumping in order to cause the

hydrogen release from the material.

The low hydrogen di�usivity in carbon makes load-

ing and release times for CFC very long (some months)

in comparison with metals (18 h for Ni), see Section 2.

Thus, the stability of long measurements appears not to

be guaranteed.

A non-stationary model has been developed in order

to derive D and Ks, when the material is not loaded to

saturation, from the ®tting of a release curve for mea-

suring times shorter than that needed to achieve the

hydrogen steady state release. The detailed characteris-

tics of this homogeneous and non-stationary model and

its validation using Ni release data are presented in

Section 3.

The homogeneous model was used to derive the ap-

parent hydrogen transport constants for three di�erent

CFC: N112, N11 and NS31 Soci�et�e Europ�eenne de

Propulsion (SEP), but it is not able to satisfactorily ®t

the experimental hydrogen release curves from them

(Section 4).

The direct analysis of the experimental hydrogen re-

lease curves from the composites shows two overlapping

processes. The correspondence between the time con-

stants and the hydrogen loading release paths in the

CFC served as a basis to develop a non-homogeneous

re®nement of the previous model. The application of this

re®ned model enabled a complete ®tting of the release

curve, so obtaining D and Ks for hydrogen separated for

both the ®bres and matrix (Section 5). Evaluations of

the IDE data using this model show the determinant role

of the ®bres on the total Ks of hydrogen in CFC and the

role of the porosity on the di�usivity and Sieverts con-

stant of hydrogen in the matrix. The model capabilities

suggest the use for the manufacture of CFC from its

hydrogen interaction characteristics stand point.

2. Experimental

An IDE consists of three phases: loading, pumping

and release.

During the loading phase (duration: s), the sample

material is charged with hydrogen at a constant pressure

of 105 Pa. Following the loading duration, an UHV

(.10ÿ7 Pa) was established in the measuring chamber V1

by fast pumping (30 s, pumping phase) of V1, in order to

break the equilibrium (or quasi-equilibrium) state of

hydrogen in the sample. The ®nal phase is the observa-

tion of the transient release of hydrogen from the ma-

terial, by measuring the pressure increase in V1 (release

phase), see Fig. 1.

One of the primary di�culties of IDE is the choice

for the duration (s) of the loading phase. The s values

are tentatively ®xed on the basis of the time needed to

load the sample at saturation (s�), which is interrelated

to the hydrogen di�usivity in the materials (one of the

transport constants to be obtained). Preliminary mea-

surements are usually needed in order to estimate s�.
Sometimes the s� values are estimated on the basis of the

hydrogen di�usivity of similar materials to those stud-

ied. However, the large scattering of data for graphite

makes this approximation doubtful for CFCs.

During the release phase the data acquisition system

registers the absolute pressure measured by a capaci-

tance manometer (full range 1 mbar) in V1 the absolute

elapsed time since the release time started, and the

temperature. Measurements are performed under iso-

thermal (¯uctuation of �4 K for the maximum temper-

ature of 1200 K) and isovolumetric (i.e. V1 constant)

conditions.

The recording frequency of the measured data is

conveniently distributed throughout the release time. It

Fig. 1. The three phases in IDE.
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is higher during the initial phase of the experiment,

where the variation of the pressure in V1 is most im-

portant.

A background release signal was observed originat-

ing from the release of hydrogen previously adsorbed

during the loading phase at the walls of V1. Then, a

background subtraction was applied to each hydrogen

release curve in which the pressure rise of a control ex-

periment (without samples at the same temperature) was

subtracted from the experimental release curve. The re-

sulting pressure curve in V1 is the input curve retained

for modelling. The general layout of the IDE facility

with its main components is shown schematically in

Fig. 2 and presented in more detail in Ref. [4].

To validate the transient model, preliminary mea-

surements of four identical nickel cylinders: (6 mm ra-

dius, 60 mm length) and one nickel plate (10 ´ 10 ´ 1

mm3) were performed in separate experiments. Four

CFC cylindrical samples (6 mm radius, 60 mm length) of

N112 and N11, and one plate of NS31 (10 ´ 10 ´ 1

mm3), all from SEP, were studied. The ®bres for the

three CFC studied exhibit a planar arrangement net of

®bres pre-form, with needling (case of N112 and N11) or

with pitch ®bres (case of NS31), in the orthogonal di-

rection. Exact compositions, matrix porosity, ®bre/ma-

trix volume ratio, ®bre radius and compositions are

detailed in [5]. Virgin samples, as provided by the

manufacturer, were outgassed during approx. 10 h at

100°C before the use in the measurements.

3. Modelling IDE

Our main modelling objectives for IDE were:

(1) The validity of the developed model for any loading

time (s). As data points are conveniently distributed

throughout the experimental measurement, there should

not be a statistical constraint when using shorter loading

and release times. This aim is important in order to have

model predictions for s � s�, even for: s6 s�/20. After

its validation this goal will mean the potential reduction

in the measuring times to obtain the same values for D

and Ks which are derived from loading/releasing samples

up to saturation (s� s�).
(2) The precision accounting of the gas balance at the

pumping phase. The amount of gas released from the test

specimen during the pumping phase (Dt� 30 s) is usually

small in comparison with the total amount loaded dur-

ing s�. However, it may become signi®cant when using

short gas loading times s (when s � s�) and/or the gas

release for times t � s�. Model precision and success in

the previous purpose (1) depend on the accurate gas

accounting during the pumping phase.

(3) Finally, the evolution of the sample surface in

equilibrium with the surrounding atmosphere of the gas

previously released in V1 has to be considered. Mathe-

matically it implies the inclusion of time dependent

boundary condition.

3.1. General case: homogeneous materials

The model solves the di�usion equation without

sources for a given geometry (cylinder or plate), while

linking the three phases. Starting from an initial zero

concentration in the sample, the concentration distri-

bution in the sample after the loading time s is obtained

by solving the di�usion equation and this provides the

initial concentration for the pumping phase. The solu-

tion of the di�usion equation for the pumping phase is

used as the initial condition for the di�usion problem

during the release phase.

One original aspect of our model, presented in point

(3), is based on the open consideration of the possible

time dependent boundary conditions. Solutions can be

obtained in a similar way for cylindrical and plate ge-

ometries [6]. Here we present results for the cylindrical

case. Solving the di�usion equation for a cylindrical

geometry without sources:

oC
ot
� o

or
1

r
DorC

� �
: �1�

For the loading phase the initial concentration is as-

sumed to be zero, and a concentration cL as a boundary

condition (with cL � KS
�����
pL
p

, pL the loading pressure) all

over the loading time s:

c1�r; t � 0� � 0 for 0 < r < a;

c1�r � a; t� � cL for 06 t < s:
�2�

The solution writes as:

c1�r; t� � cL 1

 
ÿ 2

a

X1
n�1

1

an

J0�ran�
J1�aan� e

ÿDa2
nt

!
�3�

Fig. 2. The general layout of the IDE facility and main units. F:

Furnace; V1: Release Chamber; BAG: Bayarg±Alpert Gauge;

G1, G2: Gate Valves; HgM: U-tube Hg. Manometer; LV: Leak

Value; MV: Manual Valve; P: Capacitance manometer; T1, T2:

Pt-thermocouple; UHV: Pumping Units; V2, V3: Expansion

volumes; P1, P2, P3: Pressure measuring heads; QMF: Quad-

rupole Mass Filter.
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with an being the roots of J0(aan)� 0.

For the pumping phase, with a duration Dt, the

boundary conditions are expressed as:

c2�r; t � 0� � c1�r; s� for 0 < r < a

c2�r � a; t� � cL � cDt ÿ cL

1ÿ eÿb Dt
�1ÿ eÿb t� for 06 t < Dt;

�4�
where cDt is the surface concentration after the pumping

time Dt, and b is a free parameter.

These boundary conditions in Eq. (4) have been

written assuming:

1. the continuity in time between the ®nal concentration

of the loading phase and the initial concentration of

the pumping phase: c1�a; s� � cL � c2�a; t � 0�,
2. cDt is de®ned, i.e. cDt � c2�a;Dt�,
3. the decrease of the pressure in the chamber V1 fol-

lows a decreasing exponential curve.

Solutions for c2�r; t� can be obtained using the super-

position theorem (Duhamel's theorem) [7]:

c2�r; t� � 2cL

a

X1
n�1

1

an

J0�ran�
J1�aan� e

ÿDa2
nt 1
�
ÿ eÿDa2

ns
�
� 2

a

X1
n�1

1

an

� J0�ran�
J1�aan� cL

��
� cDt ÿ cL

1ÿ eÿb Dt

�
1
�
ÿ eÿDa2

nt
��

ÿ 2

a

X1
n�1

Da2
n

J0�ran�
J1�aan�

cDt ÿ cL

1ÿ eÿb Dt

eÿbt ÿ eÿDa2
nt

Da2
n ÿ b

 !
:

�5�
For the release phase the boundary conditions can be

written as:

c3�r; t � 0� � c2�r;Dt� for 0 < r < a;

c3�r � a; t� � cDt � cf ÿ cDt

1ÿ eÿcs
�1ÿ eÿct� for 06 t < s:

�6�
These boundary conditions assume:

1. the continuity between the ending concentration

of the pumping phase and the initial concentration

of the release phase: c2�a;Dt� � cDt � c3�a; t � 0�,
2. the de®nition of cf i.e. cf � c3�a; t�,
3. that the modi®cation of the surface concentration fol-

lows the exponential of the pressure increase in the

chamber V1 during the release phase.

The ®nal solution for the concentration distribution in

the cylinder during the release phase after the described

loading and pumping phases can be written as [6]:

c3�r; t� � 2

a

X1
n�1

1

an

J0�ran�
J1�aan� e

ÿDa2
ntWm�s;Dt� � 2

a

X1
n�1

1

an

� J0�ran�
J1�aan� cDt

��
� cf ÿ cDt

1ÿ eÿc s

�
1
�
ÿ eÿDa2

nt
��

ÿ 2

a

X1
n�1

Da2
n

J0�ran�
J1�aan�

cf ÿ cDt

1ÿ eÿc s

eÿct ÿ eÿDa2
nt

Da2 ÿ c

 !
;

�7�

which can be rewritten as:

Wm�s;Dt� � cL 1
�
ÿ eÿDa2

n�s�Dt�
�

� cDt ÿ cL

1ÿ eÿb Dt
1

 
ÿ eÿDa2

nDt ÿ eÿbDt ÿ eÿDa2
nDt

Da2
n ÿ b

Da2
n

!
:

�8�

Once the c3(r,t) concentration distribution is deter-

mined, the hydrogen ¯ux can be explicitly derived:

J�t� � ÿDrc3�r; t�jr�a: �9�
From the time integration of the ¯ux, the total amount

of gas in V1:

M�t� �
Zt

0

J�t0�dt0 �10�

is derived and expressed in pressure units.

Converting the number of hydrogen atoms to pres-

sure (Pa) in the release volume �V1 ÿ 4VS� at temperature

T of the chamber V1 by the factor:

RT

�V1 ÿ 4VS�2NA

Vs;

will ®nally give the contribution of one cylinder:

p�t� � RT

2�V1 ÿ 4VS�NA

Vs

4

a2

X1
n�1

1

a2
n

� Wn�s;Dt��1
n

ÿ eÿDa2
ns� � A�t�

o
; �11�

with:

A�t� � cDt�1ÿ eÿDa2
ns�

� cf ÿ cDt

1ÿ eÿcs
1

 
ÿ eÿDa2

nt ÿ eÿct ÿ eÿDa2
nt

Da2
n ÿ c

Da2
n

!
:

�12�

3.1.1. Free parameters of the model

Our model involves four parameters: D, Ks, b, c.

However, the sensitivity of p(t) in Eqs. (11) and (12) to b
(and c) is seen to be low, which could be anticipated

from the fact that they appear in temporary boundary

conditions. These parameters had been introduced in

order to account for possible surface e�ects (potentially

present in open pores of the matrix). In the case of the

pure di�usive problem, the input of b (and c) implies a

2nd order correction to the solution.

The sensitivity of the model to b values is higher than

for c, due to the fact that b enters in the initial con-

centration for the release phase. The b parameter can be

roughly evaluated and related to the gas balance during

the pumping phase as:
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�c1�s�� � cL � Ks

�����
pL

p

�c2�Dt� � cDt � cL�1ÿ eÿb Dt� � Ks

������
pDt
p

;
�13�

b � 1

Dt

������
pDt

pL

r
� 10ÿ5: �14�

This order of magnitude value of b is retained as a ref-

erence.

The parameters for which p(t) in Eqs. (11) and (12)

shows the highest sensitivity are D and Ks. They are the

real free parameters of the model and they are retained

hereafter as the main parameters for the modelling of

the IDE results.

3.1.2. Validating the model

Commercially available software [8] has been used to

implement the model in order to ®t the experimental

release runs. It has been validated by comparing its

predictions for di�erent s, T and pL values with the ex-

isting literature measurements for nickel (average of 20

measurements) [9], and with the results from the Ni

calibration tests of our own facility [10]. About 20 ®les

have been used for the validation, with temperatures

ranging from 300 to 800 K, with values of s as low as 1 h.

An example of the quality of the ®tting obtained for

nickel is shown in Fig. 3. The values of D and Ks derived

from such ®tting are presented in Figs. 4 and 5 and are

compared with existing results in Table 1.

Based on the very good quality of the model predic-

tions for a homogeneous material (Ni), the model was

used to obtain tentatively the apparent values for D and

Ks for CFCs. However, when it was used to reproduce

the hydrogen release pro®le from CFC, the ®tting quality

was poor (Fig. 6). The experimental release curve for the

three CFC materials studied showed the existence of two

di�erent and overlapping time processes during the re-

lease history. This suggested that the release curve is

composed of a contribution from both ®bres and matrix.

Nevertheless, the experimental curves can be approached

within experimental error bars of �5%. We use the word

apparent (i.e. volume averaged) for the values of D and

Ks (�30±40%) derived from these ®ttings.

Hence, the satisfactory precision shown by our model

developed (Figs. 3±5 and Table 1) enables a drastic re-

duction in the measuring times to derive apparent hy-

drogen transport constants for CFCs.

The Arrhenius plots for the apparent values of D and

Ks for the three tested CFCs are shown in Figs. 7 and 8,

respectively.

4. Hydrogen transport parameters in CFCs

In comparison to Ni, which is a homogeneous ma-

terial, all of the CFCs tested exhibited a hydrogenFig. 3. Fitting the hydrogen release curves from nickel.

Fig. 4. Values of hydrogen di�usivity in nickel. Test of the

model for s and T.

Fig. 5. Values of the Sieverts' constant of hydrogen in Ni. Test

of the model for s and T.
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release composed of two overlapping processes. As a

consequence of this, the e�ort to obtain a good ®tting of

experimental curves and to derive accurate di�usivity

and Sieverts constant values for hydrogen was unsuc-

cessful (Fig. 6). This fact provided the driving force for

us to elaborate a non-homogeneous model for the study

of hydrogen transport in CFC.

It is possible to think in terms of the time constants of

the transport processes and of the preferential paths for

the hydrogen release (respectively loading) from the

composite.

4.1. Radial transport

The ratio between the axial and radial matrix dimen-

sions is about 5%, which as an approximation is possible

to consider the samples (hence matrix) as in®nitely long

cylinders. Due to their dimensions, ®bres can be imme-

diately assumed as in®nitely long cylinders. Then, the

hydrogen transport in each composite's sub-system (®bre

F and matrix M) can be postulated as being radial.

4.2. Fibre's role and di�usive time constants

The CFCs studied have ®bre distributions as shown

in Fig. 9. For drawing clarity, the relative ®bre-to-ma-

trix dimensions have been arbitrarily exaggerated.

The general situation for the distribution and radial

shapes of diversely distributed ®bres within the CFC-

matrix has been labelled F1, F2 and F3. The F1-shape

corresponds to a vertical, non-centred and non-coaxial

to sample ®bre, F2 is a vertical and centred coaxial ®bre

and F3 a general cut of a horizontal ®bre.

Fig. 7. The apparent di�usivity of hydrogen in three CFC:

N112, N11 and NS31 (R: kJ/K mol).

Fig. 8. The apparent Sieverts' constant of hydrogen in three

CFC: N112, N11 and NS31.

Table 1

Comparison of values obtained for Ni with other existing results

Reference D0 (m2/s) Ed (kJ/mol) Ks0 (at.fr.Paÿ1=2) Es (kJ/mol)

W. Roberston [6] 3.72 ´ 10ÿ7 40.20 5.52 ´ 10ÿ6 12.5

M. Caorlin a [7] 8.63 ´ 10ÿ7 41.08 1.87 ´ 10ÿ6 8.24

Present work 6.23 ´ 10ÿ7 40.91 5.92 ´ 10ÿ6 7.96

a From the previous calibration of our facility.

Fig. 6. Fitting quality for CFCs from the homogeneous model.
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Under the main hypothesis of radial transport and

reversibility of loading to release, it is possible to show

as a ®rst-order approximation that, regardless of its

position and orientation within the matrix, each ®bre

should have a similar quantitative contribution to time

di�usive constants.

Within the radial and di�usive approximation, the

loading of F1 and F2 ®bres has an equal (¯ux-averaged)

time- limiting constant (s):

sF1 � �r ÿ d�2
DMa2

0

cL DM

r ÿ d
� �r � d�2

DMa2
0

cL DM

r � d
� cL

a2
0

2r

� r2

DMa2
0

cL DM

r
� r2

DMa2
0

cL DM

r
� sF2: �15�

The same justi®cation is valid for the contribution of

any of the points (X-points in Fig. 9) distributed along

F3 taking into account that there are no axial gradients

along F3. Once the ®bres are loaded with hydrogen, the

reversibility hypothesis implies that the preceding argu-

ments are also valid for the release phase. Hence, the

total ®bre contribution can be accounted for by their

volumetric fraction, i.e. 1-®bre approximation.

4.3. Hydrogen paths in CFC

Due to the nature of the material (matrix: 60 vol-

ume% or more depending on each CFC, ®bre: balanced)

[5] a direct contribution to the released ¯ux to V1 comes

from the amount of gas directly loaded in the compos-

ite's matrix (M) and subsequently released to V1:

M ! V1.

Another contribution should come from the amount

of gas loaded in the composite's ®bres. The amount of

hydrogen soluble in the ®bre should cross the matrix

before contributing to the increase of the pressure in V1:

F ! M ! V1.

Other processes potentially present could be:

· M ! F ! M ! �. . .� ! V1: Negligible, as a ®rst ap-

proximation in comparison to: M ! V1.

· F ! M ! F ! M ! �. . .� ! V1: Negligible, in a ®rst

approximation in comparison to: F ! M ! V1 be-

cause the processes works in parallel with the pri-

mary processes M ! V1 and F ! M ! V1 and are

slower compared to them.

Therefore, at a given temperature, two quantities in

parallel should govern the hydrogen kinetics during the

loading and release in the composite: r2 �DM a2
0�ÿ1

and

r2 �DFM a2
0�ÿ1

for the cylindrical case and Dx2 �DM a2
0�ÿ1

and Dx2 �DFM a2
0�ÿ1

for the plate case.

At this point we should be able to reproduce the

experimental release curve as the addition of two ho-

mogeneous-like contributions, keeping in mind that

each term includes:

· the matrix constants DM and (Ks)M,

· the equivalent time constant of a in-series system ®-

bre/matrix and the hydrogen solubility in the ®bre

[DMÿF, (Ks)F].

An example of the present ®tting of the experimental

data and their very good quality (v2 < 10ÿ6) is shown in

Fig. 10. In order to ®t the experimental curve, we used

two di�erent sets of transport parameters: [DM, (Ks)M]

and [(DMÿF, (Ks)F], which then enable us to derive the

values of DM, DMÿF and DF. Hence, the intrinsic hy-

drogen transport values in the CFC sub-systems, ®bres

and matrix, can be obtained. The di�usivity values are

shown in Fig. 11 and the Sieverts constant in Fig. 12.

5. Discussion

As a further checking of the model's quality, the D

and KS values for two N112 specimens with di�erent size

(diameters: 6 and 12 mm) are quite similar (Figs. 13 and

14). The slight discrepancies come from a non-negligible

axial ¯ux contribution: .25% for the case with /� 12

mm. The apparent values for D and Ks derived for both

cases are identical. The hydrogen transport parameters

in di�erent CFCs obtained with the above model are

coherent and support the assumption of atomic solution

of hydrogen in CFC which has been also found by At-

sumi et al. [3] in pyrolytic graphite.

Fig. 10. Fitting quality in CFC from the non-homogeneous

transient model.

Fig. 9. A general axial cut and radial shapes of divers ®bres in

the CFC- matrix.
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As far as the apparent di�usivity is concerned, the

values obtained are ®ve to seven orders of magnitude

larger than those for other types of graphite (IG-110U

or G-32), while exhibiting similar Ed. Taking into ac-

count the manifest of the Arrhenius dependence of the

apparent di�usivity on T (Fig. 7), Knudsen di�usion [11]

characterising collisions between molecules and pore

walls, with a Tÿ1=2 dependence for D, seems to play a

negligible role in our measurements.

Regarding the apparent Sieverts' constant (Fig. 8),

the knee-trend obtained agrees with those observed for

high-density graphite in [12] where two kinds of trapping

sites determine the Ks behaviour with a decrease of re-

tention due to the thermal depopulation of the trapping

sites. This assessment is coherent with the results in

Figs. 12 and 13, where it is shown that a larger bundle-

of-®bre subsystem determines the apparent Ks of hy-

drogen in the CFC.

Fig. 11. Intrinsic values for the hydrogen di�usivity in CFC

®bre and matrix.

Fig. 13. Intrinsic values for the hydrogen Sieverts' constant in

CFC subsystems for two di�erent sized N112 samples.

Fig. 14. Intrinsic values for the hydrogen di�usivity in CFC

subsystems for two di�erent sized N112 samples.

Fig. 12. Intrinsic values for the hydrogen Sieverts' constant in

CFC ®bre and matrix.
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Fig. 11 shows a gap in the di�usivity pre-exponential

factor D0 in the equation D � D0 exp�ÿEd=RT� for ®bre

and matrix suggesting that the same processes govern

the hydrogen di�usion in the bulk of both carbon sub-

systems. Such a gap may be explained assuming a re-

duction of the mean-free-path of hydrogen in the bulk of

the matrix due to the presence of small (5±50 nm) con-

nected pores in the matrix volume.

The exothermal solubility behaviour (ÿEs > 0)

shown by the matrix with the highest porosity (N11)

indicates that the porosity should have a complex e�ect

on the total Ks value for the matrix. At the reference test

temperatures and loading pressures, hydrogen loads

quickly and without signi®cant thermal in¯uence the

inner volume of connected pores in the matrix (V1). The

amount of hydrogen con®ned in such region is com-

pletely pumped away during the second phase of the

experiment (pumping phase), so it is not available to

contribute to the release phase. The high N11 matrix

porosity could contribute to cL by the increase of the

hydrogen inlet partial pressure in matrix microcavities,

favouring the intake of hydrogen into the bulk matrix.

For the relatively low temperatures of our IDE, hydro-

gen dissolution in pores and/or trapping at the interfaces

and other defects aside from pores might have a high

importance [12,13] to explain the N11-matrix behaviour.

6. Summary

The good quality and the precision of the non-sta-

tionary model developed for IDE for homogeneous

metals and non-homogeneous composites are shown. It

enables a drastic reduction of measuring time to derive

D and Ks for CFCs. The apparent values (i.e. volume

averaged) and the intrinsic values for the hydrogen dif-

fusivity in CFC subsystems (®bre and matrix) have been

evaluated for three di�erent CFCs. The analysis of the

dependence of D and Ks of hydrogen in CFCs, indicates

the determinant role of the matrix porosity on the

overall di�usivity and the determinant role of ®bres on

the total solubility. The di�erentiation of the hydrogen

interaction with ®bre and matrix will enable to track

better hydrogen interaction with the CFC materials. The

developed model, in co-ordination with IDE, could be

used to support the manufacture of CFC materials,

enabling the CFC to be tailored for transport properties,

according to their speci®c technological requirements.
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