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� Improvement of Sievert's law to

consider trapping sites and stress

states.

� Calculation and validation of

gaseous hydrogen solubility under

extreme conditions.

� Hydrogen uptake measured for

L450 steel at 200 and 1000 bar.

� Calculation of the hydrogen solu-

bility in pipes and pressure

vessels.

� Comprehensive literature survey

of gaseous hydrogen solubility.
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Metals that are exposed to high pressure hydrogen gas may undergo detrimental failure by

embrittlement. Understanding the mechanisms and driving forces of hydrogen absorption

on the surface of metals is crucial for avoiding hydrogen embrittlement. In this study, the

effect of stress-enhanced gaseous hydrogen uptake in bulk metals is investigated in detail.

For that purpose, a generalized form of Sievert's law is derived from thermodynamic po-

tentials considering the effect of microstructural trapping sites and multiaxial stresses.

This new equation is parametrized and verified using experimental data for carbon steels,

which were charged under gaseous hydrogen atmosphere at pressures up to 1000 bar. The

role of microstructural trapping sites on the parameter identification is critically discussed.
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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.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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/m3), especially

compared to methane (40 MJ/m3), 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 onmicroplasticity or atomistic theories [7e9].

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 cH within a given ma-

terial requires the environmental hydrogen partial pressure

pH2 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]:

cH ¼K
ffiffiffiffiffiffiffiffi
pH2

p
(1)
hanced gaseous hydroge
ttps://doi.org/10.1016/j.ijh
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
cH;0

¼exp

�
s1VH

3RT

�
(2)

cH and cH;0 are the hydrogen solubilities in the stressed and

unstressed material at identical partial pressure, s1 is the

uniaxial tensile stress, VH 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 H2 at the

metal surface can be described by the reversible reaction

1
2
H2 þ VL#HL (3)

where VL represents a vacant interstitial lattice site next to the

surface and HL is a freely diffusive lattice hydrogen atom in

the metal phase. VL 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

HL þVT#HT þ VL (4)

where VT is a vacant trapping site and HT is a trapped

hydrogen atom. For simplification, it is assumed that VT 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 DHs, which represents the heat release per bulk of

absorbed hydrogen atom. In the present paper, the solution

enthalpy is negative for an exothermic reaction (DHs < 0) and

positive for an endothermic absorption (DHs >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.
Fig. 1 e Sketch of the hydrogen energy
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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 cL and the trap concentration cT:

c¼ cL þ cT (5)

The total hydrogen content cH in wppm can be calculated

from the total molar concentration in mol/mm3 using cH ¼
106,Mc=r.M is themolar mass of hydrogen (1.008 g/mol) and r

is the density of steel (7.9�10�3 g/mm3). The density of lattice

sites, NL, and the density of trap sites, NT, are constant in the

present work, which allows defining the lattice site fraction

yL ¼ cL=NL and the trap site fraction yT ¼ cT=NT. Both site

fractions, yL and yT, can take values from zero to unity

depending on the solution enthalpy DHs [25] and on the

binding energy Eb [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 DHs 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. Eb 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. Eb 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
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

cT ¼ yTNT ¼ yLNT

KT þ yLð1� KTÞ (6)

KT ¼ expð�Eb =RTÞ 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 cL [42]:

c¼
�
1þNT

NL

1

KT þ yL

�
1� KT

��cL (7)

According to Kirchheim [43], Eq. (7) can be simplified in

practice as

cz
N
NL

�
1þNT

N
1
KT

�
cL ¼gðNL; NT;KTÞcL (8)

N ¼ NL þNT is to the total number of possible hydrogen posi-

tions in the microstructure per volume unit. Fig. 2 compares

calculations of c by using Eq. (7) and Eq. (8). Similar results

were obtained from both equations, if NT≪NL, yL≪ KT and KT≪
1 [42], which is fulfilled for binding energies less than 40 kJ/mol

and for yL ¼ 1:2,10�7.

Hydrogen solubility

This section presents a newly established relationship be-

tween hydrogen solubility cH, microstructure, multiaxial

stress state, temperature and gas pressure, which is derived

based on thermodynamic expressions. In thermodynamic
Fig. 2 e Comparing calculations of the total hydrogen

concentration according to Eqs. (7) and (8).

Please cite this article as: Drexler A et al., Enhanced gaseous hydroge
International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijh
equilibrium, the generalized chemical potentials of environ-

mental diatomic hydrogen molecules, mH2
, and of hydrogen

atoms dissolved in ferritic iron, mL, must be equal:

1
2
mH2

¼mL (9)

Considering the activity of real hydrogen gas as f ¼ pH2
g,

which is apparent at high pressures and low temperatures,

the generalized chemical potential of environmental

hydrogen molecules is

mH2
¼mH2 ;0 þ RT lnf (10)

g 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,

g¼ exp

�
pH2

b
RT

�
(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 g, 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 mL

[38,42,44,45] is

mL ¼mL;0 þ RT lnyL � sHVH (12)

sH is the hydrostatic stress which is 1/3 of the trace of the

stress tensor sij. The first terms mH2 ;0 and mL;0 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 Eqs. (10) and (12) into Eq. (9) yields

1
2
mH2 ;0 þRT ln ¼ mL;0 þ RT lnyL � sHVH (13)

which can be reformulated to

RT ln
ffiffiffi
f

q
�RT lnyL þ sHVH ¼ mL;0 �

1
2
mH2 ;0 (14)

The right-hand side of Eq. (14) describes the change of the

solution enthalpy DHs and of the entropy DS as mL;0 � 1
2
mH2 ;0 ¼

DHs � TDS. Hence, one can directly write

RT ln

 ffiffiffi
f

p
yL

!
¼DHs � sHVH � TDS (15)

Solving Eq. (15) for the lattice hydrogen concentration cL
yields the following analytical expression

cL ¼yLNL ¼K0
0

ffiffiffi
f

q
exp

�
� DHs � sHVH

RT

�
(16)

where the pre-factor K0
0 is constant. Combining Eq. (16) with

Eq. (8) allows expressing the solubility cH of a metal in ther-

modynamic equilibrium as

cH ¼K0

ffiffiffi
f

q
exp

�
� DHs � sHVH

RT

�
(17)
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Throughout this work K0yK0
0,gðNL; NT;KTÞ is the solubility

coefficient and the term DHs � sHVH 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 ¼ K0 exp
�� DHs�sHVH

RT

�
, one canwrite Eq. (17) directly in amore

simplified form as

cH ¼
ffiffiffi
f

q
K (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 si 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 pH2 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, si ¼ � pG, where si 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 sH 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 seq 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 sH ¼ 0 as reference throughout this work.
Please cite this article as: Drexler A et al., Enhanced gaseous hydroge
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Due to the cylindrical symmetry of pipes, stress compo-

nents si 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 sr, st and sa [47]:

sr ¼ �
�
ra
r

�2 � 1�
ra
ri

�2
� 1

pG; st ¼
�
ra
r

�2 þ 1�
ra
ri

�2
� 1

pG and sa ¼ ri
2t
pG (19)

r is the radius, ri is the inner radius and ra is the outer radius of

the pipe. Whenever t
2r0
≪1, Barlow's equations [47] can be

applied and Eq. (19) are simplified to

sr ¼ 0; st ¼ r0
t
pG and sa ¼ ri

2t
pG (20)

where t ¼ ra � ri is the thickness of the pipe wall and

r0 ¼ ðra �riÞ=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 si acting in different di-

rections are plotted as function of the radius r at the internal

gas pressure of pG ¼ 100 bar. Realistic pipeline dimensions

with the inner radius of ri ¼ 400 mm and the outer radius of

ra ¼ 410 mm are applied. Hence, the wall thickness t ¼ 10 mm

and the ratio t=2r0 ¼ 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 sH ¼ 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 seq is

smaller than the yield strength Rp0:2 to avoid any plastic

deformation. In Fig. 4b seq 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. seq ¼
700 MPa exceeds Rp0:2 of commercial carbon steels. sH reaches

200MPa at 100 bar and 400MPa at 200 bar. Note that sH ¼ st=2.

According to Eq. (19), increasing the wall thickness t decreases

the stresses at the given gas pressure of pG ¼ 100 bar and for

the given inner radius of ri ¼ 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 10mm to

200 mm.

For thick-walled pressure vessels with the ratio of ra=ri ¼ 2,

the tangential stress at the inner surface radius is st ¼ 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, sr ¼ � 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 e Multiaxial stress states in bulk specimens exposed to an environmental gas pressure pG and cylindrical stress
components [47].

No. Short description Stress state Schematic of the problem

Ref. Bulky specimen (Reference state) sH ¼ 0

1 Externally pressurized bulky specimen sr ¼ � pG
st ¼ � pG
sa ¼ � pG
sH ¼ � pG
seq ¼ 0

2 Internally pressurized thin-walled pipe

(Barlow's formula for pipes with t≪r0)
sr ¼ 0

st ¼ pGri
t

sa ¼ pGri
2t

sH ¼ pGri
2t

seq ¼
ffiffiffi
3

p
pGri
2t

3 Internally pressurized thick-walled vessel

with
ra
ri

¼ 2

srðriÞ ¼ � pG

stðriÞ ¼ 5pG
3

saðriÞ ¼ pGri
2t

sH ¼ pG
3

�
2
3
þri
2t

�

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6
For ri ¼ 200 mm and t ¼ 200 mm, seq according to von Mises is

less than 300 MPa and sH ¼ 50 MPa even at pG ¼ 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
Please cite this article as: Drexler A et al., Enhanced gaseous hydroge
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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
n solubility in ferritic and martensitic steels at low temperatures,
ydene.2022.09.109
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Fig. 3 e Multiaxial stress state in bulky specimens exposed

to an external gas pressure on laboratory scale.
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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 cH of a given material

as function of total gas pressure pG, temperature T and applied

hydrostatic stress sH, a set of four constant parameters needs

to be identified, namely.

1. The solubility coefficient K0,

2. The solution enthalpy DHs,

3. The partial molar volume VH,

4. And the van der Waals constant b.
Fig. 4 e Multiaxial stresses in a thin-walled pipe a) as function

function of internal gas pressure for the inner surface radius ri

Please cite this article as: Drexler A et al., Enhanced gaseous hydroge
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As shown in Fig. 6a, K0 was measured for different mate-

rials [50e53]. Smaller values ranging from 1.7 to 33 wppm/

bar0.5 were determined by different authors [50e52] 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

equippedwith amass spectrometer. The applied pressurewas

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 ¼ F=Deff , where F is the perme-

ability coefficient and Deff 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 Dchem 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) [53,54,59e61] 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�0.5

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 K0 by using the two differentmethods

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�9 and 10�7 mol/mm3
of the radius at given gas pressure of 100 bar and b) as

¼ 400 mm and the wall thickness t ¼ 10 mm.
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Fig. 5 e 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 ra=ri ¼ 2.
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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 102-104 wppm/bar0.5 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/bar0.5, 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 DHs of ferritic

iron was well studied in literature [50e52,62,64] 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

19e25 kJ/mol for different carbon steels. Although Trautmann

et al. [53] published hydrogen solubilities of carbon steels only
Fig. 6 e a) Measured solubility coefficients published in literatu

solubility as function of microstructural trapping sites.
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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. DHs 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 cT than to the

change of DHs, 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 VH can directly be

obtained from dilatation measurements. Fig. 8a shows
re [50e54]. b) Temperature dependency of the hydrogen
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Fig. 7 e a) Measured solution enthalpies published in literature [30,50e52,62e64]. b) Temperature dependency of the

hydrogen solubility considering the effect of microstructural trapping sites with the binding energy of 30 kJ/mol [53].
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measured values of VH of iron and steels in the range of

1220e3000mm3/mol published in literature [26,63,65e67]. This

corresponds approximately to the dilation of Dlz 0.1 nm for

each hydrogen atom. According toWipf [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 VH ¼ 2000 mm3/mol [65],

and they measured the dilation of iron wires at hydrogen

partial pressures of about 0.02e0.97 bar and at high tempera-

tures of 450e800 �C. For low-temperature and high-pressure

applications the partial pressure pH2 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 [25,69e72]. The fugacity calculated using some of these

models are plotted in Fig. 8b. Since fzpH2 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
Fig. 8 e a) Published partial molar volume of hydrogen in ferritic

as function of hydrogen partial pressure [25,68,69].
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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 bz

15.84�103 mm3/mol. Thus, f increases exponentially to

1984 bar, whereas pH2 increases linearly to only 1000 bar

(fz2pH2 ). 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 andmartensitic 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/mm3. This corresponds

to the trapping capacity of highly deformed ferritic iron [31] or

of ferritic-martensitic steels [15,16]. The solubility coefficient

K0 ¼ K0
0 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.
iron [26,63,65e67]. b) Fugacity of real hydrogen gas at 25 �C
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Table 2 e Parameters used for calculating the stress-enhanced hydrogen solubility.

Parameter Symbol Value Unit Reference(s)

Binding energy Eb 30 kJ/mol Assumption made in

this work based on [16,74]

Constant pre-factor K0
0 33 wppm/bar0.5 [50]

Density of interstitial lattice sites NL 8.5�10�4 mol/mm3 [75]

Partial molar volume VH 2000 mm3/mol [65]

Solution enthalpy DHs 27 kJ/mol [30]

Trap density NT 10e7 mol/mm3 Assumption made in

this work based on [16]

Van der Waals constant b 15.84�103 mm3/mol [25]

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x10
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
Fig. 9 e Hydrogen solubility of externally pressurized bulky spec

25 �C, b) 50 �C and c) 80 �C [53].
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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 ismost

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-
imens as function of total gas pressure and temperature: a)
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Table 3 e Influence of component geometry and pure
hydrogen gas pressure on the calculated hydrogen
solubility at 25 �C.

Gas
pressure
pG [bar]

Hydrogen solubility cH [wppm]

Bulky
specimen

Thin-walled
pipe

Thick-walled
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
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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 DHs � sHVH. 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 cH of internally pressurized pipelines

or pressure vessels can differ from the laboratory test results
Fig. 10 e : Calculated hydrogen solubility of internally pressurize

at 25 �C.
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by the effect of stress-enhanced hydrogen uptake. The inter-

nally applied total gas pressure causes tensile stresses at the

inner surface radius ri of the pipes which decrease the effec-

tive solution enthalpy DHs � sHVH. The magnitude of the hy-

drostatic stress sH 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 ra=ri ¼ 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
d a) thin-walled pipes and b) thick-walled pressure vessels
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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 andmeasured 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:

� 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

cH ¼K0ðTÞ
ffiffiffi
f

q
exp

�
� DHs � sHVH

RT

�

� 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.

� 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 wppmat 200 bar and 0.6 wppmat

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
Please cite this article as: Drexler A et al., Enhanced gaseous hydroge
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compressive residual stresses as mitigation strategy against

hydrogen embrittlement.
Declaration of competing interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

Nomenclature

b van der Waals constant [mm3/mol]

c Total molar hydrogen concentration [mol/mm3]

cH Hydrogen solubility [wppm]

cH;0 Hydrogen solubility in unstressed state [wppm]

cL Lattice concentration [mol/mm3]

cT Trap concentration [mol/mm3]

Deff Effective diffusivity [mm2/s]

Dchem Chemical diffusion coefficient [mm2/s]

DHs Solution enthalpy [kJ/mol]

DS Changes in entropy [kJ/molK]

E Young's modulus [MPa]

Eb Binding energy [kJ/mol]

f Fugacity [bar]

g Fugacity coefficient [bar]

HL Lattice hydrogen atom

HT Trapped hydrogen atom

H2 Hydrogen gas molecule

K Equilibrium coefficient [wppmbar�0.5]

K0 Solubility coefficient [wppmbar�0.5]

K0
0 Constant pre-factor [wppmbar�0.5]

KT Equilibrium constant [�]

M Molar mass of hydrogen [g/mol]

mH2
Generalized chemical potential of diatomic

hydrogen molecules [kJ/mol]

mH2 ;0 Standard chemical potential of diatomic hydrogen

molecules [kJ/mol]

mL Generalized chemical potential of lattice hydrogen

[kJ/mol]

mL;0 Standard chemical potential of lattice hydrogen

atoms [kJ/mol]

N Total density of possible hydrogen sites [mol/mm3]

NL Density of interstitial lattice sites [mol/mm3]

NT Trap density [mol/mm3]

pG Total gas pressure [bar]

pH2 Hydrogen partial pressure [bar]

R Universal gas constant [kJ/molK]

Rp0:2 Yield strength [MPa]

r Radius [mm]

ra Outer surface radius of the tube [mm]

ri Inner surface radius of the tube [mm]

r0 Average tube radius [mm]

r Density of steel [g/mm3]

sa Axial stress [MPa]

seq Equivalent stress according to von Mises [MPa]

sH Hydrostatic stress [MPa]

si Principal stress in direction i [MPa]

sij Stress tensor [MPa]

sr Radial stress [MPa]
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st Tangential stress [MPa]

sy Yield stress [MPa]

s1 Uniaxial tensile stress [MPa]

T Temperature [K]

t Thickness of the tube wall [mm]

VH Partial molar volume [mm3/mol]

VL Vacant interstitial lattice site

VT Vacant trapping site

F Permeability coefficient [mol/mmbar0.5s]

yL Lattice site fraction [�]

yT Trap site fraction [�]
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Monatsh 2021;166:443e9. https://doi.org/10.1007/s00501-021-
01142-x.

[55] Drexler A, Vandewalle L, Depover T, Verbeken K, Domitner J.
Critical verification of the Kissinger theory to evaluate thermal
desorption spectra. Int J Hydrogen Energy 2021;46:39590e606.
https://doi.org/10.1016/j.ijhydene.2021.09.171.

[56] Kirchheim R. Bulk diffusion-controlled thermal desorption
spectroscopy with examples for hydrogen in iron. Metall.
Mater. Trans. A Phys. Metall. Mater. Sci. 2016;47:672e96.
https://doi.org/10.1007/s11661-015-3236-2.

[57] Svoboda J, Mori G, Prethaler A, Fischer FD. Determination of
trapping parameters and the chemical diffusion coefficient
from hydrogen permeation experiments. Corrosion Sci
2014;82:93e100. https://doi.org/10.1016/j.corsci.2014.01.002.

[58] Zafra A, Harris Z, Sun C, Martı́nez-Pa~neda E. Comparison of
hydrogen diffusivities measured by electrochemical
permeation and temperature-programmed desorption in
cold-rolled pure iron. J Nat Gas Sci Eng 2021;98:104365.
https://doi.org/10.1016/j.jngse.2021.104365.

[59] Zafra A, �Alvarez G, Belzunce J, Rodrı́guez C. Influence of
tempering time on the fracture toughness of hydrogen pre-
charged 42CrMo4 steel. Theor Appl Fract Mech 2022;117.
https://doi.org/10.1016/j.tafmec.2021.103197.

[60] Zafra A, Peral LB, Belzunce J, Rodrı́guez C. Effect of hydrogen
on the tensile properties of 42CrMo4 steel quenched and
tempered at different temperatures. Int J Hydrogen Energy
2018;43:9068e82. https://doi.org/10.1016/
j.ijhydene.2018.03.158.

[61] Trautmann A, Mori G, Siegl W, Truschner M, Pfeiffer J,
Kapp M, Keplinger A, Oberndorfer M, Bauer S. Hydrogen
uptake of duplex 2205 at H2 partial pressures UP to 100 bar,
ESSC DUPLEX 2019 - 10th Eur. Stainl. In: Steel Conf. - Sci.
Mark. 6th Eur. Duplex Stainl. Steel Conf. Exhib. 165; 2019.
p. 338e45. https://doi.org/10.1007/s00501-019-00934-6.

[62] Kumnick AJ, Johnson HH. Deep trapping states for hydrogen
in deformed iron. Acta Metall 1980;28:33e9. https://doi.org/
10.1016/0001-6160(80)90038-3.

[63] Hirth JP. Effects of hydrogen on the properties of iron and
steel. Metall Trans A 1980;11:861e90. https://doi.org/10.1007/
BF02654700.

[64] Christmann K. Interaction of hydrogen with solid surfaces.
Surf Sci Rep 1988;9:1e163. https://doi.org/10.1016/0167-
5729(88)90009-X.

[65] Wagenblast H, Wriedt HA. Dilation of alpha iron by dissolved
hydrogen at 450� to 800�C. Metall Trans 1971;2:1393e7.
https://doi.org/10.1007/BF02913365.

[66] Tateyama Y, Ohno T. Atomic-scale effects of hydrogen in
iron toward hydrogen embrittlement: ab-initio study. ISIJ Int
n solubility in ferritic and martensitic steels at low temperatures,
ydene.2022.09.109

http://refhub.elsevier.com/S0360-3199(22)04248-3/sref32
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref32
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref32
https://doi.org/10.1016/0001-6160(70)90078-7
https://doi.org/10.1016/0001-6160(70)90078-7
https://doi.org/10.1002/BBPC.19720760864
https://doi.org/10.1016/j.jallcom.2019.03.102
https://doi.org/10.1016/j.jallcom.2019.03.102
https://doi.org/10.1007/s40194-017-0546-6
https://doi.org/10.1007/978-3-030-66948-5_6
https://doi.org/10.1016/j.scriptamat.2020.113697
https://doi.org/10.1016/j.scriptamat.2020.113697
https://doi.org/10.1002/mawe.19790100906
https://doi.org/10.1080/02670836.2017.1325562
https://doi.org/10.1080/02670836.2017.1325562
https://doi.org/10.1016/j.actamat.2021.116799
https://doi.org/10.1016/j.actamat.2021.116799
https://doi.org/10.1016/j.actamat.2011.11.025
https://doi.org/10.1016/0001-6160(82)90003-7
https://doi.org/10.1016/0001-6160(82)90003-7
https://doi.org/10.1016/j.actamat.2006.02.041
https://doi.org/10.1016/j.actamat.2006.02.041
https://doi.org/10.1080/09500839.2020.1808253
https://doi.org/10.1080/09500839.2020.1808253
https://doi.org/10.1016/j.pmatsci.2018.10.001
https://doi.org/10.1007/978-3-662-57564-2
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref48
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref48
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref48
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref48
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref48
https://doi.org/10.1007/s40194-018-0664-9
https://doi.org/10.1007/s40194-018-0664-9
https://doi.org/10.1016/0001-6160(78)90041-X
https://doi.org/10.1016/0001-6160(78)90041-X
https://doi.org/10.1007/BF02833976
https://doi.org/10.1007/BF02833976
http://hdl.handle.net/2060/19730012715
http://hdl.handle.net/2060/19730012715
https://doi.org/10.3390/MA13163604
https://doi.org/10.1007/s00501-021-01142-x
https://doi.org/10.1007/s00501-021-01142-x
https://doi.org/10.1016/j.ijhydene.2021.09.171
https://doi.org/10.1007/s11661-015-3236-2
https://doi.org/10.1016/j.corsci.2014.01.002
https://doi.org/10.1016/j.jngse.2021.104365
https://doi.org/10.1016/j.tafmec.2021.103197
https://doi.org/10.1016/j.ijhydene.2018.03.158
https://doi.org/10.1016/j.ijhydene.2018.03.158
https://doi.org/10.1007/s00501-019-00934-6
https://doi.org/10.1016/0001-6160(80)90038-3
https://doi.org/10.1016/0001-6160(80)90038-3
https://doi.org/10.1007/BF02654700
https://doi.org/10.1007/BF02654700
https://doi.org/10.1016/0167-5729(88)90009-X
https://doi.org/10.1016/0167-5729(88)90009-X
https://doi.org/10.1007/BF02913365
https://doi.org/10.1016/j.ijhydene.2022.09.109


i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 15
2003;43:573e8. https://doi.org/10.2355/
isijinternational.43.573.

[67] Fukai Y. The metal-hydrogen system. https://doi.org/10.
1007/3-540-28883-X; 2005.

[68] Oriani RA. Hydrogen embrittlement of steels. Annu Rev
Mater Sci 1978;8:327e57. https://doi.org/10.1016/B978-
044452787-5.00200-6.

[69] Krom AHM, Bakker A, Koers RWJ. Modelling hydrogen-
induced cracking in steel using a coupled diffusion stress
finite element analysis. Int J Pres Ves Pip 1997;72:139e47.
https://doi.org/10.1016/S0308-0161(97)00019-7.

[70] Zhou L, Zhou Y. Determination of compressibility factor and
fugacity coefficient of hydrogen in studies of adsorptive
storage. Int J Hydrogen Energy 2001;26:597e601. https://
doi.org/10.1016/S0360-3199(00)00123-3.

[71] Tkacz M, Litwiniuk A. Useful equations of state of hydrogen
and deuterium. J Alloys Compd 2002;330e332:89e92. https://
doi.org/10.1016/S0925-8388(01)01488-8.

[72] Hemmes H, Driessen A, Griessen R. Thermodynamic
properties of hydrogen at pressures up to 1 Mbar and
Please cite this article as: Drexler A et al., Enhanced gaseous hydroge
International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijh
temperatures between 100 and 1000K. J Phys C Solid State
Phys 1986;19:3571e85. https://doi.org/10.1088/0022-3719/19/
19/013.

[73] Michels A, De Graaff W, Wassenaar T, Levelt JMH,
Louwerse P. Compressibility isotherms of hydrogen and
deuterium at temperatures between -175 �C and þ150 �C (at
densities up to 960 Amagat). Physica 1959;25:25e42.

[74] Drexler A, Bergmann C, Manke G, Kokotin V, Mraczek K,
Leitner S, Pohl M, Ecker W. Local hydrogen accumulation
after cold forming and heat treatment in punched advanced
high strength steel sheets. J Alloys Compd 2021;856:158226.
https://doi.org/10.1016/j.jallcom.2020.158226.

[75] Krom AHM, Bakker A. Hydrogen trapping models in steel.
Metall Mater Trans B 2000;31:1475e82. https://doi.org/
10.1007/s11663-000-0032-0.

[76] Brunbauer S, Winter G, Antretter T, Staron P, Ecker W.
Residual stress and microstructure evolution in steel tubes
for different cooling conditions e simulation and
verification. Mater Sci Eng 2019;747:73e9. https://doi.org/
10.1016/j.msea.2019.01.037.
n solubility in ferritic and martensitic steels at low temperatures,
ydene.2022.09.109

https://doi.org/10.2355/isijinternational.43.573
https://doi.org/10.2355/isijinternational.43.573
https://doi.org/10.1007/3-540-28883-X
https://doi.org/10.1007/3-540-28883-X
https://doi.org/10.1016/B978-044452787-5.00200-6
https://doi.org/10.1016/B978-044452787-5.00200-6
https://doi.org/10.1016/S0308-0161(97)00019-7
https://doi.org/10.1016/S0360-3199(00)00123-3
https://doi.org/10.1016/S0360-3199(00)00123-3
https://doi.org/10.1016/S0925-8388(01)01488-8
https://doi.org/10.1016/S0925-8388(01)01488-8
https://doi.org/10.1088/0022-3719/19/19/013
https://doi.org/10.1088/0022-3719/19/19/013
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref73
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref73
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref73
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref73
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref73
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref73
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref73
http://refhub.elsevier.com/S0360-3199(22)04248-3/sref73
https://doi.org/10.1016/j.jallcom.2020.158226
https://doi.org/10.1007/s11663-000-0032-0
https://doi.org/10.1007/s11663-000-0032-0
https://doi.org/10.1016/j.msea.2019.01.037
https://doi.org/10.1016/j.msea.2019.01.037
https://doi.org/10.1016/j.ijhydene.2022.09.109

	Enhanced gaseous hydrogen solubility in ferritic and martensitic steels at low temperatures
	Introduction
	Analytical model
	Gaseous hydrogen absorption
	Hydrogen in metals
	Hydrogen solubility
	Mechanical problem

	Experimental procedure
	Results and discussion
	Parameter identification
	Externally pressurized bulky specimens
	Hydrogen solubility of internally pressurized pipes and vessels

	Conclusions
	Declaration of competing interest
	Nomenclature
	References


