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Abstract

A time-dependent gas-phase isovolumetric desorption technique has been used to obtain the hydrogen isotopes
transport parameters between 423 and 892 K and driving pressures ranging from 4 x 10* to 1 x 10° Pa. For protium
and deuterium the properties diffusivity (D), Sieverts’ constant (Kj), permeability (®), trapping energy (E;) and the trap
sites concentration (N,) are given. On the basis of ideal harmonic vibration of the hydrogen isotope atoms in a unique
type of solution site, the values derived for the characteristic protium oscillation temperatures are: 0=1884 K,
6*=2387 K. These values lead to the following extrapolated tritium transport parameters: D (m?s™!) =
4.166 x 10-8exp(—12027/RT), Ky (mol m—Pa~!?) = 0.271exp(—27905/RT), & (molm ' Pa~?s!) =1.127 x 10°%
exp(—39933/RT), E, (J/mol) = 55554, and N, (sites/m?) = 0.79 x 10**. The dynamics of the hydrogen isotopes
transport and the origin of the trapping phenomenon are discussed in connection with the OPTIFER-IVb micro-
structure. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Ferritic-martensitic steels are suitable blanket struc-
tural materials for thermonuclear fusion devices due to
better swelling resistance, lower sensitivity to helium
embrittlement and other thermophysical properties [1,2].
OPTIFER-IVb is a CrWVTa martensitic steel optimised
to bring together low activating properties with a set of
improved mechanical properties, i.e. low ductile-to-
brittle transition temperature (DBTT) and a high creep
strength [3,4]. This set of properties makes OPTIFER-
IVb a quite promising candidate for the design of the
blanket structures of the future demonstration reactor
(DEMO). Therefore, a complete knowledge of hydrogen
(H) isotopes transport parameters is needed in order to
evaluate the tritium inventory and permeation through
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the blanket structure, and also to assess the H-induced
embrittlement phenomenon.

H isotopes diffusivity and solubility in steels are
strongly affected by trapping at low temperature, from
around 573 K and lower (H may be trapped at lattice
defect sites such as inclusions, precipitates, grain
boundaries or dislocations). Particularly, in this tem-
perature range, trapping may lead to a significant in-
ventory of H trapped in potential energy wells provided
by the trapping sites. Moreover, some authors have re-
ported the influence of H trapping on the mechanical
behaviour of the steel, accounting for H-induced em-
brittlement phenomena such as H-induced stress corro-
sion cracking (HISCC) or cold cracking associated with
welding [5]. In relation to this matter a characterisation
of trapping is strongly needed.

In the present work, a series of gas/phase isovolu-
metric desorption experiments (IDE) have been per-
formed for OPTIFER-IVb. The diffusive transport
parameters for protium (Hp) and deuterium (Hp): per-
meability @ (mol m~'s~! Pa~!/?), diffusivity D (m?s™"),
Sieverts’ constant K, (mol m—Pa~!/?), the density of
trap sites N, (sites/m?) and the average trapping activa-
tion energy E; (J/mol) are obtained. They have been used
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to evaluate, by extrapolation, the tritium (Hr) diffusive
transport parameters.

2. Experimental

The material studied is OPTIFER-IVb [3.4]; a re-
duced activating martensitic (RAM) 8% CrWVTa steel,
heat number 986635, produced by Saarstahl GmbH
(Germany). The specimens consisted of four cylinders
with a 6 mm diameter and 60 mm height, machined from
a rod of material supplied by Forschungszentrum Kal-
sruhe with the chemical composition (wt%) given in
Table 1.

The specimens underwent the following normalising
heat treatment: austenising at 1223 K for 0.5 h, fast
cooling, tempering at 1003 K for 3 h and finally slow
cooling to room temperature. This heat treatment
guarantees a fine pre-austenitic grain size, a fully mar-
tensitic phase and no pre-eutectoid carbide precipita-
tion. In Fig. 1, the microstructure appearance of the
steel can be observed; it shows the well-structured
martensite consisting of fine laths.

The surface of the specimens was mechanically pol-
ished using a sequence of fine grain SiC abrasive paper

Table 1
Chemical composition of OPTIFER-IVb (wt%)

Element

Concentration (wt%)

C 0.12

Cr 8.3

W 14

Mn 0.34

\% 0.22

Ta 0.06

N 0.03

Fe Balance

and finally with 9, 6 and 3 pum diamond paste. Subse-
quently the specimens were degreased with acetone and
ethanol, then rinsed in distilled water and finally dried in
a vacuum furnace before insertion into the experimental
rig.

A schematic view of the isovolumetric desorption
installation is shown in Fig. 2. In a conservative manner
the experimental values obtained have an error of 5% for
the pressure and 1% for the temperature. These errors
have been assigned considering the accuracy and sta-
bility of the measuring devices and their electronics.
They have also been checked by running the same
experiment repeatedly.

The technique has been presented in earlier reports
[6-9]. Here, we will briefly describe the experimental
procedure for clarity. A single isovolumetric desorption
run consists of recording the pressure increase in the
vessel V1 due to outgassing from the specimen, which
has been previously loaded with gas at a given pressure
and temperature. During the loading phase a gas con-
centration in the specimen is built up by diffusion until
the equilibrium with external pressure in the specimen is
reached. A quick, but thorough pumping down of the
vessel V1 breaks this equilibrium between the gas in the
sample and the gas in the chamber, starting the gas re-
lease from the material. The known volume of the ex-
perimental chamber V1 holds the H released from the
specimens. The pressure indicates the effective amount
of released H and the pressure increase rate the effective
H diffusive flux through the specimen surface at every
moment of the release phase.

Each measurement is followed by a blank run, under
the same experimental conditions (i.e., the same loading
pressure and temperature), without specimens, to ac-
count for the contribution of the inner wall outgassing
of the vessel V1. The ‘net’ pressure release curve is then
obtained by point-to-point pressure subtraction.

Fig. 1. Optical micrographs of OPTIFER-IVb.
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Fig. 2. Schematic view of the measuring facility. BAG — Bayard-Alpert gauge, F — furnace, G1 - electropneumatic gate valve, G2 —
manual gate valve, HgM — U-tube Hg manometer, LNT — liquid nitrogen trap, LV1 and LV2 — manual leak valves, MV — manual
magnetic valve, P1 and P2 — capacitance manometers, P3 — spinning rotor gauge, QMS — quadrupole mass spectrometer, T1 and T2 Pt
— resistance thermometers, UHV — ultra high vacuum pumping units, V1 — experimental chamber, V2 and V3 — expansion volumes.

3. Theory

The effective transport parameters diffusivity Dy and
Sieverts’ constant K. are evaluated for each experi-
mental temperature using a non-linear least squares fit-
ting of the theoretical H pressure increase to the
experimental increase measured in the experimental
chamber V1 (Fig. 3). The permeability @ is derived from
the product of the previous transport parameters,
& = DK v, once the diffusive regime has been
checked.

The theoretical expression for the pressure increase in
the experimental chamber P(¢), developed in previous
Refs. [6-9] when solving Fick’s second law [10], is the
following:

P(t):Pf—(Pf—Q—AP)4§:%exp<—oc§é>7 (1)

n=1 n

where P(¢) is the experimental pressure in the measure-
ment chamber, AP is the pressure increase lost during
the pump-down period, P, is the final pressure in the
chamber at the end of the release phase, 14 = a*/Dexr (a
being the cylinder radius) is the characteristic diffusion
time and o, (n=1,2,...) are the infinite real roots of
the equation Jy(a,) = 0, Jo(x) being the Bessel function
of the first kind and order 0. The effective Sieverts’
constant is obtained from AP and P; as
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Fig. 3. Experimental pressure increase and fitting.
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Tn being the normalising temperature, 1 the volume of
the chamber, V; the volume of the sample, P, the final
equilibrium pressure of the loading phase and R the
ideal gas constant (8.314 J K~ mol™!).

‘Trapping’ is the process by which dissolved H
atoms remain bound to some specific centres known as
‘traps’ (e.g., inclusions, dislocations, grain boundaries
and precipitates). Hence, hydrogen isotopes may be
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dissolved in trapping or lattice sites of the material. The
effect of trapping on H transport is, on the one hand, the
increase in the gas absorbed inventory, i.e., the increase
in the effective Sieverts’ constant K, with respect to the
lattice Sieverts’ constant Kj; on the other hand, the dy-
namics of transport becomes slower, i.e., the decrease of
the effective diffusivity D.y; with respect to the lattice
diffusivity Dy:

Koy = Ky exp(—E,/RT), (3)
Keerr = Ku(1 + (No/N))exp (E./RT)), 4)
Dy = Dy exp(—Eq/RT), (5)
Deir = Dy/(1 + (Ni/M) exp (E(/RT)). (6)

Dy and Ky, being the pre-exponential lattice diffusivity
and pre-exponential Sieverts’ constant, and E4 and Ej
the diffusion and solution energies. N, (m~3) is the trap
sites concentration, N; (m~?) is the lattice dissolution
sites concentration and E; the trapping energy. Each
kind of trap is characterised by a different potential
energy, as expressed in Table 2; the potential energy E,
characteristic of the experimented material is the average
of all the trapping sites present in that material.

When the effective parameters for each experimental
temperature have been obtained, another fitting routine
is separately run for the lattice parameters Dy, E4, Ky
and E; and trapping parameters E; and N, over the
correspondent temperature range of influence. The value
of 5.2 x 10% sites m~? is taken for the density of solution
sites into the lattice N, assuming that the martensitic

Table 2
Trapping energies for H in ferritic steels and iron alloys [11-19]

Trapping Ref.
energy (kJ/mol)

46.6,50,78.3  [11,12]

Type of trap

Single vacancy

Atomic traps

Substitutional Cr atoms 26.1 [13]
Substitutional Mo atoms 27 [13]
Substitutional V atoms 27 [13]
Substitutional Mn atoms 10.6 [13]
Substitutional Ni atoms -11.6 [14]
Interstitial C atoms 33 [13]
Interstitial N atoms 12.5 [14]
Grain boundaries 59, 32 [15,16]
Second phase particles (surfaces)

AIN 65 [17]
¢ carbide (Fe, 3C) 65 [18]
MnS 72 [18]
Dislocations 20-30 [19]

steel is close to a bec structure, where H occupies only
the tetrahedral interstitial positions [20-22].

The mass of diffusing gas atoms affects its transport
within the material. The theory of harmonic approxi-
mation explained in [23-25] is that currently applied to
derive tritium transport parameters from Hp and Hp
transport data; the usual quantum-—statistical partition
functions were applied to describe the isotope effect on
the solution and diffusion processes [23-26].

4. Results and discussion

As experimental verification of the H atomic disso-
lution into the steel, OPTIFER-IVb verifies Sieverts’
law; i.e., the proportional relation between solubility S
(mol m~?) and the square root of the H loading pressure
is fulfilled (Fig. 4). The diffusive regime has been con-
firmed, since diffusivities measured at the same temper-
ature and different pressures overlap without accounting
for any surface effect.

The Hp and Hp effective Sieverts’ constant and ef-
fective diffusivity obtained from modelling the desorp-
tion curves are depicted in Figs. 5 and 6 together with
the resultant fitting regressions; likewise the derived Ht
effective Sieverts’ constant and effective diffusivity are
depicted. The set of permeabilities is showed in Fig. 7.

The complete set of Hp transport parameters values
have been calculated as

D (m?s™') = 5.489 x 107 exp(—10574/RT),

K, (mol m~*Pa~'/?) = 0.328 exp (—29005/RT),

@ (mol m'Pa~'?s7!) = 1.800 x 10~8exp (—39579/RT),
E, (J/mol) = 52169,

N, (sites/m’) = 2.20 x 10**.

The complete set of Hp transport parameters values
are
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Fig. 4. Solubilities for 630 K at different loading pressures.
Sieverts’ law confirmed.
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Fig. 5. Arrhenius plot of H isotopes effective Sieverts’ constant
in OPTIFER-IVb.
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Fig. 6. Arrhenius plot of H isotopes diffusivities in OPTIFER-
IVb.

D (m?s™") = 4.613 x 10~ exp(—11321/RT),

K (mol mPa~'/?) = 0.325exp (—28955/RT),

@ (mol m™'Pa~'/?s7!) = 1.500 x 10~*exp(—40276/RT),
E, (J/mol) = 55173,

N, (sites/m’) = 1.02 x 10

The Hr transport parameters have been inferred
from the Hp and Hp transport parameters by applying
the extrapolation functions developed in [24-26] with
the calculated characteristic protium oscillation tem-
peratures 0 =1884 K, 0* =2387 K, and, subsequently,
fitted to the Arrhenius expressions:

650 550 450 350 300 250 200 150 100 °C

10
Deuterium permeability
O Deuterium experimental values
—— Tiitium permeability
O Protium experimental values
—— Protium permeability
1010 | 4
—
%)
[N}
@©
o
< 101 4
E
10—12 |- 4
1013 I I I I I I

18 20 22 24 26 28
1000/T (K™)

10 12 14 16

Fig. 7. Arrhenius plot of H isotopes permeabilities in OPTIF-
ER-1Vb.

D (m?*s™") = 4.166 x 10 ¥ exp (—~12027/RT),

K, (mol m > Pa~"/?) = 0.271exp(—27905/RT),

@ (mol m'Pa~'?s7") = 1.127 x 10~8exp (—39933/RT),
E; (J/mol ) = 55554,

N, (sites/m’) = 0.79 x 10**.

All the isotope diffusive transport parameters are
shown in Table 3, together with their respective confi-
dence intervals, the R? value (linear fitting quality in
obtaining lattice transport parameters) and Pearson’s >
(non-linear fitting quality in obtaining trapping param-
eters).

As expected, OPTIFER-IVb has turned out to be an
endothermical absorber of H isotopes. Trapping has
been noticed in the low-temperature range (approxi-
mately below 573 K). The experimentally obtained
trapping energy (52 kJ mol~! for Hp, 55 kJ mol~! for
Hp) is close to the trapping energy for high-angle grain
boundaries and to those for surfaces of coarse second
phase particles (Table 2). Therefore, considering the
performed heat treatment and the microstructure of the
steel (Fig. 1), it can be proposed, as it was previously for
MANET steel [1], that the interfaces between marten-
sitic laths, which represent a type of grain boundary, are
the most probable candidates as trapping sites.

It is worth noting that a pre-exponential diffusivities
variation amongst the three isotopes is remarkable; for
protium and deuterium isotopes the ratio equals 1.19
instead of the classical factor +/my,/my, =1.41,
whereas for deuterium and tritium isotopes the ratio is
equal to 1.11 instead of the classical factor
\/mu; /mp, = 1.22. The differences between the number
of trap sites N, derived for Hp, Hp and Hy are assigned
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Diffusive transport parameters in OPTIFER-IVb. Confidence intervals and fitting qualities
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39

Protium

Deuterium

Tritium

Do (x10%) (m?s~")
E; (kJ mol™")
R2

Ky (mol m=3 Pa~'/?)

E; (kJ mol™!)

R2

@y (x10%) (mol m~' Pa~'/2s71)
Eg (kJ mol™!)

RZ

N, (x1072%) (sites m~?)

E; (kJ mol™")

£

5.489 (+0.089, —0.089)
10.6 (+0.1, =0.1)
0.8981

0.328 (+0.025, —0.025)
29.0 (+0.5, —0.5)
0.9991

1.800 (+0.189,~0.189)
39.6(+0.6, —0.5)
0.9983

220 (+1.4, -1.4)
522 (+1.8, =3.6)
0.110

4.613 (+0.098, —0.097)
11.3 (+0.1, =0.1)
0.9428

0.325 (+0.026, —0.026)
29.0 (+0.5, —0.5)
0.9996

1.500 (+0.132, —0.132)
40.3 (+0.5, —0.5)
0.9987

1.02 (+0.5, —0.5)
55.2 (+1.4, —2.4)
0.141

4.166 (+0.129, —0.129)
12.0 (+0.2, =0.2)
0.9538

0.271 (+0.022, —0.022)
27.9 (+0.5, —0.5)
0.9983

1.127 (+0.124, —0.124)
39.9 (+0.6, —0.6)
0.9984

0.79 (+0.5, —0.5)
55.6 (+1.8, —3.6)
0.146

to experimental and statistical errors (the differences are
between the confidence intervals) since N, is a physical
property of the material unaffected by the type of dif-
fusing isotope and the stability of the microstructure was
assured during both Hp and Hp experimentation. A
minor variation has been detected for the Sieverts’
constant pre-exponential and for the potential energies
(Esa Eda E(D)

The diffusive transport parameters for OPTIFER-
IVb are compared with the results attained for other
reference structural steels (Table 4, Figs. 8-10
[2,20,25,27,28)).

The resulting transport parameters for OPTIFER-
IVD are consistent with the existing data for other ref-
erence martensitic steels. The permeability constant is
higher for OPTIFER-IVb than for SS 316L, as is the
general behaviour for martensitic steels compared to
austenitic. Its diffusion energy is the lowest among all
the considered steels whereas the solution energy is close
to that of MANET [27]. Moreover, OPTIFER-IVb to-
gether with MANET can be referred to as the most
endothermic steels among the group.

The trapping energy of OPTIFER-IVb is comparable
to the trapping energy of other steels (in the range of
MANET [27] and F82H [2]). The same can be stated for
the number of trap sites (in the range of Batman [2]).

5. Conclusions

The isovolumetric desorption technique has been
undertaken on OPTIFER-IVDb, a European candidate
martensitic steel manufactured to be employed as a
blanket structural material of a future thermonuclear
reactor.

The Hp and Hp diffusive transport parameters have
been obtained, whereas Hr diffusive transport parame-
ters have been derived by means of quantum-statistical
theories. A net reduction on effective diffusivity has been
observed in the experiment when changing isotope from
Hp to HD.

The trapping phenomenon is rather pronounced be-
low 573 K, as it has been previously observed for other
types of steel. The interfaces between martensitic laths

Table 4
Experimental transport parameters for reference structural steels
Material Ky E, D, Eq4 N, E; T (K) Ref.
(mol m>3Pa~'?) (kImol™!) (m?s7!) (kJ mol™!")  (sites m™?)  (kJ mol™")
OPTIFER-IVb (Hp)  0.328 29.0 549 x 108 10.6 2.2 x 10% 52.2 423-892 TW
OPTIFER-IVb (Hp) 0.325 29.0 4.61 x 108 113 1.0 x 10*  55.2 423-892 TW
OPTIFER-1Vb (Hy) 0.271 27.9 417 x 108 12.0 7.9 x 105 55.5 423-892 TW
MANET (Hp) 0.270 26.7 1.01 x 10" 13.2 1.5x 10 485 373-743  [27]
MANET (Hp) 0.409 29.6 7.17 x 108 13.5 - - 523-873  [28]
F82H (Hp) 0.377 26.9 1.07 x 10" 13.9 1.6 x 107 55.9 373-723  [2]
Batman (Hp) 0.198 24.7 1.90 x 10" 15.2 8.6 x 10* 432 373-723  [2]
SS316L (Hp) 1.468 20.6 7.66 x 108 42.5 - - 523-873  [25]
SS316L (Hp) 0.129 6.9 2.99 x 106 59.7 - - 600-900  [28]
a-Fe (H») 0.510 27.0 387x 108 45 42 x 107 69.0 573-873  [20]
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Fig. 8. Diffusivity for OPTIFER-IVb and other reference
steels. The squared points are the experimental results for
protium, the circled ones are the experimental results for deu-
terium. (1), (2) and (3), Hp, Hp and Hr, respectively, in OP-
TIFER-IVD (this work), (4) Batman (Hp) [2], (5) F82H (Hp)
[2], (6) MANET (Hp) [27], (7) MANET (Hp) [28], (8) SS 316L
(Hp) [28], (9) SS 316L (Hp) [25], (10) a-Fe (Hp) [20].
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Fig. 9. Sieverts’ constant for OPTIFER-IVb and other refer-
ence steels. The squared points are the experimental results for
protium, the circled ones are the experimental results for deu-
terium. (1), (2) and (3), Hp, Hp and Hr, respectively, in OP-
TIFER-IVD (this work), (4) Batman (Hp) [2], (5) F82H (Hp)
[2], (6) MANET (Hp) [27], (7) MANET (Hjp) [28], (8) SS 316L
(Hp) [28], (9) SS 316L (Hp) [25], (10) a-Fe (Hp) [20].

have been identified as the most probable cause of
trapping, although the surface of second phase particles
are also possible.

This set of transport parameters is consistent with the
results obtained for other reference structural marten-

650 550 450 350 300 250 200 150 100 °C
10710,
s
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E
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E
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1.0 1.2 14 1.6 1.8 2.0 22 24 26 2.8
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Fig. 10. Permeability for OPTIFER-IVb and other reference
steels. The squared points are the experimental results for
protium, the circled ones are the experimental results for deu-
terium. (1), (2) and (3), Hp, Hp and Hr, respectively, in OP-
TIFER-IVb (this work), (4) Batman (Hp) [2], (5) F82H (Hp)
[2], (6) MANET (Hp) [27], (7) MANET (Hp) [28], (8) SS 316L
(Hp) [28], (9) SS 316L (Hp) [25], (10) a-Fe (Hp) [20].

sitic steels showing faster kinetics than austenitic steel.
Amongst the martensitic collection, OPTIFER-IVb to-
gether with MANET are the most endothermic steels.
OPTIFER-IVD has the lowest diffusion energy and its
trapping parameters are within the range of the pa-
rameters obtained for other martensitic steels.
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