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Finally, the parametrized equation is applied to calculate the stress-enhanced hydrogen
solubility of thin-walled pipelines and thick-walled pressure vessels during service.
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Introduction

Green gaseous hydrogen is one of the most promising energy
carriers in near future [1]. Thermal combustion of pure
hydrogen gas is clean, as it produces only water. Hydrogen gas
is also used in fuel cell systems converting the stored chem-
ical energy into electricity. However, at atmospheric pressure
of 1 bar and temperature of 25 °C, hydrogen gas has relatively
low volumetric energy density (12.7 MJ/m°®), especially
compared to methane (40 MJ/m?), which is the main constit-
uent of natural gas [2]. In order to distribute large volumes of
gaseous hydrogen in a cost-efficient way [3], compression or
liquification of the gas is required [2], which increase the
volumetric energy density to a practical level [4]. Hydrogen
partial pressures up to 200 bar are common in industry (e.g. for
storage in gas bottles), while pressures up to 1000 bar will be
considered in future to increase the energy density (e.g. for
compressed hydrogen tube trailers [5] or gas stations). One of
the challenges for using gaseous hydrogen is establishing
reliable and safe structures including pipelines and pressure
vessels for transmission and storage. However, in particular
high-strength steels exposed to hydrogen gas at high pres-
sures may suffer from loss in ductility and strength, which is
known as hydrogen embrittlement (HE) [6]. Different mecha-
nisms of macroscopic brittle and time-delayed HE have been
explained based on microplasticity or atomistic theories [7—9].
However, even after more than 100 years of research in this
field [10] no conclusive theory is available in literature. Some
authors [11] proposed a simultaneous contribution of different
“classical” mechanisms, such as hydrogen-enhanced local-
ized plasticity (HELP) and hydrogen-enhanced decohesion
(HEDE). For example, HEDE possibly predominates for inter-
granular fracture, while HELP contributes to dimpled fracture.
Other authors including Lynch [12], Nagumo [13] or Kirchheim
[14] proposed new aspects of hydrogen-related failures to
improve the understanding of the rate dependency [15,16] and
of different occurrence of fracture surfaces, such as cleavage-
like morphologies, depending on hydrogen content and stress
intensity [17]. Anyway, each of the proposed HE mechanisms
suppose atomic hydrogen absorption on the surface to reach
the critical hydrogen content of the material [18,19]. In case of
hydrogen gas, high driving forces are necessary to dissociate
hydrogen molecules [20,21] and to diffuse hydrogen atoms
into the bulk. Under equilibrium conditions, the analytical
calculation of the hydrogen solubility ¢y within a given ma-
terial requires the environmental hydrogen partial pressure
pu, and the temperature T of the investigated system. Sievert's
law [22,23] allows calculating the equilibrium hydrogen con-
tent at high temperatures or low partial pressures [24,25]:

u=Kypn, (1)

K is the temperature-dependent equilibrium coefficient.
Nevertheless, at high pressures and low temperatures “real”
hydrogen gas behavior becomes crucial and the hydrogen
partial pressure must be replaced by the fugacity f [25]. The
entry of hydrogen into steels causes a small expansion of the
lattice volume. Thus, the hydrogen absorption is affected by
elastic stress fields which can be related to the increase of the
hydrogen solubility [18,26,27]:

CH 01Vy

o exp( 3RT > 2
cyg and cyp are the hydrogen solubilities in the stressed and
unstressed material at identical partial pressure, o, is the
uniaxial tensile stress, Vy is the partial molar volume of
interstitial lattice sites and R is the universal gas constant.
However, the roles of multiaxial stresses and microstructure
on the hydrogen solubility of steels at low temperatures and
high gas pressures need further investigations. Microstruc-
tures of high-strength steels contain high densities of trapping
sites which increase the hydrogen solubility.

For that reason, the present work aims to derive a new
thermodynamic relationship for gaseous hydrogen solubility
from generalized chemical potentials. This new relationship
considers the influence of trap densities, binding energies,
temperature, fugacity and hydrostatic stresses. Parametriza-
tion was performed using experimental data. Applying a
simple single-trap approach enabled the reasonable calcula-
tion of hydrogen solubility for a wide range of carbon steels at
low temperatures and gas pressures up to 1000 bar. The new
findings improve the basic understanding of material tests
performed at low temperatures and high gas pressures on lab
scale. Based on these tests the influence of hydrogen-
containing gas mixtures on structural steel components and
the hydrogen solubility in steel for pipeline and pressure
vessels during service were studied.

Analytical model
Gaseous hydrogen absorption

Absorption of diatomic hydrogen gas molecules H, at the
metal surface can be described by the reversible reaction

1
SHe + Vi=Hy 3)

where V| represents a vacant interstitial lattice site next to the
surface and Hy is a freely diffusive lattice hydrogen atom in
the metal phase. Vi, can also be neglected in Eq. (3), if the
number of interstitial lattice sites is much higher than the
number of absorbed lattice hydrogen atoms. Only the inter-
stitial lattice sites are assumed to contribute to the dynamic
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exchange with the environmental gas phase. A vacant inter-
stitial lattice site is necessary, that an adsorbed hydrogen
atom can jump from the surface into bulk. Once hydrogen is
absorbed by the interstitial lattice, it diffuses into the metal
and can be trapped at a microstructural defect site [28], which
can be expressed as

H, +Vi=H;+ V. (4)

where V¢ is a vacant trapping site and Hr is a trapped
hydrogen atom. For simplification, it is assumed that Vr is
directly accessible from the crystal lattice [29], which is ful-
filled for, e.g., vacancies, dislocations and carbide interfaces.
Especially trapping plays a crucial role in steels [30], as it in-
creases the local hydrogen solubility and decreases the
chemical diffusion coefficient [31,32]. This will be discussed in
more detail in section 2.2. As illustrated schematically in
Fig. 1, a hydrogen atom must pass different energy states for
being absorbed in the metal phase. In thermodynamic equi-
librium, the hydrogen content absorbed in the metal phase is
constant for a given temperature and hydrogen partial pres-
sure. This hydrogen content only depends on the solution
enthalpy AHs, which represents the heat release per bulk of
absorbed hydrogen atom. In the present paper, the solution
enthalpy is negative for an exothermic reaction (AHs < 0) and
positive for an endothermic absorption (AH; > 0). According to
the theory of chemical kinetics, the energy states at the sur-
face only affect the absorption rates, but do not change the
hydrogen content in thermodynamic equilibrium. This equi-
librium content is named hydrogen solubility throughout the
entire work. Different to the work of San Marchi et al. [25],
hydrogen solubility includes both lattice and trapped
hydrogen atoms and, thus, represents the hydrogen content
as determined by extractive hydrogen measuring methods.
For gas mixtures (e.g., hydrogen blended methane), the solu-
bility of hydrogen can be assumed as unaffected, as long as
the gas mixture does not dissociate and interact with the
hydrogen molecules. If this is case, the gas mixture behaves
like an ideal gas.

Hydrogen in metals

Assuming that hydrogen can diffuse freely in the crystal lat-
tice where it is trapped at microstructural defects [33] (e.g.
grain boundaries, dislocations and vacancies). Thus, the total
molar hydrogen concentration c includes the lattice concen-
tration ¢, and the trap concentration cr:

C=C, +Cr (5)

The total hydrogen content cy in wppm can be calculated
from the total molar concentration in mol/mm? using cy =
10%-Mc/p. M is the molar mass of hydrogen (1.008 g/mol) and p
is the density of steel (7.9¢10~2 g/mm?®). The density of lattice
sites, Ny, and the density of trap sites, Nr, are constant in the
present work, which allows defining the lattice site fraction
y. =c¢./N; and the trap site fraction yr = cr/Nt. Both site
fractions, y, and yr, can take values from zero to unity
depending on the solution enthalpy AH; [25] and on the
binding energy Ey [34]. In ferritic iron crystals, interstitial lat-
tice hydrogen can either occupy tetrahedral or octahedral
sites. According to Kholtobina et al. [29], the calculated solu-
tion enthalpy AH; of tetrahedral sites (0.22 eV or 21.2 kJ/mol) is
smaller than of octahedral sites (0.37 eV or 35.7 kJ/mol). Hence,
the occupation of tetrahedral sites in ferritic iron is preferred
at low temperatures [9]. Nevertheless, octahedral sites are
thermally activated if the temperature increases. E, of
different crystal defects has been well studied in the last de-
cades [28,31,35,36], and typical values are in the range from
0 to about 100 kJ/mol in ferritic or martensitic steels. E, de-
pends on the type of defect, on the change of interatomic
forces between hydrogen and iron at the defect sites with
respect to interstitial lattice sites, and on the dilation of the
crystal lattice in the immediate vicinity of crystal defects.
Hydrogen in steels can be treated as ideal solution interacting
with the hydrostatic stress field on the macroscale [18,37] as
well as on the microscale [18,38]. Micro-residual stresses [39]
are in the range of the Young's modulus E and, thus, these
stresses are one magnitude larger than macrostresses. While
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Fig. 1 — Sketch of the hydrogen energy states in a metal-gas equilibrium.
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hydrostatic tension dilates the crystal lattice and increases
the lattice hydrogen concentration, hydrostatic compression
of the lattice decreases the lattice hydrogen concentration
[40]. For instance, Hussein et al. [41] demonstrated how het-
erogeneous fields of microstresses contribute to hydrogen
segregation at grain boundaries. In thermodynamic equilib-
rium, Oriani's theory applies [33,42] and the trapped hydrogen
concentration can be calculated from the lattice concentra-
tion at given temperature T as

ST ©

=VNp=— —2
r =Yy KT+)’L(1*KT)

Kr = exp(—Ey /RT) is the inverse equilibrium constant result-
ing from Eq. (4) by applying the law of mass action [28].
Inserting Eq. (6) into Eq. (5) yields the total molar hydrogen
concentration c as function of the lattice concentration c;, [42]:

Nt 1
=(1+— —-"F——— 7
¢ ( +NL KT+yL(17KT))CL ( )

According to Kirchheim [43], Eq. (7) can be simplified in
practice as
N Nr 1
C:NiL <1+WT E)CL:Q(Nh NT7KT)CL (8)

N = Ny + Nr is to the total number of possible hydrogen posi-
tions in the microstructure per volume unit. Fig. 2 compares
calculations of ¢ by using Eq. (7) and Eq. (8). Similar results
were obtained from both equations, if Ny<Ny, y.< Kt and Kr<
1[42], which is fulfilled for binding energies less than 40 kj/mol
and fory; = 1.2-1077.

Hydrogen solubility

This section presents a newly established relationship be-
tween hydrogen solubility cy, microstructure, multiaxial
stress state, temperature and gas pressure, which is derived
based on thermodynamic expressions. In thermodynamic
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Fig. 2 — Comparing calculations of the total hydrogen
concentration according to Eqgs. (7) and (8).

equilibrium, the generalized chemical potentials of environ-

mental diatomic hydrogen molecules, uy,, and of hydrogen

atoms dissolved in ferritic iron, u;, must be equal:

1

EMHZ =ML ©)
Considering the activity of real hydrogen gas as f = py,7,

which is apparent at high pressures and low temperatures,

the generalized chemical potential of environmental
hydrogen molecules is
My, = M, 0 + RT Inf (10)

v is the fugacity coefficient. Based on the Abel-Noble rela-
tionship, San Marchi et al. [25] derived a simple analytical
expression for the fugacity coefficient,

b
y=exp (%) (11)

where b represents the constant finite volume of hydrogen gas
molecules (van der Waals constant). Basically, all gases
behave ideal at very low pressures (p< 1 bar) and the fugacity
coefficient v, as defined in Eq. (11), needs to converge to unity.
Since atomic hydrogen dissolved in ferritic iron can be treated
as ideal solution, the generalized chemical potential pu;
[38,42,44,45] is

ML =HMro + RT lnyL — O'HVH (12)

oy is the hydrostatic stress which is 1/3 of the trace of the
stress tensor oy. The first terms uy, o and u; o in Eq. (10) and Eq.
(12), respectively, are the temperature-dependent chemical
potentials of pure hydrogen molecules and atoms, respec-
tively, and the second term corresponds to the entropy of
mixture. The third term results from the energy gain by
hydrogen diffusing to distorted interstitial lattice sites [46].
Inserting Egs. (10) and (12) into Eq. (9) yields

1
St 0 +RT In = u o +RTIny, — ouVy (13)

which can be reformulated to

1
RT In/f ~RTIny, + o4V = o - SHity0 (14)
The right-hand side of Eq. (14) describes the change of the
solution enthalpy AH; and of the entropy AS as o — w0 =
AH; — TAS. Hence, one can directly write

YL

RT In <ﬁ> = AHS — UHV].[ — TAS (15)

Solving Eq. (15) for the lattice hydrogen concentration c;,
yields the following analytical expression

cL:yLNL:Kg\/);exp(— RT

where the pre-factor Kj is constant. Combining Eq. (16) with
Eq. (8) allows expressing the solubility ¢y of a metal in ther-
modynamic equilibrium as

=Ko \/}exp< - w> (17)
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Throughout this work K,=Kj-g(Ny, Nt,Kr) is the solubility
coefficient and the term AHg — oy Vy is the effective solution
enthalpy. Eq. (17) is an analytical expression of the hydrogen
solubility relating the hydrogen content of a metal to the
partial pressure of hydrogen, to the temperature, to the
microstructural trapping capacity of the metal and to the
multiaxial stress state. Introducing the equilibrium coefficient
K =Ko exp( —2221¥1) one can write Eq. (17) directly in a more
simplified form as

cu=+/fK (18)

Obviously, if the hydrostatic stress is zero, at high tem-
peratures and at low partial pressures, Eq. (18) becomes Sie-
vert's law [22,23].

Mechanical problem

Multiaxial stresses o; are induced below the surface of struc-
tural components (e.g., pipes) exposed to environmental gas
pressure pg. The total gas pressure is the sum of the partial
pressures of different gas species. Neglecting interaction be-
tween the different molecules, the partial pressure is the
pressure a single gas species would have, if it would occupy
the entire volume at given temperature without the presence
of any other species. In the present work, the hydrogen partial
pressure py, is either 10% or 100% of pg. While a hydrogen
partial pressure of 10% of pg may already exist in state-of-the-
art natural gas grids, grids for distributing pure hydrogen gas
of 100% of pg will be built in near future. For relating the gas
pressure to the mechanical stress state in a certain specimen
or component, respectively, analytical equations were
collected in Table 1 [47]. All equations assume linear elastic
material behavior and thus, the effect of plastic yielding on
the gaseous hydrogen solubility [15,48] was not considered in
the calculations. The role of stress-enhanced hydrogen solu-
bility is studied for three different cases:

1. Externally pressurized bulky specimens,

2. Internally pressurized thin-walled pipes (up to 200 bar) and

3. Internally pressurized thick-walled pressure vessels (up to
1000 bar).

Gas charging of bulky specimens on laboratory scale cau-
ses compressive stresses which are equal to the outer gas
pressure, o; = — pg, Where o; is the principal stress in each of
the three directions i. The compressive stresses are homoge-
nously distributed within the specimens and they are inde-
pendent from the shape and size of the specimens. The
compressive hydrostatic stress oy decreases linearly with
increasing gas pressure pg, as illustrated in Fig. 3. According to
the basics of plasticity theory, a homogenous outer pressure
cannot cause any plastic yielding and thus the equivalent
stress according to von Mises g¢q in the specimens is zero, as
shown in Fig. 3. Anyway, the effect of the hydrostatic
compressive stress is neglected in the experimental evalua-
tion of gaseous hydrogen uptake of bulky specimens using
autoclave systems. Therefore, for comparing theoretical and
experimental results it is necessary to define the stress-free
state of oy = 0 as reference throughout this work.

Due to the cylindrical symmetry of pipes, stress compo-
nents o; act in different directions, namely in radial, r,
tangential, t, and axial, a, directions. In case of linear elastic
material behavior, analytical expressions exist for each of the
stress components oy, or and g, [47]:

() - () +1
pc and g, = —tpc (19)
="

2
ris the radius, r; is the inner radius and r, is the outer radius of

the pipe. Whenever ;-<I, Barlow's equations [47] can be

Oy — —

Pg, 0 =
1

applied and Eq. (19) are simplified to

0, =0, g = %Opg and o, = %pg (20)

where t=r,—1; is the thickness of the pipe wall and
ro = (ra—1i)/2 is the average pipe radius. Barlow's equations
are considered in various standards such as DIN EN 13480 and
DIN EN 13445 to determine dimensions of pipelines or pres-
sure vessels.

In Fig. 4a the stress components ¢; acting in different di-
rections are plotted as function of the radius r at the internal
gas pressure of pg = 100 bar. Realistic pipeline dimensions
with the inner radius of r; = 400 mm and the outer radius of
ra = 410 mm are applied. Hence, the wall thickness t = 10 mm
and the ratio t/2ro = 0.012 are considered. According to Bar-
low's theory, the thin-wall approximation applies and the
stress components given in Eq. (19) agree with Eq. (20).
Tangential tensile stress of 400 MPa and hydrostatic stress of
200 MPa occur. The positive hydrostatic stress oy = pgr/2t,
which influences the stress-enhanced hydrogen solubility, is
almost constant throughout the pipe wall. Fig. 4b shows the
dependency of the multiaxial stress occurring in the pipe wall
from internal gas pressure. According to Barlow's equations,
each stress component increases linearly with increasing pg.
Basic design criteria require that the equivalent stress geq is
smaller than the yield strength Ry, to avoid any plastic
deformation. In Fig. 4b geq according to von Mises increases
linearly as function of pg and reaches 400 MPa and 700 MPa at
gas pressures of 100 bar and 200 bar, respectively. geq =
700 MPa exceeds Rpo2 of commercial carbon steels. oy reaches
200 MPa at 100 bar and 400 MPa at 200 bar. Note that oy = 7¢/2.
According to Eq. (19), increasing the wall thickness t decreases
the stresses at the given gas pressure of pg = 100 bar and for
the given inner radius of r; = 200 mm, as shown in Fig. 5a.
Tangential stress and axial stress are tensile throughout the
wall and they decrease steadily with increasing wall thick-
ness. The radial stress of —10 MPa is negative (compression
stress) and does not change with increasing wall thickness.
Thus, the hydrostatic stress decreases significantly from
99 MPa to 5 MPa if the wall thickness increases from 10 mm to
200 mm.

For thick-walled pressure vessels with the ratio of r, /r; =2,
the tangential stress at the inner surface radius is o; = 5pg/3,
as indicated in Fig. 5a. At higher pressures the radial stress
cannot be neglected, and it is equal to the negative gas pres-
sure at the inner radius, sy = — pg. The radial stress decreases
linearly through the wall and becomes zero at the outer radius
ra. As shown in Fig. 5b, the stresses in thick-walled pressure
vessels increase linearly with increasing inner gas pressure.
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Table 1 — Multiaxial stress states in bulk specimens exposed to an environmental gas pressure pc and cylindrical stress

components [47].

No. Short description Stress state Schematic of the problem
Ref. Bulky specimen (Reference state) og =0
1 Externally pressurized bulky specimen or = — Pe
gt = — PG
0a = — PG
oH = — PG
Oeq =0
2 Internally pressurized thin-walled pipe or =0
(Barlow's formula for pipes with t<r) b= Pcri
t
T
7a = p;,t
_ Pcli
TH = ot
o - V3par; r
a2t
3 Interr'}ally pressurized thick-walled vessel or(r;) = — po 0,
with 2 =2 5 AR A :
T ou(ry) = 25¢ ! 2n |
T 3 "
aa(ry) =250 =

OH =

wl

2+Ti
372t T3

For r; =200 mm and t = 200 mm, geq according to von Mises is
less than 300 MPa and oy = 50 MPa even at pg = 1000 bar.

Experimental procedure

Cylindrical specimens with diameter of 3 mm and height of
15 mm were machined out of a L450 pipe steel. Before the
specimens were placed inside of an autoclave, their surfaces

were grinded, polished and rinsed with acetone. High-
pressure charging was applied at 200 bar and 80 °C as well
as at 1000 bar and 50 °C. The duration of hydrogen gas
charging was 3 weeks. When the specimens were removed
from the autoclave, they were stored directly inside of a liquid
nitrogen bath to suppress any hydrogen diffusion. For the
quantification of the hydrogen content, a Bruker G8 Galileo
coupled with an infrared furnace and with a mass spectrom-
eter was used, as described in Ref. [49]. The specimens were
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Fig. 3 — Multiaxial stress state in bulky specimens exposed
to an external gas pressure on laboratory scale.

thawed in acetone for 20 s before there were dried using inert
nitrogen gas. Afterwards the samples were directly put into
the infrared furnace and they were immediately heated up to
400 °C.

Results and discussion
Parameter identification

For calculating the hydrogen solubility cy of a given material
as function of total gas pressure pg, temperature T and applied
hydrostatic stress oy, a set of four constant parameters needs
to be identified, namely.

1. The solubility coefficient Ko,

2. The solution enthalpy AHs,

3. The partial molar volume Vy,

4. And the van der Waals constant b.

Radius
a) — — Tangential
1000 — - — Axial
900 - — — Hydrostatic
Barlow's equation:
800 1 Radius
‘@ 7004 — — Tangential
a — - — Axial
=, 600 — — Hydrostatic
& 500
B 40— - = - - =
£ 300
%, 200 + — —r ——]
100+
0
-100

400 402 404 406 408 410
Inner radius 7, Radius » [mm]

Outer radius 7,

As shown in Fig. 6a, Ky was measured for different mate-
rials [50—53]. Smaller values ranging from 1.7 to 33 wppm/
bar’> were determined by different authors [50—52] using a
permeation setup at temperatures above 100 °C, which allows
recording the transient increase of the pressure as function of
time. Disc-shaped specimens were used to separate a pres-
surized charging cell from an evacuated measurement cell
equipped with a mass spectrometer. The applied pressure was
very low, but it was even increased to 30 bar. At temperatures
above 100 °C hydrogen trapping in bulky ferrite is de facto
thermally suppressed, and lattice-controlled diffusion can be
assumed [55]. Once all trapping sites are thermally activated,
the equilibrium coefficient K = @/Deg, where ¢ is the perme-
ability coefficient and D is the effective diffusivity. However,
at lower temperature hydrogen diffusion is bulk-controlled
[55,56] rather than lattice-controlled, and trapping sites in
the microstructure retard long-range chemical diffusion
[16,31,55,57]. Since the chemical diffusivity Deper is not inde-
pendent from the pressure [16,58], the equilibrium coefficient
will be significantly affected by the specific method of deter-
mination. More recent approaches enable measuring the sol-
ubility coefficient directly by reliable autoclave charging
techniques at low temperatures combined with subsequent
thermal desorption analysis (TDA) [53,54,59—61] without any
restriction to lattice-controlled diffusion. However, this tech-
nique has some crucial limitations, such as increase of diffu-
sion coefficients at elevated temperatures and relatively long
time needed for opening the pressurized autoclaves. Espe-
cially at higher temperatures the hydrogen content in bulky
specimens can easily follow the pressure drop during evacu-
ation, which may lead to an underestimation of the hydrogen
solubility. A solubility coefficient of about 300 wppmbar—°>
was evaluated from the measured data at 80 °C provided by
Trautmann et al. [53,54]. They used autoclaves to charge
cuboid specimens with pure hydrogen gas before measuring
their hydrogen contents using TDA at 950 °C. The difference in
the solubility coefficient Ko by using the two different methods
may be due to the difference of the applied temperatures. In
Fig. 6b calculated solubility coefficients according to Eq. (17)
were plotted as function of temperature, binding energy and
trap density. Trap densities between 10~ and 10~7 mol/mm?
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) " | 4
E‘ 6004~ - —von Mises stress o, _ L - o
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2
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s | | Lo L~
(D -
200
04— T T T T
0 40 80 120 160 200
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Fig. 4 — Multiaxial stresses in a thin-walled pipe a) as function of the radius at given gas pressure of 100 bar and b) as
function of internal gas pressure for the inner surface radius r; = 400 mm and the wall thickness t = 10 mm.
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Fig. 5 — Stress state in a thick-walled pressure vessel a) as function of the wall thickness at given internal gas pressure of
100 bar and b) as function of gas pressure for the radius ratio of v /r; = 2.

represent hydrogen trapping in cold rolled ferritic iron [31] or
in dual phase steel [16]. The higher the binding energy and the
higher the trap density, the higher is the hydrogen solubility
coefficient which is in the range of 10?-10* wppm/bar®® at
ambient temperature. With increasing temperatures trapping
sites get thermally activated and the solubility coefficient
decreases steadily. Once all trapping sites are fully activated,
diffusion in the specimens is lattice-controlled and the solu-
bility coefficient reaches a minimum. In the present work the
minimum was 10 wppm/bar®®, which is in good agreement
with the results of permeation measurements [51,52]. Never-
theless, further experimental studies are necessary to clarify
the role of trapping sites on the equilibrium coefficient. A
combination of both techniques would be beneficial for
compensating the limitations caused by high temperatures
and high gas pressures.

As shown in Fig. 7a, the solution enthalpy AH; of ferritic
iron was well studied in literature [S0—52,62,64] and a value of
27 kJ/mol was chosen in the present work. This value agrees
with data published by Nelson and Stein [52], who measured
the solution enthalpy of different heat-treated 4130 steels.
Only Gadgeel and Johnson [51] found even lower values of
19-25 kJ/mol for different carbon steels. Although Trautmann
et al. [53] published hydrogen solubilities of carbon steels only

a)
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1010 :168‘?2 :“51]
Armco Ingotlron|—r 7.3 [ 1150
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: ;
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Solubuility coefficient K, [wppm/bar®*]

for 25 °C and 80 °C, a rough estimation using Eq. (1) gives so-
lution enthalpies less than 15 kJ/mol (red points in Fig. 7b).
Depending on the temperature range and thus on the mea-
surement technique the determined solution enthalpies can
differ significantly. Therefore, the temperature dependency of
the hydrogen solubility according to Eq. (17) was plotted in
Fig. 7b. While the solution enthalpy is typically measured in
the lattice diffusion-controlled temperature regime (» 100 °C)
to be around 27 kJ/mol, at low temperatures the thermal
activation of trapping sites at low temperatures can affect the
evaluation significantly. AHs decreases with decreasing tem-
perature and can also change from negative (endothermic
absorption) to positive at temperatures below zero. In other
words, the gaseous hydrogen solubility can increase with
decreasing temperature below a critical temperature of
around —30 °C. Since this behavior is rather attributed to the
increase of trapped hydrogen concentration cr than to the
change of AHg, it is named “quasi-exothermic” absorption in
the present work. Further measurements for validating the
increase of the hydrogen solubility with decreasing tempera-
ture are necessary in the low temperature regime.

Dissolved hydrogen causes a lattice expansion in ferritic
steels [46], and the partial molar volume Vy can directly be
obtained from dilatation measurements. Fig. 8a shows

b) Trapping parameters:
105 30 kJ/mol - 107 mol/mm?
- - - 30 kd/mol - 10°® mol/mm?
~~~~~ 30 kJ/mol - 10°° mol/mm?
= - - - 40 kJ/mol - 10°® mol/mm?
Q57104 e o 40 kJ/mol - 10°® mol/mm?
o <L '\ Thermal activation of
% g \ trapping sites:
8 E \Ko =K N(I+N/N KN,
2 S10°7) Ja 1
55 I\
8 M Lattice diffusion controlled
1024 temperature regime:
K~=K'=33 wppm/bar®®

0 200 400 600 800
Temperature T [°C]

Fig. 6 — a) Measured solubility coefficients published in literature [S0—54]. b) Temperature dependency of the hydrogen

solubility as function of microstructural trapping sites.
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Fig. 7 — a) Measured solution enthalpies published in literature [30,50—-52,62—64]. b) Temperature dependency of the
hydrogen solubility considering the effect of microstructural trapping sites with the binding energy of 30 kj/mol [53].

measured values of Vy of iron and steels in the range of
1220—3000 mm?/mol published in literature [26,63,65—67]. This
corresponds approximately to the dilation of Al= 0.1 nm for
each hydrogen atom. According to Wipf [30] or Nagumo [9] the
dilation per atom is similar for many metals and seems to be
insensitive to temperature and microstructure [9,26,30].
Wagenblast and Wriedt determined Vy = 2000 mm?®/mol [65],
and they measured the dilation of iron wires at hydrogen
partial pressures of about 0.02—0.97 bar and at high tempera-
tures of 450—800 °C. For low-temperature and high-pressure
applications the partial pressure py, of the ideal gas needs to
be replaced by the fugacity f, as given in Eq. (10). Numerous
models and empirical relationships accounting for the real
behavior of hydrogen gas by considering intermolecular van
der Waals forces and the finite volume of hydrogen molecules
exist [25,69—72]. The fugacity calculated using some of these
models are plotted in Fig. 8b. Since f =py, for pressures up to
150 bar and at ambient temperatures, the ideal gas behavior
can be assumed with reasonable accuracy. Extrapolating the
fugacity up to 1000 bar shows large difference from the ideal
gas behavior. For example, San Marchi et al. [25] fitted the van
der Waals constant b to hydrogen data provided by Michels
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et al. [73] from ambient temperature to 150 °C and for pres-
sures up to 3000 bar, and they confirmed that b=
15.84¢10° mm?®mol. Thus, f increases exponentially to
1984 bar, whereas py, increases linearly to only 1000 bar
(f =2pu,). Krom and Bakker [69] suggested another relationship
for describing the real behavior of hydrogen gas by calculating
f. As shown in Fig. 8b, the obtained curves were quite similar.
The constant, pressure- and temperature-independent pa-
rameters used for calculating the stress-enhanced hydrogen
solubility in pressurized specimens, pipes and pressure vessels
are summarized in Table 2. Since these parameters were not
fitted to any specific material or hydrogen solubility mea-
surement, they can be considered as rough estimation for
ferritic and martensitic steels. The temperature dependency of
the solubility coefficient is approximated by a single trap
approach according to Eq. (9) with the binding energy of 30 kJ/
mol and the trap density of 10 7 mol/mm?. This corresponds
to the trapping capacity of highly deformed ferritic iron [31] or
of ferritic-martensitic steels [15,16]. The solubility coefficient
Ko = Kj in the lattice diffusion-controlled regime at high tem-
peratures was assumed as constant and corresponded to
measurements of Quick and Johnson [50] for pure iron.

b) 2000 n
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Fig. 8 — a) Published partial molar volume of hydrogen in ferritic iron [26,63,65—67]. b) Fugacity of real hydrogen gas at 25 °C

as function of hydrogen partial pressure [25,68,69].
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Table 2 — Parameters used for calculating the stress-enhanced hydrogen solubility.

Parameter Symbol Value Unit Reference(s)
Binding energy Ep 30 kJ/mol Assumption made in

this work based on [16,74]
Constant pre-factor K 33 wppm/bar®> [50]
Density of interstitial lattice sites N 8.5010* mol/mm? [75]
Partial molar volume Vi 2000 mm?/mol [65]
Solution enthalpy AHg 27 kJ/mol [30]
Trap density Nr 1077 mol/mm? Assumption made in

this work based on [16]
Van der Waals constant b 15.84¢10° mm?/mol [25]

Individual values of the solubility coefficient are plotted for
25°C, 50 °C and 80 °C in Fig. 6b.

Externally pressurized bulky specimens

For characterizing the hydrogen solubility of materials, often
cylindrical or cuboidal specimens are charged with gaseous
hydrogen under compressive conditions. Lack of knowledge
exists about the hydrogen solubility of ferritic or martensitic
steels at low temperatures and high hydrogen gas pressures.
Therefore, the present work compares analytical predictions
with measured hydrogen solubilities of ferritic-pearlitic L450
steel and other commercial carbon steels published by
Trautmann et al. [53]. As shown in Fig. 9, the analytical

predictions are in reasonable agreement with the measure-
ments even at total gas pressures of 1000 bar. The difference of
calculated and measured hydrogen solubilities is about +0.1
wppm at 25 °C and 50 °C, as shown in Fig. 9a and b, respec-
tively, and thus comparable with the accuracy of state-of-the-
art hydrogen extraction techniques. As shown in Fig. 9c, the
calculations underestimate the solubility at 80 °C. This is most
likely related to the temperature dependency of the solubility
coefficient rather than to the measured solution enthalpy.
Hydrogen trapping in commercial steels is very complex,
especially in the presence of carbides [28,35], and requires a
multiple trap approach rather than an effective single trap
approach (Table 2) to capture the temperature dependency of
the solubility coefficient more accurately. Temperature-
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Fig. 9 — Hydrogen solubility of externally pressurized bulky specimens as function of total gas pressure and temperature: a)

25 °C, b) 50 °C and c) 80 °C [53].
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Table 3 — Influence of component geometry and pure

hydrogen gas pressure on the calculated hydrogen
solubility at 25 °C.

Gas Hydrogen solubility cy [wppm]
Preisure Bulky Thin-walled  Thick-walled
P [bar] specimen pipe pressure vessel
70 (MOP) 0.12 0.13 0.12

200 0.20 0.28 0.21

500 0.34 0.36

700 0.43 0.46

1000 0.55 0.61

dependent parametrization of the solubility coefficient would
open the possibility for comparing electrochemical and
gaseous hydrogen uptake by evaluating trapping sites using (i)
Kissinger's theory [55,56] and/or (ii) recorded thermal
desorption spectra measured after electrochemical charging
[28,35,55]. As shown in Fig. 9a, the hydrogen solubility in-
creases with the square root of the external total gas pressure
at 25 °C and strongly depends on the hydrogen partial pres-
sure. While the hydrogen content of 10% in a hydrogen
blended gas causes a hydrogen solubility of 0.13 wppm at
1000 bar, pure hydrogen gas increases the hydrogen solubility
to 0.55 wppm. Nevertheless, if the total gas pressure is limited
to 200 bar the hydrogen solubility of bulky specimens stays
below 0.2 wppm, as summarized in Table 3. The present cal-
culations also consider the effect of compressive stresses
acting on the specimens by the outer total gas pressure.
Compressive stresses reduce the hydrogen solubility by
increasing the effective solution enthalpy AHs — oxVy. How-
ever, as shown in Fig. 9 this effect is negligible even at gas
pressures of 1000 bar, as the difference in the hydrogen sol-
ubility (compared with the reference without considering the
stress effect) is less than 0.05 wppm. This is less than the
detection limit of most hydrogen measuring devices.

Hydrogen solubility of internally pressurized pipes and
vessels

The hydrogen solubility cy of internally pressurized pipelines
or pressure vessels can differ from the laboratory test results

04 |
a) E - — -Blended H, gas - autoclave|
& Blended H, gas ‘
2 - - - Pure H, gas - autoclave ‘
= 0.31
& Pure H, gas |
c
9
S 0.2- L
c 100 vol.% =
& vol.% L=
& -
S o =
T o Sl ~
L LA ot o e
0.0 | | |
0 50 100 150 200

Total gas pressure pg [bar]

by the effect of stress-enhanced hydrogen uptake. The inter-
nally applied total gas pressure causes tensile stresses at the
inner surface radius r; of the pipes which decrease the effec-
tive solution enthalpy AHs — o4 Vy. The magnitude of the hy-
drostatic stress oy depends only on the dimensions of the pipe
and of the internal total gas pressure, as described in section
2.4. Note that macroscopic residual stresses resulting from,
e.g., thermomechanical treatments [76], are not considered in
the present work. In Fig. 10a the hydrogen solubility in thin-
walled pipes is plotted as function of the total gas pressure.
In general, the hydrogen solubility in pipes increases with the
total gas pressure and it also increases with the hydrogen
content in the gas mixture. For both conditions, namely
hydrogen blended gas and pure hydrogen gas, the hydrogen
solubility in the pipes shows a slight underestimation
compared to the experimentally hydrogen solubility, which is
determined under hydrostatic compression. Therefore, the
experimental hydrogen solubility is indicated as “autoclave”
in Fig. 10. The difference increases with the total gas pressure.
The maximum difference was observed for pure hydrogen
gas. As summarized in Table 3, the hydrogen solubility
increased by 0.01 wppm at the gas pressure of 70 bar, and by
0.08 wppm at 200 bar compared to the externally pressurized
bulky specimens. In Fig. 10b, the hydrogen solubility of thick-
walled pressure vessels is illustrated as function of the total
gas pressure, and characteristic values are summarized in
Table 3. They range from 0.12 wppm at 70 bar to 0.61 wppm at
1000 bar. Due to the higher radius ratio of r/r; = 2, the hy-
drostatic stress caused by the internal total gas pressure was
much smaller than in thin-walled pipes. Hence, the effect of
stress-enhanced hydrogen uptake in thick-walled pressure
vessels was only minor with less than 0.06 wppm even at
highest pure gas pressures of 1000 bar. Pipelines or pressure
vessels enable distribution of hydrogen gas over long dis-
tances. Pipelines usually operate at low pressures with a
maximum operating pressure (MOP) of 70 bar. According to
the present calculations, this corresponds to a hydrogen sol-
ubility of around 0.1 wppm. Increasing the gas pressure in
future gas grids could be necessary for compensating the
lower volumetric energy density of hydrogen gas compared to
natural gas. Therefore, the calculated hydrogen solubility in
pipeline materials was plotted in Fig. 10a up to the gas
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Fig. 10 — : Calculated hydrogen solubility of internally pressurized a) thin-walled pipes and b) thick-walled pressure vessels

at 25 °C.
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pressure of 200 bar. Even higher pressures can be applied in
pressure vessels to increase the amount of stored hydrogen
gas, which also increases the hydrogen solubility, as shown in
Fig. 10b. Based on the present calculations, the hydrogen
contents absorbed during service of pipelines and pressure
vessels do not seem to be negligible. However, the contents
are acceptable with respect to HE, if the mechanical strength
of the pipe materials is low. This would limit stress-enhanced
hydrogen uptake and increase the HE resistivity. Although
results of the laboratory tests underestimate slightly the
hydrogen solubility in pipelines and pressure vessels, the ef-
fect of stress-enhanced hydrogen solubility is negligible if the
surfaces are smooth. This is also in agreement with the pre-
dictions of Wipf [30], who argued that the gain in solution
energy is negligible in most calculations. However, hydro-
statics stresses are strongly intensified at micro-notches or at
crack tips. There the hydrostatic stresses can reach several
Gigapascal, which needs further detailed investigations [38].

Conclusions

This work calculated and measured the hydrogen solubility in
ferritic steel components at high gas pressures up to 1000 bar
and at temperatures from —100 to 900 °C. The following con-
clusions can be drawn from the present work:

e a new thermodynamic relationship was proposed, which
extends Sievert's law to low temperatures and high gas
pressures considering microstructural trapping sites,
fugacity and multiaxial stress states as following

Cy :KO(T)\/}exp< - w>

e This equation was parametrized using a set of four con-
stant parameters. Two of them, namely the solution
enthalpy and the partial molar volume of hydrogen in
steels, are similar for iron and many steels and indepen-
dent of temperature and microstructure.

Challenges in the parametrization of Sievert's law at low
temperatures and high gas pressures were identified using
the new equation. In particular, the solution enthalpy
should be determined at high temperatures, while the
solubility coefficient needs to be measured over a wide
range of temperature using a combination of ex-situ and
in-situ techniques.

e The parametrized equation was validated using measured
hydrogen contents at 200 and 1000 bar. The accuracy of the
calculated hydrogen contents was in the range of +0.1
wppm.

Measured and calculated hydrogen contents in pipes and
pressure vessels up to 0.3 wppm at 200 bar and 0.6 wppm at
1000 bar are not negligible and need careful examination
with respect to hydrogen embrittlement.

Future work should focus on the stress-enhanced
hydrogen solubility at micro-notches and on the role of

compressive residual stresses as mitigation strategy against
hydrogen embrittlement.
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Nomenclature

b van der Waals constant [mm?®/mol]

c Total molar hydrogen concentration [mol/mm?|

Cu Hydrogen solubility [wppm]

CHO Hydrogen solubility in unstressed state [wppm]

cL Lattice concentration [mol/mm?]

cr Trap concentration [mol/mm?]

Desr Effective diffusivity [mm?/s]

Dchem Chemical diffusion coefficient [mm?/s]

AHg Solution enthalpy [kJ/mol]

AS Changes in entropy [kJ/molK]

E Young's modulus [MPa]

Ep Binding energy [kJ/mol]

f Fugacity [bar]

¥ Fugacity coefficient [bar]

H, Lattice hydrogen atom

Hr Trapped hydrogen atom

H, Hydrogen gas molecule

K Equilibrium coefficient [wppmbar—°?]

Ko Solubility coefficient [wppmbar ]

K, Constant pre-factor [wppmbar -]

Kr Equilibrium constant [—]

M Molar mass of hydrogen [g/mol]

B, Generalized chemical potential of diatomic
hydrogen molecules [k]/mol]

MH,.0 Standard chemical potential of diatomic hydrogen
molecules [k]/mol]

UL Generalized chemical potential of lattice hydrogen
[kJ/mol]

UL Standard chemical potential of lattice hydrogen
atoms [kJ/mol]

N Total density of possible hydrogen sites [mol/mm?]

NL Density of interstitial lattice sites [mol/mm?|

Nt Trap density [mol/mm?]

e Total gas pressure [bar]

PH, Hydrogen partial pressure [bar]

R Universal gas constant [k]/molK]

Rpo.2 Yield strength [MPa]

T Radius [mm)]

Ta Outer surface radius of the tube [mm)]

1 Inner surface radius of the tube [mm)]

To Average tube radius [mm)]

P Density of steel [g/mm?]

Ga Axial stress [MPa]

Oeq Equivalent stress according to von Mises [MPa]

ou Hydrostatic stress [MPa]

ai Principal stress in direction i [MPa]

4 Stress tensor [MPa]

or Radial stress [MPa]
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