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Abstract

The condition of the surfaces is of crucial importance for the deuterium permeation through materials. In this work a
Ž . Ž .study of the surface constants for the adsorption s k and release s k of deuterium under different surface conditions on1 2

Ž . Ž .the martensitic steel DIN 1.4914 MANET has been carried out. The growth of an oxide surface layer Cr O of about2 3

25–30 nm in a MANET sample, heat treated in an oxidizing environment, compared to the bare MANET that have a
Ž‘natural’ oxide of about 5 nm has provoked a reduction of both the permeation rate and the recombination coefficient about

.3 orders of magnitude . In addition, the permeation governing process has changed from diffusion-limited to surface-limited.
The measurements of the permeation rate of deuterium were performed by a gas-phase permeation technique over the
temperature range 574–746 K and for deuterium driving pressures in the range from 3 to 105 Pa.

1. Introduction

ŽThe martensitic steel DIN 1.4914 MArtensitic for NET,
.MANET is a Nb bearing steel which has better swelling

resistance, lower sensitivity to helium embrittlement and
more suitable thermophysical properties than the austenitic

w xstainless steel AISI 316L 1 . MANET is a candidate
material for the first wall and structure for the demonstra-
tion power reactor DEMO.

The governing deuterium transport and inventory pa-
Ž .rameters permeability, diffusivity and solubility in

w xMANET are well known 2–4 but few data are available
for the constants describing surface reactions. In a previous

w x Ž .work 5 we obtained the adsorption s k and recombina-1
Ž .tion s k constants of deuterium in MANET but unfortu-2

nately without being able to control the surfaces of the
sample. In the present work the surface conditions of the
samples were rigorously controlled. Before and after in-
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serting each sample in the permeation apparatus, X-ray
Ž .photoelectron spectroscopy XPS was conducted on both

the surfaces of the sample, in order to evaluate the compo-
sition and to determine the thickness of the oxide layer on
the surfaces.

In fusion reactor technology, great emphasis is made on
tritium behaviour because of the implications for the effi-
ciency of the reactor fuel cycle and because of the possible
radiological hazards associated with tritium. The knowl-
edge of the release rate of hydrogen andror its isotopes
from the surface and the rate at which adatoms move into
the subsurface layer is required in order to evaluate the
recycling of hydrogen; to evaluate and control tritium
retention in walls when operated with deuteriumrtritium
plasmas; and to quantify the hazard problems of tritium

w xpermeation 6 . Numerical codes have been developed for
the calculation of inventory, permeation and recycling of
deuterium and tritium in fusion reactor design concepts in

w xnon-steady state conditions 7–11 . This permits evaluation
and control of tritium retention in walls and structures
when operated with deuteriumrtritium plasmas. The codes
utilize, as essential input data, either the hydrogen trans-
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port and inventory parameters orrand the surface con-
stants of the fusion reactor candidate materials.

2. Experimental

The material studied was MANET II, a development of
w xMANET 12 . The MANET II samples consisted of discs

48 mm in diameter and 0.5 mm in thickness. They were
machined from a slab of material supplied by Kern-

Žforschungszentrum Karlsruhe from the Net-heat No.
. Ž .50803 with the following composition wt% : C, 0.11; Cr,

10.3; Ni, 0.65; Mo, 0.58; V, 0.19; Nb, 0.14; Si, 0.18; Mn,
0.85; S, 0.004; P, 0.005; B, 0.0072; N, 0.030; Al, 0.012;
Co, 0.006; Cu, 0.010; Zr, 0.014; Zn, 0.001; Sb, 0.0004;
As, 0.010 and Fe, balance. The membranes underwent the
following heat treatment in order to produce a fully 6-fer-
rite free martensitic phase: heating at 1243 K for 2 h,
austenizing at 1348 K for 0.5 h, quenching to room
temperature, tempering at 1023 K for 2 h and slow cooling
to room temperature.

ŽThe method chosen for the high pressure 0.1 to 100
.kPa measurements during the current investigation is a

gas-phase technique where, after evacuating the apparatus
to an ultra high vacuum so that both sides of a sample are
initially in contact with vacuum, one side of the sample
Ž .the ‘high pressure side’ is instantaneously exposed to
deuterium gas at a known, fixed pressure. Gas permeates

Žthrough the sample and is released at the other side the
.‘low pressure side’ , where it causes a pressure rise in an

initially evacuated, calibrated volume. The pressure rise is
measured using a Baratron capacitance manometer with a

Ž .full scale reading of 100 Pa 1 mbar . Since the volume is
calibrated, either the pressure rise could be converted into
an amount of gas in moles permeating through unit area of

Ž Ž ..the sample Q t or the rate of pressure rise could be
converted into an amount of gas in moles permeating

Ž Ž ..through unit area of the sample per second J t .
The apparatus is constructed from standard stainless

w xsteel UHV components 5 . Bakeout of the entire system is
possible using heating tapes. Residual pressures lower than

y6 Ž y8 .10 Pa 10 mbar prior to system bakeout at 573 K
and less than 10y7 Pa afterwards are obtained before any
experiment. High pressure deuterium gas, with a nominal
purity of 99.7%, is taken from a cylinder and admitted to
the sample via two pressure controllers which enable the

Žpressure to be set at any value between 0.1–150 kPa 1.0
.to 1500 mbar . The sample is heated by a resistance

furnace and the temperature may be set at values up to 773
K by a temperature controller with a thermocouple held in
a well, drilled into one of the flanges holding the sample,
allowing a temperature stability of "1 K. An analysis of
the high pressure gas and the permeated gas is made with a
quadrupole mass spectrometer. Thus it is possible to check
for possible contaminants and to distinguish permeation
from outgassing. The volume of the low pressure side of

the sample is measured by a gas expansion method
Ž . Ž y5Sieverts’ method using a calibrated volume 9.13=10

3.m which is permanently attached to the apparatus.
The measurements in the range of deuterium pressure

of 3–100 Pa were performed by a ‘reverse permeation
technique’. For this, gas is allowed to permeate through
the sample into the ‘low pressure side’ in the usual way.
When the pressure in the ‘low pressure side’ reaches the
required pressure for the measurement, the ‘high pressure
side’ is evacuated and kept under vacuum. Permeation
occurs in the reverse direction to the measurements de-
scribed above, resulting in a pressure decrease in the ‘low
pressure side’. As before, the rate of pressure change

Žwhich in this case is a decrease measured using the
.Baratron can be converted into an amount of gas permeat-

ing through unit area of the sample per second. Thus
permeation measurements can be made over a wide range
Ž .nearly 5 decades of pressure, making efficient use of
equipment and experimental time. The reliability of the
low pressure measurements depends on the assumption
that the pressure decrease is predominantly due to the
permeation through the MANET disc and not through any
other part of the apparatus. When investigating a thin
sample of MANET, which has a relatively high permeabil-
ity this assumption is reasonable. In addition, a check on
the consistency of the low pressure data with the high
pressure measurements is made in order to show that there
is no discontinuity in the data across the whole pressure
range investigated.

A microcomputer interfaced to the equipment via a
digital voltameter is used for data storage and later pro-
cessing.

3. Theory

It is well known that the hydrogen isotopes permeation
rate through a membrane in the stationary condition, can
be described by simple analytical equations for the two
extreme cases, i.e., the diffusion limited and the surface
limited regimes. In the more general case, a general equa-
tion describing the permeating flux, J, as a function of the
driving pressure, p, in both regimes and also in the
intermediate domain is needed. In this work we follow the

w xapproach of Ref. 13 and that has been explicitly de-
w xscribed in a previous paper 5 . The only difference in the

experimental data treatment in this work as compared with
w xthat of Ref. 5 is the expression used to fit the variation of

the ratio JrJ with W 2 to obtain the adsorption constant.i

The expression used in this work is given by

5
n2a ln WŽ .Ý nJ ns0log s , 1Ž .5ž /J ni 2b ln WŽ .Ý n

ns0
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with a sy05314, a sy0.0927, a sy0.01828, a s0 1 2 3

y0.00126, a sy5.4621=10y5, a sy8.201=10y7,4 5

b s1, b s0.011, b s0.011295, b s1.7448=10y5,0 1 2 3

b s8.9754=10y6 and b sy4.666=10y8, fits the4 5
Ž 2. wŽŽ .theoretical curve with %ERR W s100 abs JrJ yi th

Ž . . Ž . x Ž y9 2 14.JrJ r JrJ 10 <W <10 less than 0.5%.i fit i th

4. Results and discussion

In alloys like stainless steel or MANET, active ele-
ments such as chromium or aluminium are added, which,
since they have a more negative free energy for oxidation
than the other main constituents of the alloy, form a

Ž .continuous surface layer ‘natural’ oxide which protects
the alloy from further oxidation. It is possible to grow
oxide layers on these steels under a variety of conditions.
The rate at which each stage of the oxidation process is
reached and proceeds is governed by many factors such as
the alloy composition, the oxidation temperature and the
partial pressure of oxygen in contact with the metal sur-
face. For instance it is known that if oxidation continues
for long enough time, spalling or cracking of the scale may
occur because of stresses set up at the scalermetal inter-
face from the changes in crystal dimensions on oxidation.

In this work the best result, in terms of production of a
permeation barrier by the growth of oxide layers on
MANET II has been reached oxidizing in an environment
of ‘wet hydrogen’. It was obtained with a MANET II disc
heated for 72 h in an environment consisting of 105 Pa of
H with about 1000 vppm of H O to get the oxide layer. It2 2

is worth noticing that controlled oxidation could represent
a convenient way to produce permeation barriers because
of good thermo-mechanical stability of the oxide layer
compared to those obtained by other techniques like chem-

Ž .ical vapour deposition CVD or vacuum plasma spray
Ž .VPS , which could lead to problems related to the stabil-
ity of the bond between the substrate and the coating,
especially at high temperatures.

The variation with pressure of the steady state flux J
and of the fluxrpressure ratio Jrp, over the membranes
temperature range 746–574 K, for deuterium, is shown in
Figs. 1 and 2. In these figures, a comparison is shown
between the bare and the oxidized MANET II samples.

Both sides of the bare disc of MANET II were mechan-
ically polished before its insertion into the permeation
measuring equipment; thus only ‘natural oxide’ layers
resulting from exposure to air should be present on the
surfaces. Occasionally during the permeation measure-
ments, a small decrease of permeability and diffusivity
values was noted, especially at the highest temperature

Ž . Žstudied 743 K . Every time this phenomenon probably
due to a build-up of an oxide on the surface during the

.permeation measurements has been observed, the sample

Fig. 1. The permeation rate through oxidised MANET II and bare
MANET II versus pressure.

has been taken out of the rig and both its sides have been
mechanically polished.

5 Ž .In the pressure range 1500–10 Pa Fig. 1 , a half-power
Ž .pressure dependence diffusion-limited permeation of the

permeation flux for the bare MANET II was observed,
whereas it is obvious that permeation is surface limited at
pressures less than 5=104 Pa for the oxidized MANET
II. From these data, values of the adsorption constant s k1

Ž .were obtained using Eq. 1 . The Arrhenius plot of s k1

for deuterium for the bare and oxidized MANET II is
compared with other work in Fig. 3. The constant of

Ž .Fig. 2. The permeation rate divided by the pressure Jr p versus
pressure for oxidized MANET II and bare MANET II. The fitted

Ž .lines are calculated using Eq. 1 .
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Fig. 3. Variation of measured surface rate constant s k , with1
Ž . Ž .reciprocal temperatures, compared to published data. 1 and 2

w x w xPick and Sonnenberg 18 model and Baskes 14 model respec-
Ž . Ž .tively for MANET II with sticking factor ss1, and s s1 ; 3

Ž w x. Ž .H , 316 SS ion beam cleaned Grant et al. 15 ; 4 H , 316 SS2 2
Ž w x. Ž . Žoxidized both surfaces Grant et al. 15 ; 5 H , St 60 Ali-Khan2

w x. Ž . Ž . Žet al. 13 the filled symbol is for D ; 6 D , Inconel 600 Rota2 2
w x. Ž . Ž w x. Ž .et al. 16 ; 7 D , 304 SS Braun et al. 17 ; 8 D MANET II2 2

Ž w x. Ž . Ž .Serra and Perujo 5 ; 9 and 10 bare and oxidized MANET II
Ž .respectively this work .

recombination for oxidized MANET II, s k , was deter-2
2 Ž Ž . w x.mined using: k sk rK eq. 8 in Ref. 5 . The Arrhe-2 1 S

nius expressions for bare MANET II for the deuterium
Ž .permeability 373–743 K , diffusivity D and Sieverts’

Ž .constant values K 633–743 K are taken from Refs.S
w x4,23 :

42 380
y8 y1 y1 y1r2Fs4.2=10 exp y mol m s PaŽ .ž /RT

13 210
y7 2 y1Ds1.01=10 exp y m sŽ .ž /RT

26 670
y3 y1r2K s0.27 exp y mol m Pa . 2Ž . Ž .S ž /RT

The Arrheniusplot of s k of deuterium for bare and2

oxidized MANET II is compared with other works in Fig.
4. The Arrhenius expression surface constants of MANET
lI for deuterium, s k and s k , are as follows:1 2

Bare MANET II

19 093
y7s k s5.56=10 exp y1 ž /RT

mol my2 sy1 Pay1Ž .
34 247

y6 y1 4 y1s k s7.63=10 exp q mol m s .Ž .2 ž /RT

3Ž .

Oxidized MANET II

58 383
y7s k s4.9=10 exp y1Žox . ž /RT

mol my2 sy1 Pay1Ž .
5044

y6 y1 4 y1s k s6.7=10 exp y mol m s ,Ž .2Žox . ž /RT

4Ž .

where Rs8.314 J Ky1 moly1 and T is the temperature in
Kelvin.

w x w xBaskes 14 and Pick and Sonnenberg 18 have esti-
mated the constant of recombination, k , theoretically:2

2Cs 1 2 E yES x w xk s exp 14 ,2 1r2 2 ž /RTK2mTŽ . SO

Cs 1 2 ES w xk s exp 18 , 5Ž .2 1r2 2 ž /RTK2mTŽ . SO

with Cs4.376 mol K1r2 u1r2 Pay1 my2 sy1; ss
Ž .sticking coefficient; msmass of the diffusing atom u ;

Ž .E smax 0, E qE ; E and E are the activation ener-x s d d s

gies for the diffusivity and solubility, respectively, and Ks0

is the pre-exponential factor in the Arrhenius equation for
the deuterium Sieverts’ constant.

Fig. 4. Variation of measured surface rate constant s k , with2
Ž . Ž .reciprocal temperatures, compared to published data. 1 and 2

w x w xPick and Sonnenberg 18 model and Baskes 14 model respec-
Ž . Ž .tively for MANET II with sticking factor ss1, and s s1 ; 3

Ž w x. Ž .H , 316 SS ion beam cleaned Grant et al. 15 ; 4 H , 316 SS2 2
Ž w x. Ž . Žoxidized both surfaces Grant et al. 15 ; 5 H , St 60 Ali-Khan2

w x. Ž . Ž w x. Ž .et al. 13 ; 6 D , Inconel 600 E. Rota et al. 16 ; 7 D , 3042 2
Ž w x. Ž . Ž w x.SS Braun et al. 17 ; 8 D MANET II Serra and Perujo 5 ;2

Ž . Ž . Ž9 and 10 bare and oxidized MANET II respectively this
.work .
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w xThe difference between the Pick and Sonnenberg 18
w xand Baskes 14 models is discussed by Causey and Baskes

w x w x19 and Richards 20 . Using the values of E , E and Kd s s0
Ž . Ž 2.from Eq. 2 , the k and k k sk K constants for the2 1 1 2 S

two models were obtained and are shown in Figs. 3 and 4,
respectively. The values of the activation energy of the
recombination constant k are y53 300 and y13 500 J2

y1 Ž Ž ..mol k sk exp yQ rRT for the Pick and Sonnen-i 0i i

berg model and the Baskes model, respectively. The differ-
ence between the k values from the two models and the2

recombination constant measured in this work for bare
MANET II can be explained by assuming two sticking

y6 Ž .coefficients: s s7=10 exp y19 100rRT and s sPS B
y6 Ž .3= l0 exp q20 800rRT for the Pick and Sonnenberg

model and Baskes model, respectively. The sticking proba-
bility s is the probability that a hydrogen molecule imping-
ing on the surface will dissociate and that the resulting
hydrogen atoms will stick to the surface in chemisorption
sites. The difference between the experimental values for
bare MANET II and the theoretical values is due to the
presence of the ‘natural’ oxide layer of the steel. This layer
yields a non-zero activation barrier for dissociation 2 E .c

As mentioned above, for oxidized MANET II, the
Žgoverning process is the recombination at the surface see

.Fig. 1 , and the permeation rate is independent of the
thickness of the membrane. The diffusion in the oxide
cannot be considered rate limiting because the oxide thick-

Žness is only 0.006% of the bulk 30 nm compared with 0.5
.mm . It is worth noticing that in the blanket concept of

DEMO the calculated tritium partial pressure in the blan-
4 w xket is less than 10 Pa 21 . The presence of the oxide

layer on the surface of MANET II produces a reduction of
the recombination coefficient of about three orders of
magnitude and an increase of the energy of activation for

Ž .recombination from y34 247 for the bare MANET II to
y1 Ž .5044 J mol for the oxidized MANET II . This means

that, in terms of the Pick and Sonnenberg model, there is
Ž .an increase of the activation barrier for dissociation 2 Ec

Ž . y1from 19 100 for the bare MANET II to 58 383 J mol
Ž .for the oxidized MANET II . Our measurements seem to
indicate that the Pick and Sonnenberg model might de-
scribe better the surface recombination constant because it

Ž .involves an activated process for dissociation 2 E )0 .c

To confirm and characterize the growth of the oxide
layer on the MANET II specimen heated for 72 h in an
environment consisting of 105 Pa of H with about 10002

Ž .vppm of H O, X-ray photoelectron spectroscopy XPS2
Žmeasurements were conducted on both the untreated bare

. Ž .MANET ll and heat treated oxidized MANET II speci-
men. The XPS analysis was carried out from 0 to 45 nm at
5 nm intervals of the surfaces of both the samples, in order
to reveal the composition at different depths of the sur-
faces. At the top of both surfaces Cr was in the form of
Cr O and also Fe was in the form of Fe O . At 5 nm, in2 3 2 3

Ž .the bare MANET II, Cr was both Cr O and Cr metallic2 3
Ž . Ž .and Fe was only metallic. In Fig. 5 a , b are depicted the

Ž .Fig. 5. XPS spectrum at 10 nm, a for the bare MANET II and
Ž .b for the oxidized MANET II, respectively.

XPS spectrum, at 10 nm, for the bare MANET II and
oxidized MANET II, respectively. The Fe, Cr and O
photopeaks were detected in the spectra. The composition,
at 10 nm, were Os10.8 at.%, Cs10.2 at.%, Crs4.3
at.% and Fes74 at.% for the bare MANET II and Os
17.3 at.%, Cs20.1 at.%, Crs12.3 at.% and Fes50.3
at.% for the oxidized MANET II. The region with the
binding energy 565 to 595 eV, corresponding to the Cr

Ž . Ždoublet, has been enlarged and is shown in Fig. 6 a bare
. Ž . Ž .MANET II and Fig. 6 b oxidized MANET II . From the

shape and the splitting in energy of the Cr doublet, it is
possible to state that, in the bare MANET II, Cr is metallic
whereas, in the oxidized MANET II, it is in the form of
Cr O . In the oxidized MANET II Cr is in the form of2 3

Cr O down to 25–30 nm. Below 30 nm, the photopeaks2 3

of both samples were the same and Fe and Cr were
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Fig. 6. Enlarged region with binding energy from 565 to 595 eV
Ž . Ž . Ž .Cr doublet for a bare MANET II and b oxidized MANET II.

metallic. This result strongly confirms the build up of an
superimposed oxide surface layer of Cr O of about 25–302 3

nm in the MANET II sample heat treated in an oxidizing
environment, compared to the bare MANET II that has a
‘natural’ oxide of about 5 nm.

w xOther authors 22 have found that after a heat treat-
ment of 10 h, at 900 K, in presence of 105 Pa of hydrogen
with 0.8 vppm of H O, 0.1 vppm of O , 0.01 vppm of2 2

CO and 0.1 vppm of CH , the diffusivity of MANET II2 4
Ž .was greatly reduced about 2–3 orders of magnitude and

Ž .that Cr O and MnO oxides or spinel Cr Mn O where2 3 x x y 4

found in the surface. This confirms that the oxide forma-
tion strongly depends on the treatment conditions. The
composition of the oxide layer is drastically affected by
the oxygen partial pressure during the heat treatment. In
general, it was found that, the lower the oxygen potential,
the less Fe is included in the oxide layer. This is a possible
explanation because, in the present work, the best result
was reached in an environment of ‘wet hydrogen’.

5. Conclusion

Constants of adsorption and recombination s k and1

s k of deuterium on martensitic steel DIN 1.4914 have2

been determined under different, well characterized, sur-
face conditions. It was found that the condition of the
surfaces is of crucial importance for the hydrogen perme-
ation through this steel. The growth of an oxide surface

Ž .layer Cr O of about 25–30 nm in a MANET II sample2 3

heat treated in an oxidizing environment, compared to the
bare MANET II that have a ‘natural’ oxide of about 5 nm
has provoked a reduction of both the permeation rate and

Žthe recombination coefficient about three orders of magni-
.tude . In addition, the permeation governing process has

changed from diffusion-limited to surface-limited. In the
w xprevious work 5 , the values of adsorption and recombina-

tion s k and s k of deuterium on MANET II were1 2

between the values of the bare and oxidized MANET II
Ž .presented here Figs. 3 and 4 , indicating that the thickness

of the oxide surface layers in those samples were between
5 and 25 nm.
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