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Abstract

A gas permeation technique has been used to obtain the complete set of deuterium transport parameters in Inco-

loy 800 with deuterium driving pressures ranging from 104 to 1:5� 105 Pa and temperatures from 427 to 780 K.

The deuterium diffusive transport parameters obtained are: D ðm2 s�1Þ ¼ 3:87� 10�7 expð�47:8 ðkJmol�1Þ=RT Þ,
Ks ðmolm�3 Pa�1=2Þ ¼ 0:102 expð�7:8 ðkJmol�1Þ=RT Þ, U ðmolm�1 s�1 Pa�1=2Þ ¼ 3:94� 10�8 expð�55:6 ðkJmol�1Þ=RT Þ.
The deuterium surface rate constants for a non-oxidized surface has been evaluated as: rk1 ðmolm�2 s�1 Pa�1Þ ¼ 2:67�
10�10 expð�40:1 ðkJmol�1Þ=RT Þ, rk2 ðmol�1 m4 s�1Þ ¼ 2:58� 10�8 expð�24:5 ðkJmol�1Þ=RT Þ, and for an oxidized sur-
face: ðrk1Þ0 ðmolm�2 s�1 Pa�1Þ ¼ 4:14� 10�6 expð�44:3 ðkJmol�1Þ=RT Þ, ðrk2Þ0 ðmol�1 m4 s�1Þ ¼ 4:00� 10�4 expð�28:6
ðkJmol�1Þ=RT Þ. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The FeNiCr alloy Incoloy 800 is increasingly being

used as a steam generating (SG) material of nuclear

power reactors. Its high strength and corrosion resis-

tance properties in the presence of high-temperature

water or steam make this alloy a suitable candidate

material to construct the steam generator of future

thermonuclear fusion reactors. Thereby, Incoloy 800 is

expected to be employed in the reactor design option of

the European Helium-Cooled Pebble Bed (HCPB)

Blanket [1].

Some important issues to be defined when analysing

the feasibility of a particular option of the reactor design

are the tritium economy and the radiological safety. In

relation with these matters, the evaluation of the tritium

inventory absorbed within structures and released to

non-radiologically protected zones is mandatory. One of

the main paths for tritium release to the environment is

the following: first, the helium coolant circuit receives

tritium that permeates either from the first wall (FW) or

the breeding zone (the last one having minor importance

with respect to the FW, 0.78–8.5 g/d [1]); then, tritium is

carried by the helium to the steam generator where tri-

tium is able to be absorbed in and diffuse through the

heat exchanger walls, and be carried by the steam to the

thermodynamic cycle. Thereby, tritium may reach non-

radiologically protected zones of the power plant.

The amount of tritium that is acceptable to be re-

leased to the environment during usual operation is

about 20 Ci/day. A permeation reduction factor (PRF)

of 20 in the heat exchanger walls has been evaluated to

accomplish the previous condition [1]. Additionally,

high PRF values will reduce the amount of hydrogen

needed in the tritium recovery columns of the fuel cycle
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and, consequently, diminish the size and operational

costs of that system. As a result, this high-temperature

material Incoloy 800 needs a detailed analysis in relation

with the hydrogen (H) isotope transport characteristics.

Several works [2–8] have been carried out in order to

characterize tritium permeation through Incoloy 800

together with other high-temperature SG alloys and

study the inhibition of this effect by the growth of oxide

layers on its surface, i.e. the use of oxide layers as

effective permeation barriers.

In the present work besides permeability U, the dif-
fusive deuterium transport parameters of diffusivity D
and Sieverts’ constant Ks have been evaluated in the tem-

perature range 427–664 K. These parameters allow the

evaluation of transient kinetics in gas transport through

the diffusivity D and the total capacity of gas absorption

by means of Sieverts’ constant Ks, in the absence of oxide
or in the presence of thermal transients that provoke

stresses and induce cracks and other imperfections in the

oxide film of the heat exchanger walls [8].

Alternatively, if the H transport regime becomes

surface-limited [9–12] (i.e. H transport within the mate-

rial is limited by the physico-chemical reactions of ad-

sorption and recombination occurring at the surface of

the material rather than the interstitial diffusion) the

surface reaction rate constants of adsorption rk1 and
recombination rk2 are the fundamental transport pa-
rameters describing the gas–material interaction. Here,

rk1 and rk2 are evaluated in Incoloy 800 either for bare
or oxidized surfaces in the temperature range 427–780 K.

2. Experimental and modelling

The material studied is the high-temperature SG

FeNiCr alloy Incoloy 800, its nominal chemical com-

position being shown in Table 1. Clean Incoloy 800 is

highly susceptible to oxidation, the characteristic of such

oxide being dependent on the initial conditions of the

material and its chemical and thermal exposure. The

most probable oxides to be expected under oxidizing

conditions are the chromium oxide Cr2O3 and the

MnCr2O4 spinel (that have been identified as the re-

sponsible of the gas permeation inhibition [7,8]); the

presence of Mn in the spinel oxide is explained by its

higher diffusivity through Cr2O3 as compared to Cr [13].

In the present experiment, the specimen consisted of

a clean polished disc of 0.4 mm thickness and 48 mm

diameter. Some technological problems arose when

studying bulk diffusion and absorption because of the

surface oxidation. Due to the high oxidation suscepti-

bility of Incoloy 800, in several occasions the sample had

to be extracted and cleaned or be changed to eliminate

the presence of oxide. Oxide growth and the corre-

sponding gas permeation reduction could not be pre-

vented at temperatures higher than 664 K.

When measuring the surface effects, the oxidation of

the specimen at high temperature was allowed to pro-

ceed to a final stable situation where the steady-state

permeation rate did not change as the time passed. After

the permeation tests, the specimen was analysed by

means of secondary neutral mass spectroscopy (SNMS);

an oxide layer about 100 nm with an enrichment of Mn,

Cr and O in the first 30 nm was detected on the surface

directly exposed to deuterium gas. The surface exposed

to vacuum did not show any noticeable oxide presence.

The deuterium gas used was of 99.7% purity with a

maximum H2O content lower than 15 ppm.

The permeation rig and the models used to derive the

transport parameters from the experimental permeation

curves have been described in earlier works [14–19]. The

diffusion-limited model and non-symmetric surface-lim-

ited model (Table 2) have been applied to obtain the

whole set of transport parameters of Incoloy 800, in-

cluding the differentiated surface-rate constant for bare

and oxidized states of the material.

In this work, two consecutive methods have been

applied to derive the transport constants. The first one

performs a linear least-squares fitting to the steady-state

permeation region with a linear equation, deriving an

approximation of the transport parameters from the

value of the slope S and time lag sL (Table 2). The sec-
ond method carries out a non-linear least-squares fitting

with the general expression of the fitting curve (Table 2)

in both the steady-state region and the transitory region.

This second fitting routine uses the transport parameters

of the first step as initial values, which accelerates con-

siderably the fitting convergence. All the values that

have been obtained at different temperatures are subse-

quently fitted to their respective Arrhenius equations.

3. Results and discussion

In order to study the influence of oxidation on the

transport regime, a group of permeation tests with dif-

ferent driving pressures have been performed before and

after oxidation of the specimen. The measured steady

Table 1

Chemical composition (wt%) of Incoloy 800

Element Ni Cr Mn Ti Si Al C S Fe

(wt%) 30.8 20.5 0.64 0.56 0.46 0.36 0.065 0.004 Balance
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state permeation fluxes J are depicted versus the gas

driving pressures ph for different experimental tempera-
tures in Fig. 1; it can be noticed how the oxidation pro-

cess provokes an abrupt change in the transport regime

between 631 and 680 K. The pressure dependence of

fluxes close to a 0.5 power relationship (characteristic of

a pure diffusive transport regime) becomes a 1 power

(characteristic of a pure surface limited transport regime)

after oxidation. This experimental verification permits

one to consider pure surface and diffusion limited

transport regimes and uses the corresponding models

rather than an intermediate transport regime [14].

The diffusive transport parameters have been ob-

tained from a series of permeation tests performed in the

temperature range from 427 to 664 K and driving

pressures ranging from 104 to 1:5� 105 Pa avoiding the

influence of any surface effect. The permeability has been

evaluated as (Fig. 2)

U ðmolm�1 s�1 Pa�1=2Þ ¼ 3:94� 10�8

� expð�55:6 ðkJmol�1Þ=RT Þ;
ð1Þ

the diffusivity (Fig. 3)

D ðm2 s�1Þ ¼ 3:87� 10�7 expð�47:8 ðkJmol�1Þ=RT Þ;
ð2Þ

and Sieverts’ constant (Fig. 4)

Fig. 1. Experimental deuterium permeation fluxes in Incoloy

800, dependence on driving pressure (type of transport regime). Fig. 2. Arrhenius plot of the fitted deuterium permeability in

Incoloy 800: (1) hydrogen [4], (2) hydrogen (extrapolated from

experimental high temperatures (923–1223 K) [5], (3) deuterium

(this work).

Table 2

Fitting model description: U––permeability, D––diffusivity, Ks––Sieverts’ constant, (rk1), (rk1)0––adsorption constant at high and low
pressure side, respectively, R––ideal gas constant, Teff––effective temperature, Veff–– effective volume, ph––driving pressure, d––thick-
ness, A––surface area, t––time

Model Fitting law pðtÞ Slope S Time lag sL

Diffusion-limited

pðtÞ ¼ RTeff
Veff

Up1=2h

d
At � Up1=2h d

6D
A� 2Up1=2h d

6D
A

"

�
X1
n¼1

ð�1Þn

n2
expð�D

n2p2

d2
tÞ
#

ðRTeffUp1=2h Þ=ðVeffdÞ
ðd2=6DÞ

Non-symmetric

surface-limited RTeffA
Veff

ðrk1Þ0
ðrk1Þph

ðrk1Þ þ ðrk1Þ0

"
t � dKsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðrk1Þph ðrk1Þ � ðrk1Þ0
� �q :

� tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrk1Þph½ðrk1Þ � ðrk1Þ0


p
dKs

t

 !#
RTeffA
Veff

ðrk1Þ0ðrk1Þph
ðrk1Þ þ ðrk1Þ0

dKsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrk1Þph½ðrk1Þ � ðrk1Þ0


p
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Ks ðmolm�3 Pa�1=2Þ ¼ 0:102 expð�7:8 ðkJmol�1Þ=RT Þ:
ð3Þ

In Fig. 2, it can be noticed how the present result of

permeability approximates well to those obtained by

Bell et al. [4] and Schaefer et al. [5]. To the knowledge of

the authors Ks and D of any hydrogen isotope have not

been independently studied in Incoloy 800 hitherto. No

trapping effect on diffusivity and Sieverts’ constant has

been noticed throughout the whole experimental tem-

perature range; the pronounced increase of Ks and de-

crease of D at temperatures approximately below 573 K

detected in ferritic–martensitic steels [22] have not been

observed here. It can be noticed how well Incoloy 800

matches the results of austenitic stainless steel rather

than the results of the ferritic–martensitic ones. This fact

confirms the relationship between the chemical compo-

sition of the alloys and the hydrogen isotope transport

parameters [24], because Incoloy 800 approximates

better the high Ni and Cr contents of austenitic stainless

steel than the ferritic–martensitic one. Furthermore, the

diffusion activation energy of deuterium in Incoloy 800

(Ed ¼ 47:8 kJmol�1) is analogous to the high values

detected for the austenitic stainless steel AISI 316L

(Ed ¼ 42:5 kJmol�1 [20] or 59.7 kJmol�1 [21]), differing
from the typical low values of the ferritic–martensitic

ones (all the referenced steels of this type show Ed < 16:0
kJmol�1 [19,22,23]).

The surface transport parameters have been obtained

from a series of permeation tests performed in the

temperature range from 427 to 780 K and driving

pressures ranging from 104 to 1:5� 105 Pa, once the

growth of the oxide layer on the surface facing the high-

pressure atmosphere had stabilized. For the oxidized

surface (high-pressure region) the adsorption constant

has been evaluated as (Fig. 5)

rk1 ðmolm�2 s�1 Pa�1Þ ¼ 2:67� 10�10

� expð�40:1 ðkJmol�1Þ=RT Þ
ð4Þ

and the recombination constant (Fig. 6)

rk2 ðmol�1 m4 s�1Þ ¼ 2:58

� 10�8 expð�24:5 ðkJmol�1Þ=RT Þ:
ð5Þ

For the non-oxidized surface (low-pressure region)

the adsorption constant has been evaluated as (Fig. 5)

ðrk1Þ0ðmolm�2 s�1 Pa�1Þ ¼ 4:14� 10�6

� expð�44:3 ðkJmol�1Þ=RT Þ
ð6Þ

and the recombination constant (Fig. 6)

ðrk2Þ0ðmol�1 m4 s�1Þ ¼ 4:00� 10�4

� expð�28:6 ðkJmol�1Þ=RT Þ:
ð7Þ

The resulting surface rate constants for the high-

pressure region (oxide present) are more than three

Fig. 3. Diffusivity in Incoloy 800 compared with reference

steels: (1), (2) and (3) H2, D2 and T2, respectively, in OPTIFER-

IVb [22], (4) D2 in Batman [19], (5) D2 in F82H [19], (6) H2 in

MANET [16], (7) H2 in MANET [20], (8) H2 in SS 316L [20],

(9) H2 in SS 316L [21], (10) H2 in a-Fe [23], (11) D2 in Incoloy

800 (this work).

Fig. 4. Sieverts’ constant in Incoloy 800 compared with refer-

ence steels: (1), (2) and (3) H2, D2 and T2, respectively, in

OPTIFER-IVb [22], (4) D2 in Batman [19], (5) D2 in F82H [19],

(6) H2 in MANET [16], (7) H2 in MANET [20], (8) H2 in SS

316L [20], (9) H2 in SS 316L [21], (10) H2 in a-Fe [23], (11) D2 in

Incoloy 800 (this work).
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orders of magnitude lower than the resulting surface rate

constants for the low-pressure region (oxide absent).

Furthermore, the values for ðrk1Þ0 and ðrk2Þ0 that have
been obtained for the oxidized surfaces of Incoloy 800

are the lowest in comparison to the steels. It is worth

noting that the recombination constant of Incoloy 800

shows a positive activation energy, as it is the general

behaviour of the austenitic stainless steels, in opposition

to the ferritic–martensitic ones. This fact may be the

consequence of similar characteristics of the oxide pro-

duced in the high-Cr-content alloys. These features show

the great influence of the oxide on the surface parame-

ters entailing the inhibition of the hydrogen isotope

transport and confirms the possibility of ‘in situ’ gen-

erating effective permeation barriers with an oxide layer

on Incoloy 800 whenever the oxide stability is assured.

The permeation rate reduction derived here, ðJbare=
JoxideÞ > 103, is even higher than those obtained by

means of the classic aluminide coatings (optionally ox-

idized as Al2O3) used as permeation barriers [29,30].

The Baskes [10] and Pick and Sonnenberg [11]

models, on the basis of kinetic statistics, provide ana-

lytical expressions for the surface-rate constants. The

Baskes model for Incoloy 800 yields an activation energy

of adsorption 55.6 kJmol�1 comparable to the experi-

mental 40.1 and 44.3 kJmol�1; the existing gap between

the experimental and theoretical values (Figs. 5 and 6)

may be attributed to sticking coefficients of 5:26� 10�10

and 8:17� 10�6 corresponding to oxidized and non-

oxidized surfaces, respectively. The Pick and Sonnen-

berg model denotes a major mismatch because the

model foresees no activation energy for adsorption when

the experimental results accounted for it. The model

could be congruent with the experimental values pro-

vided the sticking coefficient was activated with the

energies of 40.1 and 44.3 kJmol�1 for oxidized and non-

oxidized surfaces, respectively.

4. Conclusions

The gas permeation technique has been used to

investigate deuterium transport in Incoloy 800. Two

well-differentiated transport regimes have been discrim-

inated: a diffusion-limited and a surface-limited regime,

both of them have been individually simulated with their

respective theoretical model. Satisfactory diffusive

transport parameters D, Ks and U have been obtained in

the temperature range 427–664 K.

The surface rate constants of adsorption rk1 and
recombination rk2 have been evaluated in the tempera-
ture range 427–780 K. The state of each surface of the

specimen has been differentiated by means of a non-

symmetric model. A gap close to four orders of magni-

tude between the surface rate constants evaluated in the

presence and in the absence of oxide has been evidenced.

Fig. 5. Arrhenius plot of adsorption rate constants: (1) and (2)

Pick and Sonnenberg model [11] and Baskes model [10], re-

spectively, for Incoloy 800 (with sticking coefficient s ¼ 1 and

roughness r ¼ 1), (3) Dþ implantation in MANET [25], (4) H2

in 316 SS ion beam cleaned [26], (5) H2 in 316 SS oxidized both

surfaces [26], (6) D2 in bare MANET [15], (7) D2 in MANET

[18], (8) D2 in oxidized MANET [15], (9) D2 in Inconel 600 [27],

(10) D2 in 304 SS [28], (11) D2 in bare OPTIFER-IVb [14], (12)

D2 in bare Incoloy 800 (this work), (13) D2 in oxidized Incoloy

800 (this work).

Fig. 6. Arrhenius plot of recombination rate constants: (1) and

(2) Pick and Sonnenberg [11] model and Baskes [10] model,

respectively, for Incoloy 800 (with sticking coefficient s ¼ 1 and

roughness r ¼ 1), (3) Dþ implantation in MANET [25], (4) H2

in 316 SS ion beam cleaned [26], (5) H2 in 316 SS oxidized both

surfaces [26], (6) D2 in bare MANET [15], (7) D2 in MANET

[18], (8) D2 in oxidized MANET [15], (9) D2 in Inconel 600 [27],

(10) D2 in 304 SS [28], (11) D2 in bare OPTIFER-IVb [14], (12)

D2 in bare Incoloy 800 (this work), (13) D2 in oxidized Incoloy

800 (this work).
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The layer of the spinel oxide MnCr2O4 has demon-

strated to be an effective hydrogen isotope transport

barrier.
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