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Modelling of hydrogen induced pressurization
of internal cavities
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® AREVA Creusot Forge, Le Creusot, France
¢ AREVA NP, Paris, France

Internal cavities can constitute a crack initiation site especially if filled with hydrogen at high pressure. A new refined equation of state
based on recent NIST database has been introduced in order to model the equilibrium pressure. It is based on a thermodynamic
definition of fugacity and uses the NIST data relating hydrogen density and pressure to define a new fugacity pressure quadratic
dependence. The resulting Equation Of State (EOS) is compared to the standard Abel—Noble EOS and it is shown that for a given fugacity,
imposed by a Sievert's law, the corresponding pressure is significantly higher. This new refined EOS was introduced into a previously
developed numerical model of hydrogen diffusion and desorption and applied to evaluate the kinetics of pressure build-up within a
cavity and its equilibrium pressure. It has been shown that the kinetics of pressure build-up at room temperature, which reaches values
close to equilibrium in some hundreds of hours, is compatible with the industrial quality control procedures. The calculated pres-sures
are in the range 4500—8650 bars depending on hydrogen solubility, which differs between the matrix and the segregation bands, and
tend to equilibrium values obtained from mass balance approach.

. [1] mostly based on reduction of energy required to create
Introduction crystallographic defects (e.g. dislocations, vacancies, micro-
voids...), energy related to defects mobility [2—4] or surface

Substantial efforts have been put on the investigation of and cohesion energy [5,6]. Hydrogen in solution may have
environmentally assisted fracture during the last decades several origins mainly linked to manufacturing process or
mainly in order to prevent the premature failure of structures. operating conditions. A distinction has been made between
Structure optimization and safety criteria imply better 4 jpternal hydrogen typically issued from manufacturing
knowledge of hydrogen embrittlement mechanisms of ./ cess namely from ingot solidification step and the

metallic alloys, especially for low alloy steels. Several mech- external hydrogen, typically issued from ‘in service
anisms of hydrogen embrittlement are available in literature
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electrochemical reactions [7—10]. Hydrogen Induced Cracking
(HIC) could be observed either at the end of manufacturing
process or during service in highly hydrogenated conditions
[11,12]. HIC phenomena may be considered as a transverse
field involving mechanisms of hydrogen embrittlement (e.g.
modification of mechanical properties by hydrogen in solu-
tion [13—-15]) and pressurization of cavities [16,17]. Since the
effective pressure within the cavity cannot be measured
through experimental procedure, a relevant model of
diffusion-desorption has to be used to be predictive regarding
blistering or manufacturing process, in conformity with reg-
ulations guidelines [18].

Depending on the metallurgical state of the material, cav-
ities of different sizes and shapes can by observed. The
smallest, almost spherical, in the range of some nanometers,
can only be identified by TEM as this is the case for austenitic
stainless steel exposed to irradiation in nuclear industry [19].
The largest, frequently flat and called penny-shaped with the
diameter up to dozens of millimeters and thickness in the
range of several microns, are easily visible on polished cross-
sections by standard optical or scanning electron micros-
copies, typically ‘blisters’ in rolled carbon or microalloyed
steels exposed to high hydrogen fugacity media in oil&gas
industry. In between, cavities can also form at the interface
with individual MnS inclusions where the difference between
thermal expansion coefficients of MnS [20] (16.107° K™%) and
ferritic steels [21] (12.10® K~?) can result in decohesions. For a
typical size of MnS of 5 microns, cooling from 1000 °C down to
room temperature would result in decohesion of 20 nm. In
forged components MnS inclusions form flat colonies within
the mesoscopic areas of high concentration of alloying ele-
ments, called microsegregations. The diameter of such col-
onies is typically of the order of some hundreds of microns
and can reach a millimeter range. Moreover, in association
with 20 nm decohesion on each individual decohesion, such a
colony can be considered as initial penny-shaped compliant
volume.

To estimate the pressure build-up in these “penny shaped”
volumes, a modelling procedure has to be conducted. Some
models to predict the formation of such defects have already
been proposed in the literature [22—-25] although they could
not be effectively used. Actually, these models present some
limits mainly due to the unrealistic pressures within the
cavity which are due to the use of the ideal gas behavior of
hydrogen leading to an equilibrium pressure in the range of
GPa. Additionally, the assumed homogeneity of the alloy [23]
or the continuous approach to handle with cavities [24]
equally distributed in the shell instead of being located at
the mid wall thickness, constitute secondary limitations.
Consequently, the diffusion and desorption of hydrogen into
the cavity together with the estimation of the transient
redistribution of hydrogen and resulting pressure build up
within the cavity during the thermal treatment will be solved
by using the model proposed in Ref. [26] which better fits the
present context. This model based on Finite Difference
Method has been proposed in order to estimate the transient
redistribution of hydrogen in heavy components such as
pressure vessels. An approach has also been proposed
to treat the solid—gas interface (corresponding to the
alloy—cavity interface) and the matrix-segregation interface

(generated by intrinsic composition heterogeneities linked to
manufacturing process of heavy components). To handle the
desorption step at the solid—gas interface; it is assumed that
hydrogen is in thermodynamic equilibrium which is
expressed by adequate fugacity in Sievert's law.

In this paper, the hydrogen induced pressurization of
cavities will be assessed in accordance with the conditions of
industrial manufacturing of heavy components. These pres-
surized cavities have triggered a considerable interest of both
Oil & Gas (e.g. blistering) and nuclear industry (e.g. HIC at the
end of industrial process) and particularly in Europe where
similar problematic has resulted in the temporary shut-down
of two reactors in Belgium [18]. The study will then be based
on the feedback of a scrapped pressurized vessel shell aimed
to compose a steam generator. Such shells are composed of
16MND5 through 20MnNiMo5 grades (also called 16-20MNDS5),
a low alloy steel which exhibits some heterogeneities. The
composition heterogeneities are a consequence of thermal
kinetics during solidification (i.e. solutal and thermal convec-
tion in plain or hollow ingots) [33—36]. Since the pressure
assessment will be modeled at a component scale, it is
considered that the macroscopic heterogeneities are located
at mid thickness in the radial direction. It is also considered
that the preexisting cavity is generated after forging by a
previous cooling step. It is assumed, as demonstrated above,
that the difference in thermal expansion coefficients between
MnS and alloy has led to non-coherent interfaces on which
the recombination of hydrogen according to Sievert's equi-
librium is possible.

The first objective of this paper is then to propose a refined
and effective description of hydrogen considered as a real gas
under high pressures. This point consists in clarifying the
behavior of high pressure hydrogen considered as a real gas in
the expected temperature range. The second objective is to
elucidate the pressure build-up within a cavity (e.g. generated
by the non-coherent steel-MnS interface) during heat treat-
ment in the aforementioned heterogeneous pressurized
vessel shell composed of low alloy steel (industrial 16-20MND5
grades).

To reach these objectives, an alternative approach to
define hydrogen fugacity has been proposed after recalling
description available in literature. This formulation allows an
accurate description of dihydrogen up to 20 kbar under usual
manufacturing conditions. This approach is then correlated to
the typical industrial thermal cycle to elucidate the maximal
expected pressure reachable in aforesaid context by using the
diffusion-desorption procedure proposed in Ref. [26]. The
related kinetic effects caused by mass diffusion and leading to
a dynamic redistribution of hydrogen within the component
during cooling will also be analyzed.

Previous work related to real gas description of
hydrogen

Preliminary simulations of diffusion and desorption of
hydrogen using an ideal gas behavior for hydrogen in cavity
have led to unrealistically high pressures in GPa range [22,27].
The Equation Of State (EOS) is therefore a key parameter to
provide an accurate estimation of the pressure build-up



within cavities. The aforementioned models present the
specificity of treating hydrogen as a real gas in similar pres-
sure and temperature range. In addition, investigations on
gaseous hydrogen behavior have mainly been developed for
cryogenic vessel applications. Consequently, some thermo-
dynamic properties involved in cavity pressurization studies
are not always properly used or are considered even if they are
not relevant in the considered temperature range, namely,
evaluated at the critical point (P; T, pJ) defined by
(13.1 bar;33.20 K;31.4 kg m %) which is out of the range
regarding any manufacturing processes encountered in the
industry [25,28].

Several Equations Of States (EOS) are available in literature
and applicable to hydrogen gas. Some of these EOS are wide-
spread for hydrogen behavior and may be used in diverse
fields such as material science [29], cryogenics [30] or ballistics
[31]. The EOS laws considered in this paper are the following:
ideal gas, Abel—-Noble [29], Van-der-Waals [30], Hemmes [32].
It is noteworthy that all these equations correspond to a given
application range regarding pressure and temperature. As an
example, the EOS proposed by Hemmes is applicable for
temperatures from 100 K to 1000 K and pressures up to 10° bar.
Generally, these EOS are to be implemented in either analyt-
ical or numerical models which result in a constraint on its
implementation, in particular, instabilities in simulations
have to be avoided. To quantify the differences between ideal
gas model and real gas models, a compressibility factor is
usually defined as Z = £; where p represents the pressure, v
the molar volume, R the gas constant and T the temperature.
Two groups of EOS can be defined regarding the associated
compressibility factor for Abel-Noble law (1) and Van-der-
Waals law (2) (with a the cohesion pressure and b the molar
co-volume):

pb
Zan =14+ = 1
AN + RT ( )
pb a ab
Z =1+—=-—— 2
vaw = &t T T URT T vRT @

The compressibility factor issued from Abel-Noble EOS is
pressure dependent whereas Van-der-Waals and Hemmes
EOS ones are pressure and volume dependent. These de-
pendences are carried by a couple of thermodynamic pa-
rameters of hydrogen: molar co-volume and cohesion
pressure. The molar co-volume represents the intrinsic vol-
ume occupied by 1 mol of gas. For low pressures, this volume
can be neglected compared to the effective volume available
within a cavity which leads to the ideal gas model. In parallel,
the cohesion pressure quantifies the attractive—repulsive in-
teractions between the molecules. For low temperatures, the
velocity of molecules is drastically decreased which promotes
this effect. But for high temperature, such phenomena are not
expected since the behavior of gas tends to be defined by ideal
gas model (no intrinsic interactions). So, this parameter is
expected to be strongly dependent on temperature. Fig. 1,
taken from Ref. [30], illustrates the pressure dependence of
hydrogen compressibility factor in a [50 K; 300 K] temperature
range. More specifically, this figure shows that the pressure
dependence of Z tends to be quasi-linear for temperatures
above 200 K, at least until 700 bar. In contrast, for low

Compressibility factor Z [-]
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Fig. 1 — Compressibility factor of hydrogen as a function of
pressure between 50 K and 300 K [30].

temperatures, a clear minimum and an inflexion point can be
distinguished which emphasizes the effects of molecule in-
teractions. This effect is reflected by the cohesion pressure a
in both Van-der-Waals and Hemmes EOS. In conclusion, for
temperatures higher than 200 K, the molecule interaction
forces can be neglected regarding the inertial forces of
hydrogen molecules.

An alternative description of hydrogen real gas
behavior

Definition of hydrogen fugacity

The proper description of gaseous hydrogen has to be chosen
in accordance with application range associated to each EOS.
The general intensive expression of an EOS is recalled below
(3) (where Z have to be replaced by the correct expression
given by the associated real gas model, as stated in the pre-
vious section):

pv = ZRT (3)

Fig. 2 shows the pressure dependence of Z at room tem-
perature. For ideal gas model, Z is constant and is unitary. At
room temperature, results issued from Abel—Noble descrip-
tion and Van-der-Waals law are equivalent since the term in %
tends to be close to zero. This figure also puts in evidence that
for low pressures, the ideal gas behavior remains accurate.

Knowing that the related fugacity for an Abel—Noble gas is
recalled in Ref. [29] and given by (4):

s=pexp(kr) @

with b(300 K)=1.584 10> m® mol ™}, Fig. 3 represents the
evolution of the hydrogen fugacity at room temperature
considered as an Abel—-Noble gas. This graph points out the
nonlinear dependence between the thermodynamic activity
(fugacity) and the mechanical behavior of the gas; i.e. the
stress induced on the surface of the cavity. Considering the
Sievert's equilibrium (reminded below in (17)) between
hydrogen in solution and gaseous hydrogen within the cavity,
the resulting pressure will drastically decrease as compared to
the ideal gas case (zero molar co-volume).



w— |deal Gas
4.5H === Abel-Noble
wemen \fan der Walls

3.5

2.5¢

1.5}

0 100 200 300 400 500
Pressure [MPa]

Fig. 2 — Compressibility factor provided by 3 models of gas:
ideal gas, Abel-Noble and Van der Walls. This figure
clearly underlines that the ideal gas corresponds to the
limit case of very low pressures. It also puts in evidence
that for high pressures, the ideal gas model cannot be used
and both Van der Walls and Abel-Noble equation of states
provide equivalent results.
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Fig. 3 — Relation between hydrogen fugacity and pressure
considered as an Abel-Noble real gas at room
temperature.

The point of this first part is to evaluate the cutoff pressure
beyond which, the approximation of a linear pressure
dependence of Z (as illustrated in Fig. 2 up to 500 MPa i.e.
5000 bars) is not satisfied anymore. To achieve this purpose,
the fugacity will be redefined in order ensure an accurate
description of hydrogen based on thermodynamic data of
hydrogen. The resulting EOS will then be compared to the
original Abel—-Noble EOS and applied to evaluate the pressure
built up within the cavity.

Considering the definition of Gibbs energy, a differential
relation (5) between state quantities can be expressed as fol-
lows (where V is the considered volume of gas, n the amount

of H,, u the chemical potential and s the entropy of the
system):

dG = Vdp — sdT + udn (5)

Since the derivatives are continuous, Schwarz theorem
leads to symmetric second derivatives (6):

(@), @).. 0

By using the general expression of EOS, the dependence of
chemical potential on pressure can be quantified (where v
represents the molar volume of hydrogen and p its inverse) (7):

au> ZRT 1
oy _eRL_ 2 7
(ap Tn p P ( )

This parameter is then integrated (8) between a standard
state, noted E°, and any eligible state designated by E:

E 14 1
du = / 1 8
/ o) ®
EO p°

The chemical potential is then evaluated knowing the
pressure evolution of hydrogen density as a function of its
pressure. Otherwise, the fugacity of a gas is defined as its
thermodynamic activity. The fugacity is therefore linked to a
chemical potential defined with respect to a reference which
is in this case the standard state and can be expressed by (9):

uw=RTIn(f) )

By combining both expressions of the chemical potential
(8) and (9), the real gas fugacity can be defined as a function of
the pressure (10):

p
1 1
f=fep| gz [ s (10)
pO

The advantage of this approach is that no prior assump-
tions on the type of EOS have been done. As a consequence,
this expression of fugacity may be directly linked to available
thermodynamic data or experimental measurement in order
to best fit the real behavior of gaseous hydrogen at any pres-
sure but for temperatures above 200 K (above this threshold
temperature, there is no effect of cohesion pressure param-
eter a). The resulting fugacity therefore reflects the real
behavior of hydrogen as accurately as possible.

Refinement of EOS for pressures up to 20 kbar

Thermodynamic data of gaseous hydrogen

The National Institute of Standards and Technology (NIST)
have gathered thermodynamic data concerning hydrogen in
order to build a comprehensive database containing relevant
isothermal and isobaric properties of various entities,
including hydrogen. In the considered case, the parameters of
interest are the isothermal and isobaric density of the gas.
Fig. 4-a) provides the inputs to evaluate hydrogen fugacity at
room temperature in the whole pressure range (the hydrogen
density is then to be integrated by using the previous
expression). Fig. 4-b) compares the fugacity resulting from



L

x10

H, density [mol.m™]
L] (2] o (2. o =-J (=] w

0 5 10 15 20
Pressure [kbar]

£

10

10
T
S
= 10°
2
(2]
m
o
e
~
z
. [—nNiIST
10 s Abel-Noble
| —Vdw
0 500 1000 1500 2000

Pressure [MPa]

Fig. 4 — a) Evolution of dihydrogen density as a function of pressure at room temperature (isothermal data extracted from
NIST open database at 20 °C). b) Comparison of hydrogen fugacity at room temperature for the considered EOS in the

pressure range up to 2000 MPa.

Abel—Noble, Van-der-Waals EOS with the data issued from
NIST database taken as reference. This figure points out that
the cited EOS is valid for pressures up to approximately
3000 bar. Beyond this pressure, the compressibility factor can
no longer be considered as linearly dependent on pressure. As
a consequence, for a given value of fugacity given by the Sie-
vert's equilibrium an increase of pressure within the cavity is
expected as compared to both Abel-Noble and Van-der-Waals
EOS.

These observations provide therefore the motivation to
refine the description of gaseous hydrogen considered as a
real gas for high pressures, beyond 300 MPa. The point is now
to provide a refined EOS relying on values extracted from NIST
database. As explained in the introduction, the impact of the
cohesion pressure may be neglected given the temperature of
interest; the refinement therefore consists in the adaptation of
molar co-volume of gaseous hydrogen.

Expression of molar co-volume

To determine an accurate description of the pressure and
temperature dependence of the molar co-volume b, the
identification of the molar volume v is first needed. The pre-
liminary identification of this parameter will be done using
the data from NIST database. Fig. 5a presents the evolution of
the pv parameter between 0 °C and 750 °C for 5 pressures from
0.8 kbar up to 20 kbar. The evolution is clearly linear. In
addition, the curves are all parallel which means that the
temperature dependence is pressure independent. Then, the
pv factor is assumed to be properly fit by (11) (where « is a
constant and B a function of the pressure):

pv = aT +B(p) (11)

In parallel, Fig. 5b presents the pressure dependence of pv
for two temperatures (i.e. standard and normal temperatures,
respectively 0 °C and 20 °C). It is therefore assumed that the
dependence (12) is quadratic (with 8, y constants; the tem-
perature dependence of 6 being justified by the parallel but not
coincident curves of pv in Fig. 5b):

pv = Bp* + vp + br (12)

Then, the different parameters are determined for both
temperatures. The fit have been performed by successively
determining all the parameters and comparing the results to
some values. After several iterations and knowing that at
standard state (given by 298.15 K and 1.01325 bar)
b°=1.4598 10~>m> mol~?, v could be expressed as follows (13):
U:¥+ﬁp+b° (13)

With 8 = —1.955.107* m?® mol~* Pa~" (with r* = 0.9996).

Then, considering thatZ = 1+ % and Z = B3, the expression
(14) of b could be determined:

b =b° —1.955.10 p (14)

In contrast, the regular Abel-Noble description does not
take into account the pressure dependency of b; this param-
eter is therefore taken equal to 1.584 10> m® mol ™" for any
values of the pressure.

In other words, the compressibility factor (15) is quadratic
regarding the pressure variation:

P L 5P
z=1+05 195510 8F

(15)

Fig. 6 represents the evolution of the NIST standard and
refined compressibility factors as a function of pressure in the
considered range and compared to the regular Abel-Noble
description. The above demonstrated expression and
concomitant plot of NIST refined compressibility factor will
further be considered as reliable and accurate description of
hydrogen real gas.

The first part of the present paper has proposed a refined
description of gaseous hydrogen in manufacturing process
condition. Under these conditions, the use of more refined
expression like Van-der-Waals or Hemmes EOS is unnec-
essary since manufacturing temperatures are always higher
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Fig. 6 — NIST standard and refined compressibility factors
defined with a pressure dependant molar covolume and
compared to the initial Abel-Noble expression.

than 200 K. However, the proposed NIST refined compress-
ibility factor which derives from Abel-Noble model is
certainly necessary to ensure accurate pressure calculations.
This formulation is now to be applied to evaluate the internal
pressure within a cavity that can be reached in heavy com-
ponents during heat treatment.

Pressure build-up in pre-existing cavities during
heat treatment

Recall of a heterogeneous microstructure of 16-20MND5
steel

The component of interest is a lower shell of a steam gener-
ator, specific equipment at the junction between primary and
secondary circuits in pressurized water reactor (PWR).
Different types of segregation are observable in the compo-
nent at micro, meso and macroscales. These segregations are

issued from solidification process; in which solutal and ther-
mal convection generate a heterogeneous composition of the
alloy. These composition heterogeneities induce a strong
space dependence of diffusion parameters (diffusivity and
solubility) and allotropic transformations. Fig. 7 shows (a) the
aforementioned heterogeneities at microscopic scale, (b) the
presence of decohesions in the MnS vicinity and (c) the
resulting bainitic microstructure of the alloy. The alloy of a
nominal composition is called matrix. The areas of solute
enrichment at a mesoscale are called segregation bands (SB).
Note that carbon segregation at a macroscale (between the top
and the bottom of the ingot) is not considered in this
approach. As a consequence, a dynamic redistribution of
hydrogen between the different phases (matrix and segrega-
tion band) occurs during heat treatment. This redistribution is
driven by the evolution of solubility within both phases as
previously described in Ref. [26].

Physical model and numerical implementation

A physical model of hydrogen redistribution in a heteroge-
neous material as a function of temperature based on diffu-
sion equation and taking into account solubility and
diffusivity variations with temperature as well as composition
dependent phase transformation has been proposed in our
previous paper [26] in order to estimate both the redistribution
of hydrogen between the matrix and the segregation band and
to calculate pressure increase in the cavity hold at 200 °C, i.e.
before hydrogen outgassing in a manufacturing process. All
initial and boundary conditions have been extensively dis-
cussed, however in this previous work hydrogen was treated
as an ideal gas, therefore fugacity in Sieverts law was directly
replaced by pressure which was fully justified by a minimum
temperature of 200 °C i.e. well above room temperature. In the
following part we will use this model together with the rede-
fined fugacity of hydrogen as demonstrated above and an
updated geometry of the simulation box.

The assessment of internal pressure within the cavity will
be done at a component scale using two simulation boxes as
illustrated in Fig. 8. It has been assumed that, in a 200—240 mm
thick shell, only the hydrogen located in the core will
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Fig. 7 — Observations of the microstructure of the alloy: (a) heterogeneous composition in which segregated bands are
revealed by Nital attack, (b) non-coherent cluster of MnS, (c) bainitic acicular microstructure.
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Fig. 8 — Schematic representation of two simulation boxes. Simulations are carried out at a component scale to take into
account kinetic effects of hydrogen outgassing. a) H, desorption in a nanometric cavity located in bulk. b) H, desorption in a

nanometric cavity located in the vicinity of a segregation band.

contribute to the pressure build-up since the hydrogen located
near the inner and outer surfaces would outgas during the
process. Together with the symmetric boundary condition
applied at mid thickness a 5—6 cm wide simulation box is
obtained. A zero flux condition at the left side has been
considered to isolate the hydrogen outgassed through the
external surface from the hydrogen diffusing towards the
cavity. The first simulation consists in a 5 cm wide homoge-
neous simulation box located nearby a 20 nm thick cavity
which corresponds to the matrix-inclusion non-coherent
interface (e.g. MnS, see Fig. 7b). This interface is assumed to be
an initially empty cavity (see Fig. 8a). The decohesion of the
non-metallic inclusion from the alloy can be induced either by
forging or by thermal shrinking of the steel during cooling [37].
The second simulation box represents a heterogeneous alloy
composed of a matrix, a segregation band and a cavity. The
point of this second case study, illustrated in Fig. 8b, is to
evaluate the interactions between the localization of reticular
hydrogen and the presence of segregations which, owing to
the difference of solubility, are more likely to uptake hydrogen
in solution. These two cases are schematized on Fig. 8. The
relevance of the refined EOS presented in the first part of the
paper will then be highlighted by comparing results issued
from the regular Abel-Noble law.

The differences between the inputs parameters considered
in the following simulations are synthetized by Table 1.

In order to conduct these simulations, the diffusive prop-
erties of the heterogeneous alloy and related data have been
taken from Ref. [26]. Based on process guideline of such
components, a 30 °C h™! cooling rate was applied and the
initial amount of hydrogen was taken to be equal to 1 wt ppm
corresponding to the maximal admissible concentration of
hydrogen usually encountered during such processes.

Hydrogen outgassing from the matrix to the cavity: effect of
the refined EOS on the equilibrium pressure

Two calculations using a 5 cm simulation box have been
performed to emphasize the effect of the refined EOS on the
equilibrium pressure in the cavity. Fig. 9 provides the results
related to a regular Abel-Noble EOS with a constant co-
volume. The first plot (a) shows the evolution of concentra-
tion profile in the matrix during the cooling down to the room
temperature and subsequent evolution at 20 °C. The initial
and steady states are represented with solid curves whereas
the transient states are plotted with dashed curves. The sec-
ond plot represents the temporal evolution of pressure evo-
lution within the cavity. Three stages can be distinguished



Table 1 — Comparison of input parameters involved in the simulations.

Simulation 1a

Simulation 1b Simulation 2a Simulation 2b

Nature of the material Homogeneous Homogeneous Heterogeneous Heterogeneous
Dimensions of the simulation box (MAT/SB) 5 cm/— 5 cm/— 5cm/1 cm 5cm/1 cm
Considered Abel-Noble EOS Regular Refined Regular Refined
a) b) 10
1 1 7297 bar
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Fig. 9 — Simulation 1a using regular Abel-Noble EOS: Diffusion and outgassing of internal hydrogen from the matrix to the
cavity during a slow cooling (30 °C h™?) from 200 °C to 20 °C and subsequent slow outgassing. a) Concentration profile of
hydrogen in the matrix at various temperatures from initial state (200 °GC, in red solid line) to final state (20°, in black solid
line). The transients are given in dashed lines. b) Evolution of pressure within the cavity during the simulation considering
an Abel-Noble EOS. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

during the pressurization of the cavity. First, a strong expo-
nential increase occurs due to the fact that the cavity is
initially empty. It results in a close-to-zero concentration at
the solid—gas interface according to Sievert's thermodynamic
equilibrium and consequently a maximized desorption flux
across the interface. Then, desorption slows down due to
hydrogen lack close to the interface and reaccelerate once
hydrogen from the bulk reaches the interface. The final
plateau corresponds to the slow increase of pressure until the
homogenization of the concentration all along the 5 cm thick
solid and reaching the steady state. It also could be noted that
a significant pressure of 7100 bars is already reached within
the 10 first hours and the hundred following hours lead to an
increase of approximately 200 bars. Concerning the evolution
of the amount of hydrogen remaining in solution in the ma-
trix, the amount transferred to the cavity is negligible since it
represents approximately 1% of the initial amount in the
matrix.

Fig. 10 shows the results obtained on the same simulation
box with identical initial conditions but considering now the
refined EOS. The graph plotted in Fig. 10-a) represents
hydrogen concentration profiles while graphs in (b) and (c)
represent the time dependence of hydrogen pressure. The
inputs of this couple of simulation being close, the observa-
tions and trends concerning general evolution of the system
stated for the previous simulation remain valid for this case.
The final pressure within the cavity is now increased up to
8632 bars. The modification of the equation of state resultsin a

significant increase of the calculated pressure within the
cavity, by 1335 bar. In parallel, due to the fact that the fugacity
calculated from the refined EOS is lower as compared to
Abel-Noble law, the interfacial concentration induced by
Sievert's equilibrium is decreased which slightly reduces the
total amount of hydrogen in the matrix down to 1.2% of the
initial amount. As compared to the previous simulation based
on the regular Abel—Noble EOS, the fugacity has decreased by
1800 bar (from 837,380 bar to 835,580 bar). As a consequence,
the interfacial concentration in the simulation presented on
Fig. 9is 0.9901 ppm while in the second simulation involving
refined EOS and given by Fig. 10, the concentration is
0.9884 ppm. These parameters lead to different amounts of
hydrogen within the cavity. An increase of 2.78.10% mol is
observable in the refined EOS simulation as compared to the
regular Abel-Noble law (respectively 1.51.10~7 mol and
1.23.1077 mol). It is important to underline that even if the
difference in interfacial concentration is very small, the
simulation using the refined NIST law results in a significant
increase of pressure and hydrogen uptake in the cavity.

The substantial pressure raise (8632 bars, i.e. 863 MPa
instead of 7297 bars, i.e. 730 MPa) induced by this refinement
and its consequences will further be discussed.

Effects of microsegregations on equilibrium pressure

The simulation box used in this section corresponds to a
generalized case of a heterogeneous alloy composed of
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Fig. 10 — Simulation 1b using refined EOS: Diffusion and outgassing of internal hydrogen from the matrix to the cavity
during a slow cooling (30 °C h™") from 200 °C to 20 °C and subsequent outgassing. a) Concentration profile of hydrogen in the
matrix at various temperatures from initial state (200 °C, in red solid line) to final state (20°, in black solid line). The
transients are given in dashed lines. b) Evolution of pressure within the cavity during the simulation considering the refined
EOS. c) Focus on the slow pressure build-up until reaching the target equilibrium pressure calculated by mass balance
represented by the dashed line. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 11 — Simulation 2a using a regular Abel-Noble EOS: Diffusion and outgassing of internal hydrogen in a heterogeneous
alloy, modeled as matrix-segregation band-cavity, during a slow cooling (30 °C h™") from 200 °C down to 20 °C and
subsequent very long outgassing at 20 °C towards equilibrium. a) Concentration profile of hydrogen in the solid at various
temperatures from initial state (200 °C, in red solid line) to final state (20 °C and 100 simulated days, in black solid curve). The
transients are given in dashed lines. Concentrations are given at mid thickness of each phase; interfacial concentrations are
respectively 0.30 ppm and 4.3 ppm for matrix and segregation. b) Evolution of pressure within the cavity during the 100

days simulation considering an Abel-Noble EOS. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

matrix, segregation band and cavity. Two simulations
involving respectively regular Abel-Noble formulation and
the refined EOS are presented below.

The results of the first simulation, based on Abel—Noble
EOS, are given Fig. 11. The first plot (a) shows the evolution of
hydrogen concentration during the cooling at 30 °C h~* down
to 20 °C (in 6 h) and subsequent maintain at 20 °C for almost
100 days (2394 h). The hydrogen concentration profile, initially
uniform at 1 wt ppm and continuous across the two areas,
evolves into a discontinuous profile, the discontinuity being
located at the matrix-segregation band interface. In addition,
a localization of hydrogen is observable during the process of
cooling since hydrogen solubility is higher in the segregation
band than in the matrix by a factor 14.5 at room temperature.
Then, transient curves underline the high gradient generated

by the matrix-segregation interface which enhances the mass
diffusion flux as defined by Fick's law. The second graph rep-
resents the evolution of pressure within the cavity. As
compared to previous cases, the same global behavior is
observable. Two main differences concern the final pressure
and the kinetics of desorption. Although the simulation has
been performed on an extended domain, which therefore
contains a greater amount of hydrogen, the final pressure is
lower than in the previously analyzed matrix-cavity simula-
tion box. That major difference can be easily understood if we
recall that segregation band is characterized by a 14.5 higher
solubility and consequently a significant amount of hydrogen
will be stored in the segregation band as illustrated in Fig. 11-
a) while the matrix will eventually contain less than 0.4 wt
ppm. Moreover, at equilibrium, ¢ ratio must be constant across



the solid part of simulation ng and recalling that hydrogen
fugacity is proportional to (g) we easily understand that the
final pressure is much lower in this case, The second differ-
ence concerns the kinetics of hydrogen diffusion and out-
gassing which remains similar in spite of the slightly higher
dimensions of the simulation box and the pronounced
gradient of hydrogen concentration within the segregation
band which promotes the desorption flux. It is clear that in
this simulation equilibrium has not been reached after a
period of 100 days. The final calculated pressure of 4035 bars is
lower than the equilibrium pressure that can be obtained from
mass balance equation, see discussion below.

The second case is reported in Fig. 12. This simulation
based on the refined EOS proves that the pressure build-up in
the cavity is enhanced with no notable influence of desorption
kinetics as compared to the reference Abel-Noble gas
description. Qualitatively, similar conclusions can be given
with respect to hydrogen diffusion from the matrix to the
segregation band due to its much higher solubility. Again the
system evolves towards equilibrium with the maximum
calculated pressure of 4472 bars which represents an increase
of 437 bars as compared to the simulation based on
Abel—Noble EOS.

Substituting Abel-Noble EOS by a refined NIST EOS in
above presented simulations has always resulted in an in-
crease of a final pressure within the cavity. The results and
impacts will now be discussed with respect to the industrial
context.

Discussion
Mass balance verification

In all simulations, the refinement of real gas description has
resulted in a substantial increase of the pressure build-up due
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to the modified fugacity — pressure relation. The gas
description is a key point to provide an accurate assessment of
the peak pressure reachable within the cavity after desorption
of internal hydrogen. This pressure has been hereon pre-
sented via simulation since a transient analysis is needed to
put in evidence kinetic effects. But the equilibria are only
governed by a couple of parameters: hydrogen solubility and
thermodynamic properties of gas. The steady state could
therefore be evaluated analytically by considering the mass
balance with a constraint on hydrogen desorption. For clarity
of expressions, we consider below the case of our first simu-
lation box composed of a matrix and a cavity (the case of
matrix-segregation_band-cavity requires one additional
equation of continuity for ¢/S ratio at the matrix/segregation
band interface and would lead to the same conclusions).

The balance of mass between the initial state, where
hydrogen is located only within the matrix (referred by 0 su-
perscript) and the steady state, where hydrogen is redis-
tributed among matrix and cavity (referred by f superscript)
can be expressed by (16):

Myar = "fMAT + n{-IIC (16)

Then, the Sievert equilibrium is expressed by (17), S being
the solubility of hydrogen in the alloy.

c=Sy/fu, (17)

Steady state, or thermodynamic equilibrium, consists in a
minimization of chemical potential and is illustrated in this
case by a flat concentration profile. The balance of mass can
be expressed by (18):

PViic
ZRT

Vyar = VuarS fu, + (18)

Knowing the relation between fugacity and pressure, the
pressure at thermodynamic equilibrium can be determined.
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Fig. 12 — Simulation 2b using the refined EOS based on NIST open database: Diffusion and outgassing of internal hydrogen in
a heterogeneous alloy, modeled as matrix segregation band cavity, during a slow cooling (30 °C h~?) from 200 °C to 20 °C and
subsequent very long outgassing at 20 °C towards equilibrium. a) Concentration profiles of hydrogen in the solid at various
temperatures from initial state (200 °C, in red solid line) to final state (20 °C and 100 simulated days, in black solid curve). The
transients are given in dashed lines. Concentrations are given at mid thickness of each phase; interfacial concentrations are
respectively 0.30 ppm and 4.3 ppm for matrix and segregation. b) Evolution of pressure within the cavity during the 100 days
simulation considering the refined EOS (an increase of 437 bars is noticed as compared to the Abel-Noble EOS. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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At this point, gaseous hydrogen is described using the refined
expression (19) of compressibility factor corresponding to the
general case in the considered temperature range:

1.95510°% (19)

g P P

Z=1%%7 RT

The final pressure can be numerically evaluated by calcu-
lating the zeros of the following function g (20):

g(p) = VmarSy[p exp (p}bz(rrlt?)) +2

The value of this pressure was calculated for different EOS
by replacing the expression of molar co-volume in the previ-
ous expression. For Abel-Noble model description the molar
co-volume at 300 K is 1.584 10> m® mol* (with no pressure
dependency). For ideal gas, no intrinsic volume is considered
for hydrogen molecules. Final pressures were calculated for
these gas models and the values are 8647.5 bars for the refined
EOS, 7305.8 bars for the Abel-Noble model and finally
141,120 bars for the ideal gas model; which has to be consid-
ered as unrealistic regarding the mechanical properties of the
alloy. The above calculated equilibrium pressures for
Abel-Noble EOS and modified NIST EOS are slightly higher
than the final values obtained in our kinetic simulations
(respectively 7297 bars in Fig. 9-b) and 8632 bars in Fig. 10-b))
because these kinetic calculations were stopped after
approximately 600 h and consequently equilibrium has not
been reached. It is also worth noting that the numerical ac-
curacy of hydrogen pressure inside the cavity, as calculated
with the present model, is excellent with an absolute error of
only 1072 bar.

Concerning the heterogeneous case, equilibrium pressures
were also calculated using a similar approach as introduced
above. Briefly, by noticing that the ratio of compositions at the
matrix-segregation band interface is equal to the ratio of sol-
ubilities between the two compositions, and considering that
the concentration profile is step shaped (i.e. flat in each phases
taken separately), the final pressure could therefore be
calculated using the mass balance equation and the Sievert's
equilibrium constraint. The values of equilibrium pressures
were again slightly above the ones presented in Fig. 11-b) and
Fig. 12-b) and consequently the presented simulations have
then been indirectly validated by this method.

PVhic

RT 1 pbo n 5102 — COVMAT

(20)

Effect of hydrogen solubility on equilibrium pressure

Our calculations have allowed determining the maximum in-
ternal pressure reached in cavities. These results strongly
depend on values of solubility at room temperature; which
differ between the matrix and the segregation band, being
respectively 1.081 1072 ppm bar®® and 1.57 10~ ppm bar®>.
According to Sievert's law, pressure increases with solubility
decrease which leads to different steady state pressure
depending on the position of the cavity in the component. In
other words, a cavity localized in the matrix would have a
greater pressure than a cavity located in the segregation band.
This statement is verified for a cavity close to either the matrix
or the segregation band but wouldn't be true for a cavity located
between the matrix and the segregation band, i.e. in contact
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with a matrix and with a segregation band in the same time.
This point can be explained by considering the two Sievert
equilibria respectively at matrix-cavity interface and at segre-
gation band-cavity interface. Without going into a detailed
explanation it can be concluded that the final pressure in such
a heterogeneous media will result from two Sieverts equilibria
at both interfaces with hydrogen transport through the cavity
as long as necessary to satisfy both equilibria in accordance
with the considered thickness of each phase (determining
thereby the amount of hydrogen and its redistribution). As a
general rule, for a cavity embedded in a given area of a het-
erogeneous alloy, the lower the solubility of the material in
contact with a cavity is the higher the equilibrium pressure is.

Consequence of a non-linear fugacity-pressure dependence

Another interesting point resulting from the non-linear na-
ture of the fugacity-pressure dependence is the peculiar
relation between the pressure and the amount of hydrogen
within the cavity. The amount of hydrogen is expressed in the
case of a refined NIST EOS by (21):

pv

"= RT 1 pb® — 1.955 10 Bp2

(21)

Considering a pressure of 8000 bar and a volume of 2.00
107" m? (i.e. 1 cm? “penny-shaped” thin cavity of 20 nm), the
corresponding amount of hydrogen is 1.24 10~” mol for refined
description and 1.06 10~ mol for Abel-Noble model. These
values, for a pressure of 10,000 bar will be respectively 1.33
1077 mol and 1.09 107 mol. Consequently, a pressure increase
of 25% requires an increase regarding the amount of hydrogen
of 6.6% in case of the refined NIST EOS and only 3.3% for
Abel—Noble EOS. The uptake of hydrogen generated by the
proposed EOS is therefore twice as high as the uptake issued
from v gas description.

Conclusion

A refined EOS based on Abel—Noble model has been proposed
to accurately evaluate the equilibrium pressure within inter-
nal cavities up to 20 kbar. This alternative approach is based
on the fugacity pressure dependence deduced from NIST
database, valid up to 20,000 bar and for temperatures above
200 K. The quadratic fugacity-pressure dependence results in
a decreased fugacity at high pressure as compared to the
reference Abel—Noble description. This new EOS for hydrogen
is completely based on NIST thermodynamic datasets.

The updated fugacity-pressure dependence implies a
decreased chemical activity of gaseous hydrogen for extreme
pressures, and consequently, for a given fugacity, resulting
from Sievert's equilibrium; the corresponding pressure is
higher than that calculated from that Abel-Noble EOS. This
increase in pressure has been calculated to be of the order of
10% for a matrix/cavity interface and 20% for segregation-
band cavity interface. This refined NIST EOS was introduced
to our previously developed numerical code to calculate the
kinetics of hydrogen transfer from the bulk to the cavity
during outgassing. Two simulation boxes, representative of an
industrial component have been defined and clearly indicate



that values very close to equilibrium can be obtained
following slow cooling rate down to room temperature and
subsequent maintain for a period of going from approximately
600 h up to 100 days. The validity of this kinetic calculation
was checked through mass balance approach. The final
equilibrium pressure depends on the position of the cavity
within the material: if in contact with a segregation band (high
hydrogen solubility) this pressure is of the order of 4500 bars
and if in contact with a matrix (low hydrogen solubility) this
pressure is of the order of 8650 bars.
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