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1. Introduction

The transition toward “green” energy[1–3] needs structural mate-
rials for transmission and storage of high-pressured hydrogen
gas. In particular, gas tanks or pipelines made of steel are of
utmost interest for the distribution of gaseous hydrogen, because
their production is environment-friendly and comparatively
cheap, they are available in large quantities, and they possess
high recyclability.[4] However, hydrogen absorption of ferritic
and martensitic steels raises major concerns with regard to

hydrogen embrittlement, which can reduce
the lifetime of steel components by acceler-
ating crack growth and fracture.[5–7]

A mechanistic lifetime assessment is
very difficult, as potential mechanisms
of hydrogen embrittlement are not fully
understood and thus extensively
discussed.[8,9] Therefore, the qualification
of structural materials with respect to their
resistivity against hydrogen embrittlement
mainly relies on experimental testing and
standards.[10,11] Autoclave systems for test-
ing and qualifying steels that are used in
high-pressure applications of gaseous
hydrogen are very common.[6,12–15] Two
different setups are widely used: 1) closed
autoclaves that do not allow for any manip-
ulation of the samples during testing, and
2) autoclaves with protruding sample
holders for quasi-static testing or fatigue
testing under high-pressure hydrogen

atmosphere. Current guidelines, such as ASME B31.12[16] and
DVGW G 464 (M),[17] and standards, like ISO 11114-4,[18]

describe the mechanical testing and evaluation procedures in
detail, but they are quite unspecific regarding the definition of
the required hydrogen pressure that should be applied. The inter-
nal gas pressure in tanks or pipelines induces tensile hydrostatic
stresses in the material, while the gas pressure applied inside of
autoclave systems induces compressive hydrostatic stresses.
Tensile stresses increase the hydrogen solubility, while compres-
sive stresses lead to the opposite effect. This would cause differ-
ences in the hydrogen solubility of materials in laboratory
conditions (autoclave) and under service conditions. Since the
hydrogen solubility is sensitive to mechanical stresses,[19] the
autoclave setup and the sample geometry[20] can both influence
the results of embrittlement testing. Another issue is the missing
information about the hydrogen solubility of ferritic and mar-
tensitic steels at low temperatures. According to the classical
law of Sieverts,[21] the hydrogen solubility decreases with temper-
ature. A review of measured solution enthalpies of ferritic
and martensitic steels revealed an endothermic value around
27 kJmol�1.[19] In other words, the temperature dependency
of the solubility of hydrogen in iron and steels causes a negative
slope in the Arrhenius graph. This is in contrast to the hydrogen
solubility of other metals, such as titanium or vanadium, which
have a much higher affinity to hydrogen. An overview of the gas-
eous hydrogen solubility of different pure metals is provided
in ref. [22]. In the past, measurements used for parameterizing
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The hydrogen solubility in ferritic and martensitic steels is affected by hydrostatic
stress, pressure, and temperature. In general, compressive stresses decrease but
tensile stresses increase the hydrogen solubility. This important aspect must be
considered when qualifying materials for high-pressure hydrogen applications (e.g.,
for pipelines or tanks) by using autoclave systems. In this work, a pressure equivalent
for compensating the effect of compressive stresses on the hydrogen solubility inside
of closed autoclaves is proposed to achieve solubilities that are equivalent to those in
pipelines and tanks subjected to tensile stresses. Moreover, it is shown that the
temperature effect becomes critical at low temperatures (e.g., under cryogenic
conditions for storing liquid hydrogen). Trapping of hydrogen in the microstructure
can increase the hydrogen solubility with decreasing temperature, having a solubility
minimum at about room temperature. To demonstrate this effect, the generalized
law of the hydrogen solubility is parameterized for different steels using measured
contents of gaseous hydrogen. The constant parameter sets are verified and critically
discussed with respect to the high-pressure hydrogen experiments.
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Sieverts’ law mainly rely on permeation setups at high temper-
atures and low pressures;[23] however, many applications for steel
are designed for temperatures far below 100 °C and for high
hydrogen pressures up to 1000 bar. Under such conditions, trap-
ping of hydrogen in the microstructure can increase the actual
hydrogen solubility beyond the solubility predicted by Sieverts’
law.[19] Therefore, this work studies the influence of temperature
and tensile stresses on the hydrogen solubility of ferritic and
martensitic steels in gaseous hydrogen. The thermodynamic
theory of the solubility of gaseous hydrogen is summarized by
considering hydrogen trapping in the microstructure and the
behavior of real gas. Solubilities of gaseous hydrogen are mea-
sured to parameterize and to verify the generalized solubility
law. Solubility curves are calculated as function of temperature
and pressure. Finally, the parameterized solubility law is used to
derive a pressure equivalent that compensates the hydrogen
solubility in closed autoclaves, which is tendentially lower than
the solubility under industrial applications.

2. Thermodynamic Theory

The hydrogen solubility in steels, s, is the maximum total hydro-
gen concentration that is dissolved under specific external
mechanical loading σ, outer partial pressure pH2

, and tempera-
ture T. According to the theory of McNabb and Foster,[24] s com-
prises the lattice hydrogen concentration cL and the trapped
hydrogen concentration cT

s ¼ cL þ cT (1)

An example of experimental observations of trapped hydrogen
atoms in ferritic and martensitic steels is given by Chen
et al.[25,26] Lattice hydrogen diffuses through the crystal by jump-
ing between neighboring interstitial lattice sites and by exchange
with the outer pressurized gas. In accordance with the work of
Krom and Bakker,[27] hydrogen transport along the grain bound-
aries and dislocations is not considered as important for ferritic
or martensitic steels, which was also experimentally verified for
Armco iron by Siegl et al.[28,29] In thermodynamic equilibrium,
the chemical potentials of hydrogen in the gas phase and of
hydrogen dissolved in the interstitial lattice must be equal
1
2 μH2

¼ μL. The chemical potential of gaseous hydrogen is

μH2
¼ μH2, 0 þ RT lnðf Þ (2)

and the generalized chemical potential of lattice hydrogen is

μL ¼ μ0 þ RT lnðyLÞ � σHVH (3)

Inserting Equation (2) and (3) into the standard equilibrium
condition gives the gives Sieverts’ law,[21,30] which allows to cal-
culate cL as function of pressure, temperature, and the hydro-
static stress[31,32]

cL ¼ K0

ffiffiffi
f

p
exp �ΔHs � σHVH

RT

� �
(4)

K0 is a constant,ΔHs is the solution enthalpy, VH is the partial
molar volume of hydrogen, R is the universal gas constant, T is
the temperature, and yL is the lattice site fraction. K0 considers

the attempt frequency and the entropy,[33,34] and ΔHs represents
the energy difference between hydrogen molecules in vacuum
and hydrogen atoms in the lattice. Values larger than zero rep-
resent endothermic absorption reactions. The hydrostatic stress
is defined as σH ¼ 1

3 trðσijÞ, where trðσijÞ is the trace of the stress
tensor σij. The fugacity f is given as

f ¼ pH2
exp

pH2
b

RT

� �
(5)

where b is the van der Waals constant,[35] which describes the
difference between the behaviors of real hydrogen gas and ideal
gas at low temperature and high pressure. Trapping sites
increase the solubility of hydrogen and decrease the
diffusivity.[27,36–41] Based on their binding energy Eb, they are
classified as shallow sites (Eb < 60 kJ mol�1) or deep sites
(Eb ≥ 60 kJ mol�1). For example, dislocations are shallow
sites,[29,42] while vacancies are deep sites.[42,43] Drexler
et al.[20,44] showed numerically that trapping sites with
Eb ≥ 60 kJ mol�1 strongly retard chemical diffusion. Hence,
hydrogen desorption from deep trapping sites behaves quasi-
irreversible at room temperature. According to Svoboda and
Fischer,[45] the chemical potential of trapped hydrogen can be
written as

μT ¼ μ0 þ RT ln
yT

1� yT

� �
� Eb (6)

yT is the site fraction of trapped hydrogen. The standard equilib-
rium condition μL ¼ μT in conjunction with Equation (3) and (6)
provides the equilibrium trap concentration cT depending on the
lattice concentration cL.

[45,46]

cT ¼ cLNT

NLðK þ cL
NL

ð1� KÞÞ (7)

where K ¼ expð�Eb=RTÞ is the equilibrium constant, NT is the
trap density, and NL is the lattice site density. NT and Eb charac-
terize the defect density of the microstructure and the type of
defect, respectively.In the present work, the effect of pure
(100 vol%) hydrogen gas is studied and thus the total pressure
p equals the hydrogen partial pressure pH2

. The influence of
mechanical loading on the hydrogen solubility is studied for
the two conditions illustrated in Figure 1: a) samples in closed
autoclaves experience a hydrostatic stress which is equal to the
negative gas pressure, σH ¼ �pH2

; b) if the gas pressure p is
superposed with the axial tensile stress σI, the hydrostatic stress
is defined as σH ¼ σI

3 � 2
3 pH2

. Only elastic straining is considered
in the present work. Plastic straining would increase the trap con-
centration by hydrogen-enhanced strain induced defect forma-
tion.[43,47] Normally, the axial tensile loading σI is controlled
by the outer tensile machine. In the case of a given sample dis-
placement, the high gas pressure pH2

causes additional trans-
verse strain and thus affects the tensile stress. If no
displacement or loading is applied, it is assumed that the sample
can freely move in axial direction.
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3. Experimental Section

3.1. Measurement of Gaseous Hydrogen

Samples of 34CrMo4 and three industrial dual-phase (DP) steels
were machined for gaseous hydrogen charging and subsequent
thermal desorption analysis (TDA). The chemical compositions
are given in Table 1. The 34CrMo4 steels possessed a ferritic
microstructure. Details of the ferritic–martensitic microstructure
of the DP steels are given in ref. [48]. The sample size of the
34CrMo4 steels was cubic with an edge length of 4.5mm, while
the DP steel samples had the dimensions 100� 10� 1.2 mm.
Before the samples were placed inside the autoclave for charging
in gaseous hydrogen, the surfaces were ground, polished, and
rinsed with acetone. To reduce the remaining oxygen in the auto-
clave, it was purged several times with pure nitrogen gas. High-
pressure hydrogen gas was applied at elevated temperatures with
a charging time of minimum of 3 weeks. Pressure, temperature,
and corresponding hydrogen solubility are summarized in
Table A1. After hydrogen charging, the samples were removed
from the autoclave and immediately stored in liquid nitrogen to
prevent desorption losses during transportation. The surface
quality did not change during gaseous hydrogen charging.
Directly before TDA, the samples were thawed in acetone and
dried using compressed nitrogen gas. A Bruker Galileo G8 car-
rier gas hot extraction (CGHE) analyzer was used for measuring
the hydrogen content isothermal at 400 °C[49,50] using an infrared
furnace and an ESD 100a mass spectrometer from InProcess

Instruments. Further details on the applied CGHE procedure
can be found in ref. [37].

3.2. Inverse Parameterization Routine

For inverse determination of the trapping parameters Eb and
NT, the measured hydrogen contents were fitted as function
of the pressure and the temperature. For that purpose, gaseous
hydrogen contents of different low alloyed steels with a ferritic
or martensitic matrix were measured and collected from
literature.[13,19,48,51–53] A summary of the literature data is given
in a tabular form in Appendix. All measurements were performed
using the TDA method after high-pressure hydrogen charging of
samples in closed autoclave systems. To improve the comparabil-
ity of the data, the yield strength and tensile strength were also

Table 1. Chemical composition of investigated materials.

Materials C CrþMo Mn P S Si TiþNb B Cu

32CrMo4 0.28 0.94þ 017 0.72 0.007 0.002 0.22 – – –

DP600 <0.15 <1.40 <2.50 <0.050 <0.010 <0.80 <0.15 <0.005 <0.20

DP800 <0.18 <1.40 <2.50 <0.050 <0.010 <0.80 <0.15 <0.005 <0.20

DP1000 <0.20 <1.40 <2.50 <0.050 <0.010 <0.80 <0.15 <0.005 <0.20

Table 2. Parameterization of Equation (4) and (5) to calculate the lattice
hydrogen concentration.

Description Symbol Value References

Constant K0 1.81� 10�7 mol mm�3MPa�0.5 [23]

Solution enthalpy ΔHs 27 kJ mol�1 [63]

Partial molar volume of hydrogen VH 2� 103 mm3mol�1 [64]

Density of interstitial lattice sites NL 2.04� 10�4 mol mm�3 [45]

Van der Waals constant b 0.1584 mm3mol�1 [35]

Figure 1. Schematic illustrations of a) testing of a sample in a closed pressurized autoclave and b) tensile testing of a sample protruding the pressurized
autoclave.
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included in Table A1 (if available). Thematerial designations were
adopted from the original reference. An optimization routine was
developed using Python scripting. This optimizer was based on
the algorithm of Nelder and Mead[54] to minimize the residuum
R2, which is defined as

R2 ¼
P

i¼1,N ðci � siÞ2P
i¼1,N ðci � cÞ2 (8)

where c is the arithmetic mean of the measured hydrogen con-
tents; ci and si are the solubilities calculated using Equation (1).

4. Results and Discussion

4.1. Solubility Curves

The temperature dependency of the hydrogen solubility is influ-
enced by the number of trapping sites in the microstructure and
by the solution enthalpy of the interstitial lattice sites. The trap
concentration decreases and the lattice concentration increases
with increasing thermal activation. These opposite dependencies
can cause a minimum of the hydrogen solubility at approxi-
mately room temperature, which depends on the trapping
parameters Eb and NT.

[19] This minimum is not considered in
the classical Sieverts’ law,[21] which assumes an exponential
decrease of the gas solubility with decreasing temperature.
Hence, extrapolation to lower temperatures using Sieverts’ law
would significantly underestimate the solubility of gaseous
hydrogen. The complex temperature dependency must be con-
sidered for the appropriate measurement of the hydrogen solu-
bility. This is of particular importance for qualifying gas tanks or
pipelines at temperatures down to �40 °C.[55]

To verify the theoretical assumptions, the measurement of
hydrogen contents at temperatures below room temperature is

Table 3. Inversely fitted trapping parameters based on measured
hydrogen contents.

Material Binding energy [Eb, kJ mol�1] Trap density [NT,mol mm�3]

Iron 42.21 2.32� 10�9

L80 19.42 1.05� 10�5

L450 17.70 1.65� 10�5

34CrMo4 39.97 2.13� 10�8

42CrMo4 33.55 3.56� 10�8

P110 19.1 1.39� 10�5

DP600 22.06 3.22� 10�6

DP800 21.77 2.79� 10�6

DP1000 21.50 4.60� 10�6

Figure 2. Verification of the parameter settings by comparing the calculated total hydrogen solubility with measured hydrogen contents for different
materials:[13,19,51–53] a–c) bar diagrams and d) predicted versus measured diagram.
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of utmost importance. However, collecting measured gaseous
hydrogen contents for different ferritic and martensitic steels
demonstrates that most gaseous charging is performed in litera-
ture between room temperature and 100 °C. Moreover, the
increased diffusivity at higher temperatures makes measuring
the solubility of gaseous hydrogen in autoclave systems difficult.
Releasing the pressure and cooling the autoclave needs several
minutes. During this time, the hydrogen content in the samples
may decrease, which would not represent the initial charging
parameters. Even though this effect is less significant at temper-
atures below room temperature, the general time for charging
steel with gaseous hydrogen increases since the diffusivity
decreases with decreasing temperature.

For extrapolating and interpolating the solubility of gaseous
hydrogen by using Equation (1), (4), (5), and (7), seven constant
parameters must be determined for each steel. Five of these
seven parameters are virtually independent from the microstruc-
ture of many low alloyed steels with ferritic or martensitic micro-
structures;[19] however, the trapping parameters Eb and NT are
sensitive to the composition and to the thermomechanical treat-
ment of the steel. As summarized in Table 2, the independent
parameters of pure ferritic iron were used in this work. K0 and
ΔHs must be determined at the high-temperature regime, where
hydrogen trapping at microstructural defects is fully thermally
activated. Reliable measurement setups are permeation cells with
gaseous charging and in situ measurements, e.g., as presented in

ref. [56]. Because of the time delay during opening, autoclaves
cannot be used for determining those parameters.

Furthermore, the applied gas pressure inside of the autoclave
decreases the solution enthalpy, which induces compressive
hydrostatic stresses inside the sample. Hence, measured and ab
initio calculated values of the partial molar volume of hydrogen
in ferritic iron, VH, were considered.[19] According to Hirth,[57]

VH is quite similar in each of the investigated metals. The density
of interstitial lattice NL sites is given by Svoboda and Fischer.[45]

From a thermodynamic point of view, defects with equal bind-
ing energies contribute to the same trapping sites and cannot be
distinguished by TDA. The trapping parameters summarized in
Table 3 were independently fitted for each material using the
measured hydrogen contents. Due to limited number of
measured hydrogen contents for each material and to avoid
over-parameterization, only a single-trap approach was consid-
ered in the present work. Nevertheless, Equation (1) can easily
be extended to take multiple trapping sites into account, as
described in refs. [41,58,59]. According to the binding energies,
thematerials contain shallow trapping sites with trap densities from
2.32� 10�9molmm�3 for pure iron to 1.65� 10�5molmm�3

for L450 steel. In addition to the binding energy, the trap density
has a significant influence on the trapping capacity.

Figure 2 verifies the parameter sets that describe the solubility
of hydrogen in the investigated materials by comparing mea-
sured and calculated gaseous hydrogen contents. The set of seven

Figure 3. Solubility of gaseous hydrogen at a) 100 bar, b) 200 bar, and c) 1000 bar as function of the temperature.
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parameters enables predicting the content of gaseous hydrogen
absorbed by a given material for wide pressure and temperature
ranges. As demonstrated in Figure 2d, the hydrogen contents
predicted by using the solubility equations and the parameter
sets only differ by about �0.1 wppm from the hydrogen contents
measured using TDA and found in the literature.

Figure 3 shows the calculated evolution of the hydrogen solu-
bility as function of the temperature at the gas pressures of
a) 100, b) 200, and c) 1000 bar. Measured hydrogen contents
are added as symbols. The parameter sets were constant for each
material and independent from temperature and pressure. Due
to the thermal activation of trapping sites, the solubility of iron
and CrMo-steels has a minimum at about 100 °C, causing an
increase of the hydrogen uptake with decreasing temperatures.
The solubility of the other steels decreases with decreasing tem-
perature.[21,23,60] However, as shown in Figure 3, Sievert’s law
generally underestimates the solubility of gaseous hydrogen at
temperatures below 200 °C. Thus, extrapolating hydrogen con-
tents measured in the temperature regime between room tem-
perature and 100 °C to either higher or lower values leads to an
incorrect prediction of the hydrogen solubility.

4.2. Pressure Equivalent for Testing in Autoclave Systems

As shown in Figure 4 for room temperature, the hydrogen solu-
bility generally increases with increasing hydrogen pressure.
Since the sample is exposed to compressive hydrostatic stress
inside of closed autoclaves, the hydrogen solubility is always low-
est compared to applications with tensile hydrostatic stresses.[19]

Superposing compressive stresses with tensile stresses, e.g., by
using autoclaves with protruding sample holders, increases the
hydrogen solubility with respect to the reference measurements
using just closed autoclaves. As shown in Figure 4, this differ-
ence in the solubility depends on the material, and it can reach
about 0.2 wppm at the gas pressure of 1000 bar.

The effect of tensile loading on the hydrogen solubility was
strongest for the P110 steel and lowest for iron. Among the inves-
tigated materials, iron has the lowest trap density and, thus, the
lowest capacity for hydrogen trapping. Trapping sites can
increase the effect of tensile loading on the overall hydrogen sol-
ubility, which is due to the dependency of the equilibrium trap
concentration from the lattice concentration. In other words, the
effect of stresses on the hydrogen solubility can be decreased by
developing steels with lower trapping capacity, e.g., by avoiding
deep trapping at carbide interfaces.[61]

In many applications such as gas tanks or pipelines, the inter-
nal working pressure causes tensile stresses at the surface of the
steel components.[19] As tensile stresses are identified to increase
the hydrogen solubility, qualification tests in closed autoclaves
should also be performed at higher gas pressures to establish
equal conditions of hydrogen solubility. The required increase
of the effective gas pressure inside of closed autoclaves to ensure
conditions equal to real applications (“pressure equivalent”) is
marked with arrows in Figure 4.

Figure 5 shows that the pressure equivalent depends not only
on the working pressure in the gas tanks or pipelines, but also on
additional tensile loading in the component. However, the pres-
sure equivalent seems to be virtually independent from the steel.

A simple equation is proposed for calculating the pressure that
must be applied in the closed autoclave, pau, depending on the
tensile stress σI and on the working pressure p inside of pipe-
lines, gas tanks, etc.

pau ¼ ð1þ kσIÞp (9)

with k= 8.6� 10�4 MPa�1. Thus, Equation (9) enables compen-
sating the additional tensile loading in gas tanks or pipelines, or
in material qualification tests using autoclave systems instead of

Figure 4. Influence of the tensile stress on the hydrogen solubility at room
temperature: a) iron, b) L80, c) L450, d) 34CrMo4, e) 42CrMo4, f ) P110,
g) DP600, h) DP800, and i) DP1000.
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using just the working pressure.In future, steels have to be qual-
ified for gaseous hydrogen applications always at pressures above
the maximum operating pressure (MOP). For example, in the
standard SAE J2579 for hydrogen vehicles,[62] slow strain rate
tests or fatigue tests have to be performed using autoclave test
rigs at an overpressure of 125%. Assuming an MOP of 700 bar
in mobile applications, a minimum testing pressure of 875 bar is
necessary. Furthermore, this standard request testing tempera-
tures between �40 and 80 °C. Understanding all the factors of
influence on the hydrogen solubility and uptake, such as gas
pressure, temperature, and mechanical stress, is a necessary pre-
condition for designing suitable test rigs and performing reliable
mechanical tests with respect to hydrogen embrittlement.

5. Summary and Conclusions

The solubility of gaseous hydrogen depends on the hydrostatic
stress, the partial hydrogen pressure, the temperature, and

microstructure. A thermodynamic-based analytical model for
predicting the increased hydrogen solubility (hydrogen uptake)
with decreasing temperature was presented, which enables
assessing the hydrogen embrittlement risk of storage applica-
tions (e.g., gas tanks or underground gas reservoirs) at low tem-
peratures. To verify the analytical predictions, the results were
compared with measured hydrogen contents for different steels
of ferritic and martensitic microstructures. The generalized sol-
ubility law was parameterized for nine materials between room
temperature and 450 °C and for pressures between 20 and
1000 bar. The accuracy of the analytical model was generally very
good, and the difference to the measured hydrogen contents was
less than �0.1 wppm. This enabled extrapolating the solubility of
gaseous hydrogen to lower/higher temperature and pressure.
The temperature dependency of the hydrogen solubility was
identified as very complex. In particular, extrapolating the solu-
bility to lower temperatures by using Sieverts’ law can be consid-
ered as very critical with regard to the validity of the results,
because Sieverts’ law tends to underestimate the hydrogen
uptake by orders of magnitude. Nevertheless, determining the
solubility of gaseous hydrogen at temperatures below room tem-
perature is of utmost importance, since lack of experimental data
particularly exists in the cryogenic temperature regime. The qual-
ification of steels for applications with pressurized gaseous
hydrogen by using autoclave systems should always be per-
formed at testing pressures above the nominal working pressure.
However, the current guidelines and standards for specifying the
necessary testing pressure are quite unprecise. The internal gas
pressure causes tensile stresses in components such as gas tanks
or pipelines, while samples inside of closed autoclaves are always
exposed to compressive hydrostatic stresses. These stresses influ-
ence the solubility of hydrogen in the steels. A pressure equiva-
lent for considering the working pressure and the tensile stresses
was proposed to compensate the lower hydrogen solubility in
autoclaves. This pressure equivalent was almost independent
from the investigated steels.

Appendix

Figure 5. Equivalent pressure to compensate tensile stresses.

Table A1. Summary of experimental data used in the present work to verify the parameter sets.

Material Rp0.2

[MPa]
Rm

[MPa]
Pressure
[bar]

Temperature
[°C]

Measured hydrogen
content [wppm]

References

34CrMo4 840 910 150 50 0.83 This work

34CrMo4 840 910 700 150 0.77 This work

34CrMo4 840 910 1000 150 0.86 This work

L450 – – 100 100 0.29 This work

L450 – – 1000 50 0.66 [19]

L450 – – 200 80 0.4 [19]

P110 921 1015 20 25 0.14 [13]

P110 921 1015 100 25 0.19 [13]

P110 921 1015 20 80 0.18 [13]

P110 921 1015 100 80 0.34 [13]

42CrMo4 765 1014 20 25 0.1 [13]
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