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Abstract: The influence of hydrogen on the mechanical properties of four, medium-strength, commercial,
quenched-and-temped steels has been studied using the linearly increasing stress test (LIST) combined
with cathodic hydrogen charging. The relationship was established between the equivalent hydrogen
pressure and the hydrogen charging overpotential during cathodic hydrogen charging, though the
use of electrochemical permeation experiments and thermal desorption spectroscopy. The cathodic
hydrogen charging conditions were equivalent to testing in gaseous hydrogen at hydrogen fugacities
of over a thousand bar. Under these hydrogen-charging conditions, there was no effect of hydrogen
up to the yield stress. There was an influence of hydrogen on the final fracture, which occurred
at the same stress as for the steels tested in air. The influence of hydrogen was on the details
of the final fracture. In some cases, brittle fractures initiated by hydrogen, or DHF: Decohesive
hydrogen fracture, initiated the final fracture of the specimen, which was largely by ductile micro-void
coalescence (MVC), but did include some brittle fisheye fractures. Each fisheye was surrounded
by MVC. This corresponds to MF: Mixed fracture, wherein a hydrogen microfracture mechanism
(i.e., that producing the fisheyes) competed with the ductile MVC fracture. The fisheyes were
associated with alumina oxide inclusion, which indicated that these features would be less for a
cleaner steel. There was no subcritical crack growth. There was essentially no influence of hydrogen
on ductility for the hydrogen conditions studied. At applied stress amplitudes above the threshold
stress, fatigue initiation, for low cycle fatigue, occurred at a lower number of cycles with increasing
hydrogen fugacity and increasing stress amplitude. This was caused by a decrease in the fatigue
initiation period, and by an increase in the crack growth rate. In the presence of hydrogen, there was
flat transgranular fracture with vague striations with some intergranular fracture at lower stresses.
Mechanical overload occurred when the fatigue crack reached the critical length. There was no
significant influence of hydrogen on the final fracture.
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1. Introduction

1.1. Aims

This review is based on the following papers [1–11], the PhD theses of Qian Liu [12] and Clotario
Tapia-Bastidas [13], and informed by recent research [14–75].

Operation of metallic components is required in hydrogen (H) in the hydrogen (H) economy,
which is being developed in response for the need for clean energy. The H economy will require
pressure vessels resistant to hydrogen embrittlement (HE) for the production, distribution, storage and
use of gaseous H2. Laboratory scale vessels can be made from expensive exotic materials like nickel
base superalloys, whereas there are significant cost imperatives to use less expensive materials like
steels in a commercial H economy.

However, hydrogen (H) has caused failures of stressed metallic components, particularly steel
components. This is hydrogen embrittlement (HE) [1,14,15,76–78].

The aim of this paper was to understanding HE for steels for the H economy.
The aim was pursued by studying the hydrogen influence of a range of steels, in order to identify

commercial steels suitable for reliable H use. At the project start this knowledge did not exist. The steels
studied were identified as having a high expectation of having good performance in gaseous hydrogen.

The following key targets were pursued (i) proof of H loading, and (ii) mechanical properties
under H influence, under both static and dynamic loading conditions.

To meet the first target, a new improved thermal desorption spectroscopy (TDS) Apparatus was
built [9,10] to (i) measure the total amount of H in the steel samples, and (ii) study H-trap interactions.

This research was based on past research (i) in evaluating steel properties under the influence of
H [79–85]], (ii) in evaluating H diffusion [86], (iii) on HE and stress corrosion cracking (SCC) [87–105],
and related research [106–111].

1.2. Background

1.2.1. H Economy

Hydrogen (H) is a logical endpoint in the historical sequence of fuels: wood-peat-coal-oil-natural
gas. However, H is not an energy source. H needs to be produced in an environmentally sustainable
route. The H economy is the proposed global energy system in which H is the universal reversible
energy vector, produced from water and combusted to water. All sectors of the H economy require HE
resistant materials, which, to be economical, need to be steels.

1.2.2. Hydrogen Embrittlement

Hydrogen Embrittlement (HE) is a particularly dangerous and unpredictable manifestation of
the degradation of material properties by the local environment, which is gaseous H2 in this case.
HE occurs because atomic H at the ppm level can drastically change the local properties of the metallic
lattice. HE has caused sudden, catastrophic fracture in plant and machinery [112]. HE can initiate
and grow subcritical cracks, just as in the related phenomenon of stress corrosion cracking (SCC). Fast
fracture occurs when the crack reaches a critical length (~2 mm for rock bolts) determined by fracture
toughness and the applied stress. Fast fracture is sudden and can be catastrophic. In 1985, SCC caused
the collapse of the concrete roof of a Swiss indoor swimming pool, killing 12 people [113].

However, recent work [16,17,21,24,25] has indicated that HE is not the most appropriate descriptor
for lower strength steels in which there is no hydrogen induced subcritical crack growth. In these
steels the influence of hydrogen on mechanical properties is to (i) decrease the yield strength (by 0% to
30%), and (ii) introduce hydrogen assisted micro-mechanisms of fracture when the steel is stressed
to the ultimate tensile strength, has become mechanically unstable, and is undergoing fast ductile
fracture. The decrease of the yield stress occurs by hydrogen interacting with the whole volume
of the gauge part of the specimen, and is designated hydrogen enhanced macroscopic plasticity
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(HEMP). The introduction of extra micro-mechanisms of fracture is designated as HAM, hydrogen
assisted micro-fracture. The extra hydrogen induced micro-mechanisms of fracture occur under the
following conditions: (i) PHF: Plastic hydrogen fracture, for cases when the fracture is caused by
the plasticity facilitated by hydrogen, (ii) DHF: Decohesive hydrogen fracture, for cases where the
fracture is caused by decohesion facilitated by hydrogen, and (iii) MF: Mixed fracture, where hydrogen
facilitated micro-mechanisms (including fisheyes) complete with simultaneously occurring ductile
fracture proceeding by micro-void coalescence. In each cause, the hydrogen assisted micro-fracture is
caused by an interaction of hydrogen and the stress/stain field.

1.2.3. Testing Methodologies

Our prior research on rock bolt SCC developed a methodology to evaluate material properties
under controlled H conditions. A sample is subjected to a linearly increasing stress test (LIST),
until fracture [2,3,92,93]. More details about the LIST are given later in Section 3. H Influence—static
strength. The steel fails either in a brittle manner if H degrades the mechanical properties or in a ductile
manner if H causes no property degradation [79–83]. The amount of H (and the H fugacity) increases
with increasingly negative electro-chemical potential and HE increases in severity with increasing H.

Based on our prior experience in the characterization of H in materials, we designed an improved
state-of-the-art Thermal Desorption Spectroscopy (TDS) instrument [9,10] to (i) enable study of H-trap
interactions in relation to HE in steels and (ii) provide a direct measurement of the amount of H
in steels.

1.3. Significance

The significant problem addressed herein was HE of metallic components for clean energy.
The scale is global and the present paucity of affordable H-proof materials poses strong technological
and economic barriers to the H economy. HE of pipeline steels for distribution of H-containing gases
(H2, syngas, natural gas + H2) is a particularly significant example. Can existing natural gas networks
be incrementally taken over by adding H2 to the supply?

Part of the significance therefore resides in identification of medium-strength-steels suitable for
H service.

Another part of the significance of the present work is the assessment of HE risk for steels in
current use.

This research was enabled by the significant foundation [79–85] developed in prior research.

1.4. Approach

This paper is structured to deal with the following three issues.

1.4.1. Hydrogen Characterization

The issue is (i) to evaluate, using TDS, the amount of H in H-changed specimens of the steels
listed in Table 1 to provide “proof of H loading”, and (ii) to characterize the hydrogen within the steel
using the TDS and the electrochemical permeability cell.

It was proposed that “proof of H loading” was best done by a direct measurement of the H in
the sample. The current technological technique, used for at least the last 30 years, was the LECO
hot extraction method [114], which measures the amount of H released from a sample during rapid
melting. TDS is a major refinement of the LECO method in that TDS measures the amount of H
released from the samples as the sample is heated through the temperature range in which H is
de-trapped, typically room temperature to 700 ◦C. TDS measures the rate of H release as a function of
temperature. Peaks in the amount of released H are assigned to H de-trapped from particular H traps,
such as dislocations, grain boundaries, precipitates etc. Integrating the TDS spectrum measures the
total H desorbed, subject to calibration of the instrument.
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No TDS that resolved ppm amounts of H existed in Australia. There are few in the world. They
are typically purpose-built in connection with a research program on H-material interactions, or more
recently bought specifically for such a program. The most satisfactory way to accomplish H detection
as to sensitivity is to use a mass spectrometer tuned to mass 2, coupled to an ultra-high vacuum
system and a furnace. We proposed an improved self-calibrating version of the state-of-the-art system
described by Smith and Scully [115]. In our modification [9,10], a source of highly pure H2 gas (a metal
hydride) and a highly accurate pressure transducer (Barocel, 6 Pa full scale) are connected to the
sample space through a calibrated volume and leak valve, providing an accurately known rate of H to
the analyzer. Thus the analyzer can be calibrated automatically at any time.

To evaluate the H charging conditions and the H diffusion and solubility, for the steels listed
in Table 1, we used the electrochemical permeability approach, as per Atrens et al. [8]. H-charging
conditions are established on the left side of the specimen in the electrochemical permeability cell [4,5].
The amount of H exiting the right hand side is measured as a current. The H transient is analyzed to
give the effective diffusion coefficient, Deff. The steady state amount of H in the measured H transient
is related to the H solubility in the steel for the particular H charging conditions. This, together
with the TDS research, allows calibration of the charging conditions: e.g., the applied electrochemical
potential can be related to the equivalent H pressure for conditions of exposure to gaseous H2 in service.
The effective H diffusion coefficient gives information about H trapping in the steel, and consequently
how quickly hydrogen penetrates the steel.

Thus hydrogen characterization included: (i) The measurement of the amount of hydrogen in
the steel for the particular hydrogen charging conditions used, (ii) the relationship between gaseous
hydrogen charging and electrochemical hydrogen charging, (iii) the characterization of the hydrogen
dissolved in the steel (in terms of concentration and trapping), and (iv) how quickly the hydrogen
moved into and within the steel.

Table 1. Chemical compositions of the steels (wt %) as determined by two independent measurements [2,3].

Steel
Composition, wt %

C Mn Cr Ni Mo V Cu Si Al S P Nb or Ti

NiCrMo1
0.09 0.88 0.52 1.04 0.60 0.01 0.06 0.31 0.017 0.01 0.01 <0.01
0.08 0.91 0.48 0.98 0.60 0.01 0.06 0.31 0.018 0.01 0.01 <0.01

3.5NiCrMoV
0.22 0.23 1.67 2.77 0.43 0.09 0.09 0.08 <0.005 0.01 0.01 <0.01
0.21 0.22 1.65 2.75 0.41 0.09 0.09 0.07 <0.005 0.01 0.01 <0.01

27NiCrMoV15-6
0.25 0.24 1.52 3.50 0.40 0.11 0.08 0.08 <0.005 0.01 0.01 <0.01
0.27 0.24 1.55 3.50 0.41 0.12 0.08 0.08 <0.005 0.01 0.01 <0.01

34CrNiMo6
0.38 0.59 1.61 1.5 0.18 0.01 0.18 0.23 0.025 0.01 0.01 <0.01
0.38 0.60 1.63 1.49 0.18 0.01 0.18 0.24 0.026 0.01 0.01 <0.01

1.4.2. H Influence—Static Strength

The requirement was to evaluate the influence on the mechanical properties of H on the steels
in Table 1 using the approach of Villalba and Atrens [79] developed in prior research; that is, to
determine the influence of hydrogen on the strength and ductility of these steels. The approach
was to use the linearly increasing stress test (LIST) for samples exposed to a dilute pH 2.1-sulphate
solution, at their free corrosion potential and at increasingly negative applied potentials to −1500 mV.
The increasingly negative applied potential increases the aggressivity, because increasing H is liberated
at the specimen surface. The influence of H is evaluated from the decrease in tensile strength, ductility
and fractography as revealed by scanning electron microscopy. Our prior work [79–81] had shown
that the steels 1008, X65, X70 and 4145H were resistant for all applied potentials including −1500 mV.
The evaluation included steels, which show an influence of H; for such steels, the threshold stress
is measured, σH, above which there is subcritical crack growth due to H. For high strength steels,
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unexpected catastrophic failures can occur at stress otherwise considered to be safe, because the
threshold stress, σH, may be considerably below the yield stress [92,95,96]. For Mg–Al alloys stressed
in distilled water, the threshold stress is about half the yield stress [97,98,100]. The factors determining
structural integrity under static loading are the operating stress, σH and K1H. Understanding the
influence of H on these standard high-performance steels was expected to assist in the understanding
of steels of importance to the H economy.

1.4.3. H Influence—Fatigue

The task was to evaluate the H influence on low cycle fatigue (using notched samples), and to
evaluate the fatigue crack growth threshold in H, ∆KH, for the steels in Table 1. Specimen exposure to
the environment for low cycle fatigue followed the approach of Atrens [116].

2. Hydrogen Characterization

2.1. Permeation Cell

The aims included: (i) understand how quickly hydrogen enters these steels, and (ii) relate cathodic
hydrogen charging to gaseous hydrogen charging. Figure 1 illustrates the permeation cell [4,86], which is
widely used [19,20,22,23,117–134], and was used in this research project. Hydrogen is produced by
the applied cathodic potential on the left hand side of the specimen, by the electrochemical cell on
the left hand side of the specimen. The hydrogen diffuses through the specimen, and is detected as a
permeation current by the electrochemical cell on the right hand side of the specimen.

Figure 2 provides details of the permeation specimen [4,135]. Hydrogen is evolved at the specimen
surface by:

H2O + M + e→MHads + OH− (1)

where MHads represents a H atom on the metal surface, M. Most of the adsorbed hydrogen bubbles off
the surface after adsorbed hydrogen atoms have recombined to hydrogen molecules by the following:

2MHads ↔ H2 + 2M (2)

The adsorbed hydrogen is in equilibrium with hydrogen in the steel, by the following:

MHads ↔MHabs (3)

where MHabs is hydrogen dissolved in the steel.
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The modified Nernst equation indicates that the hydrogen activity (fugacity) is given by [4]:

fH,cathodic = A exp
(
−ηF
ξRT

)
(4)

where η, is the charging over-potential, F is the Faraday constant, R is the gas constant, T is the absolute
temperature and the constants are A and ξ. Thus, fugacity increases exponentially with over-potential.
The hydrogen activity is designated as the hydrogen fugacity, which is equal to the hydrogen pressure
at low pressures (up to about 100 bar). At higher hydrogen pressures there is an increasing difference
between the hydrogen pressure and the hydrogen fugacity (see Figure 12).

Hydrogen charging can be by cathodic charging or by gaseous charging. The two hydrogen-
charging conditions are equivalent if they produce the same hydrogen concentration dissolved in the
steel. This leads to the expectation that the steady-state permeation current density is given by [4]:

i∞
p =

FDS
L

( fH,cathodic)
1/2 =

FDS
L

(
A exp

(
−ηF
ξRT

))1/2
(5)

where S is the Sieverts’ constant and L is the thickness of the permeation specimen. This means that
a series of permeation experiments that measure the steady-state permeation current density as a
function of charging over-potential can be used to determine the unknown quantities in Equation (5)
and so provide a determination of hydrogen fugacity by Equation (4).

Figure 3 demonstrates surface conditioning of the pure Fe specimen. This plots the permeation
current density as a function of time as a permeation specimen is hydrogen charged on the input
side. There are slow increases in the permeation current density for pure iron until quasi-steady state
is reached after about 48 h. The specimen was pure iron as annealed low interstitial steel. There is
an oxide on the surface of a steel specimen if it has been exposed to air, as is indicated in Figure 2.
This oxide film is reduced by the hydrogen evolved at the specimen surface or by the reduction reaction
on the electrode surface, but this reduction is a slow process, as shown by Figure 3.
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Figure 3. The hydrogen permeation current density, measured at the right hand side of the specimen,
increased with increasing time of cathodic hydrogen charging on the left hand side of the pure Fe
specimen. Hydrogen charging was at−1.500 VAg/AgCl in 0.1 M NaOH solution. There was a significant
increase in hydrogen entering the specimen for about 48 h until a quasi-stable surface condition was
reached on the input side. The specimen was pure Fe as annealed low interstitial steel [4,5,10].

Figure 4 shows a succession of hydrogen permeation transients measured with increasing and
decreasing hydrogen fugacity, by charging at various potentials in 0.1 M NaOH solution, for pure Fe
hydrogen pre-charged at −1.500 VAg/AgCl in 0.1 M NaOH solution for 48 h to achieve steady state
surface conditions on the input side. Note that the duration of a permeation transient was about 100 s,
and was much shorter than the time required to condition the input surface to quasi steady-state.
The pure Fe was annealed low interstitial steel
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Figure 4. A succession of hydrogen permeation transients were measured with increasing and decreasing
hydrogen fugacity, by charging at various potentials in 0.1 M NaOH solution, for pure Fe hydrogen
pre-charged at−1.500 VAg/AgCl in 0.1 M NaOH solution for 48 h to achieve steady state surface conditions
on the input side. The pure Fe was annealed low interstitial steel [4].

Each permeation curve is fitted to the whole of the theoretical curve to determine the best-fit
value of the effective diffusion coefficient, Deff, for that transient. The theoretical curve for a diffusion
transient is given by [4,5,15,18–20,22,123,136,137]:
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in =
ip − i0p
i∞
p − i0p

=
2L√
πDt

∑ ∞
n=0exp

(
− (2n + 1)2L2

4Dt

)
(Rise transient) (6)

in =
ip − i∞

p

i0p − i∞
p

= 1− 2L√
πDt

∑ ∞
n=0exp

(
− (2n + 1)2L2

4Dt

)
(Decay transient) (7)

where in is the normalized permeation current density (which varies between 0 and 1), i0p is the initial
permeation current density (or the steady state current density of the prior transient for a series of
transients), i∞

p is the steady state current density, L is the membrane thickness, D is the effective
diffusion coefficient, Deff, and t is the time.

Figure 5 shows the expected relationship between steady state permeation current density and
over-potential, as expected from Equation (5).

Corros. Mater. Degrad. 2018, 1, x FOR PEER REVIEW  8 of 24 

 

݅௡ ൌ ௜೛ି௜೛బ௜೛ಮି௜೛బ ൌ ଶ௅√గ஽௧ ∑ ஶ௡ୀ଴݌ݔ݁ ቀെ ሺଶ௡ାଵሻమ௅మସ஽௧ ቁ   (Rise transient) (6) ݅௡ ൌ ௜೛ି௜೛ಮ௜೛బି௜೛ಮ ൌ 1 െ ଶ௅√గ஽௧ ∑ ஶ௡ୀ଴݌ݔ݁ ቀെ ሺଶ௡ାଵሻమ௅మସ஽௧ ቁ   (Decay transient) (7) 

where in is the normalized permeation current density (which varies between 0 and 1), 0
pi  is the 

initial permeation current density (or the steady state current density of the prior transient for a series 
of transients), pi

∞  is the steady state current density, L is the membrane thickness, D is the effective 

diffusion coefficient, Deff, and t is the time. 
Figure 5 shows the expected relationship between steady state permeation current density and 

over-potential, as expected from Equation (5). 

 
Figure 5. Plot of hydrogen permeation steady state current densities versus charging over-potentials 
in 0.1 M NaOH solution. The pure Fe was annealed low interstitial steel and was pre-charged at −1.500 
VAg/AgCl in 0.1 M NaOH solution for 48 h to achieve steady-state surface conditions on the input side [4]. 

 
Figure 6. Relation of hydrogen fugacity to charging over-potentials in 0.1 M NaOH solution and 0.1 
M Na2SO4 pH 2 solution, compared with the prior data of Bockris et al. In this work, the pure Fe was 

Figure 5. Plot of hydrogen permeation steady state current densities versus charging over-potentials
in 0.1 M NaOH solution. The pure Fe was annealed low interstitial steel and was pre-charged at
−1.500 VAg/AgCl in 0.1 M NaOH solution for 48 h to achieve steady-state surface conditions on the
input side [4].

Figure 6 provides the resultant plot of equivalent hydrogen fugacity with charging over-potential
for pure iron from our work [4], compared with an evaluation of the same relationship from the prior
data of Bockris et al. [138], for whom the fugacity values are much lower because they carried out no
preconditioning of the specimen. Key points:

1. Preconditioning makes a large difference.
2. The solution used for cathodic charging makes a large difference.

Thus Figure 6 provides for pure Fe the required relationship between equivalent hydrogen
fugacity and over potential during cathodic charging. However, additional information is required to
determine this relationship for the steels of interest in Table 1; that is the value of the Sieverts’ constant,
S, was not known for these steels. This relationship for equivalent hydrogen fugacity for 3.5NiCrMoV
steel is developed in the next section.



Corros. Mater. Degrad. 2018, 1 11

Corros. Mater. Degrad. 2018, 1, x FOR PEER REVIEW  8 of 24 

 

݅௡ ൌ ௜೛ି௜೛బ௜೛ಮି௜೛బ ൌ ଶ௅√గ஽௧ ∑ ஶ௡ୀ଴݌ݔ݁ ቀെ ሺଶ௡ାଵሻమ௅మସ஽௧ ቁ   (Rise transient) (6) ݅௡ ൌ ௜೛ି௜೛ಮ௜೛బି௜೛ಮ ൌ 1 െ ଶ௅√గ஽௧ ∑ ஶ௡ୀ଴݌ݔ݁ ቀെ ሺଶ௡ାଵሻమ௅మସ஽௧ ቁ   (Decay transient) (7) 

where in is the normalized permeation current density (which varies between 0 and 1), 0
pi  is the 

initial permeation current density (or the steady state current density of the prior transient for a series 
of transients), pi

∞  is the steady state current density, L is the membrane thickness, D is the effective 

diffusion coefficient, Deff, and t is the time. 
Figure 5 shows the expected relationship between steady state permeation current density and 

over-potential, as expected from Equation (5). 

 
Figure 5. Plot of hydrogen permeation steady state current densities versus charging over-potentials 
in 0.1 M NaOH solution. The pure Fe was annealed low interstitial steel and was pre-charged at −1.500 
VAg/AgCl in 0.1 M NaOH solution for 48 h to achieve steady-state surface conditions on the input side [4]. 

 
Figure 6. Relation of hydrogen fugacity to charging over-potentials in 0.1 M NaOH solution and 0.1 
M Na2SO4 pH 2 solution, compared with the prior data of Bockris et al. In this work, the pure Fe was 

Figure 6. Relation of hydrogen fugacity to charging over-potentials in 0.1 M NaOH solution and 0.1 M
Na2SO4 pH 2 solution, compared with the prior data of Bockris et al. In this work, the pure Fe was
annealed low interstitial steel and was pre-charged at −1.500 VAg/AgCl in 0.1 M NaOH solution for
48 h to achieve steady-state surface conditions on the input side [4].

2.2. Thermal Desorption Spectroscopy

The TDS was used to measure and characterize the amount of hydrogen in the 3.5NiCrMoV
steel for different charging conditions. The TDS apparatus used in this study was custom-designed at
Griffith University and is designated as TDS-GU. Figure 7 provides a schematic of the new TDS-GU [9].
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Figure 7. The thermal desorption spectroscopy (TDS-GU) apparatus [9].

Figure 8a presents the TDS-GU spectra for 3.5NiCrMoV specimens electrochemically charged at
different potentials in 0.1 M Na2SO4 solution at 25 ◦C for 24 h [10]. This has two composite peaks.
The composite hydrogen peak at temperatures between room temperature and 250 ◦C is attributed to
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hydrogen. The composite peak above 250 ◦C is an experimental artefact, attributed to hydrogen from
water at the specimen surface being catalytically reduced to hydrogen by the steel surface, because
(i) similar peaks were measured for specimens after cathodic charging and after gaseous charging,
for which in both cases there was exposure to lab air, (ii) similar peaks were measured for specimens
without hydrogen, after exposure of the specimens to lab air, (iii) no peaks were measured in the TDS
spectrum measured by Verbreken in Ghent using a commercial TDS (designated TDS-C) as indicated
in Figure 8b [10].
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Figure 8. (a) TDS-GU spectra for 3.5NiCrMoV specimens electrochemically charged at different
potentials in 0.1 M Na2SO4 solution at 25 ◦C for 24 h. (b) TDS-C spectra for 3.5NiCrMoV specimens
electrochemically charged at different potentials in 0.1 M NaOH solution at 25 ◦C for 24 h [10].

Figures 9 and 10 [10] present the deconvolution of composite peak below 250 ◦C of the TDS-GU
spectra for 3.5NiCrMoV specimens electrochemically charged at different potentials in 0.1 M Na2SO4

solution at 25 ◦C for 24 h and in gaseous hydrogen at the stated pressure for 24 h, into peaks at
114 ◦C, 160 ◦C and 210 ◦C. To a first approximation, the peak height of the 114 ◦C peak increased with
hydrogen fugacity, whereas the peak heights of the other peaks remained constant. This was consistent
with the higher temperature peaks representing deeper hydrogen traps which were essentially filled
under these experimental conditions, whereas the 114 ◦C peak represent the hydrogen traps that were
filled progressively under these experimental conditions.
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Figure 10. Deconvolution of composite peak below 250 ◦C of the TDS-GU spectra for 3.5NiCrMoV
charged in gaseous hydrogen at the stated pressure for 24 h [10].

The total hydrogen in each specimen was evaluated by correcting for the diffusion loss of hydrogen
between the end of the hydrogen charging and the start of the TDS measurement [10].

Figure 11 [10] presents the hydrogen concentration for gaseous charged specimens, which established
the trend line as a function of square root of charging pressure according to Sieverts’ Law. The hydrogen
concentration of the cathodic charged specimens were plotted on this line to establish their equivalent
hydrogen charging pressure.

Corros. Mater. Degrad. 2018, 1, x FOR PEER REVIEW  11 of 24 

 

 
Figure 10. Deconvolution of composite peak below 250 °C of the TDS-GU spectra for 3.5NiCrMoV 
charged in gaseous hydrogen at the stated pressure for 24 h [10]. 

The total hydrogen in each specimen was evaluated by correcting for the diffusion loss of 
hydrogen between the end of the hydrogen charging and the start of the TDS measurement [10]. 

Figure 11 [10] presents the hydrogen concentration for gaseous charged specimens, which 
established the trend line as a function of square root of charging pressure according to Sieverts’ Law. 
The hydrogen concentration of the cathodic charged specimens were plotted on this line to establish 
their equivalent hydrogen charging pressure. 

 
Figure 11. Hydrogen concentration for gaseous charged specimens established the trend line as a 
function of square root of charging pressure according to Sieverts’ Law. The hydrogen concentration 
of the cathodic charged specimens were plotted on this line to establish their equivalent hydrogen 
charging pressure. The intercept represents the amount of hydrogen in deep traps [10]. 

Figure 12 [10] presents the equivalent hydrogen fugacity for the 3.5NiCrMoV steel as a function 
of cathodic charging overpotential (full data points) compared with pure Fe (open symbols). In 

Figure 11. Hydrogen concentration for gaseous charged specimens established the trend line as a
function of square root of charging pressure according to Sieverts’ Law. The hydrogen concentration
of the cathodic charged specimens were plotted on this line to establish their equivalent hydrogen
charging pressure. The intercept represents the amount of hydrogen in deep traps [10].

Figure 12 [10] presents the equivalent hydrogen fugacity for the 3.5NiCrMoV steel as a function
of cathodic charging overpotential (full data points) compared with pure Fe (open symbols).
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In addition, given on the right hand axis is the hydrogen pressure [139,140]. This represents the
required relationship for the hydrogen fugacity for various electrochemical charging conditions.
However, the development of this relationship has identified an unexpected relationship, in Figure 11,
between the hydrogen concentration and hydrogen pressure. This relationship is analyzed in the
next section.
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Figure 12. Equivalent hydrogen fugacity for the 3.5NiCrMoV steel as a function of cathodic charging
overpotential (full data points) compared with pure Fe (open symbols). In addition, given on the right
hand axis is the corresponding hydrogen pressure [10].

2.3. Sieverts’ Law

The positive intercept for Sieverts’ Law in Figure 11 can be understood in terms of the already
filled traps as demonstrated by the TDS data in Figures 9 and 10, as follows [10].

The chemical potential of hydrogen, µ, in the metal is set by the external hydrogen pressure, p.
Only one H atom can occupy a site, so Firmi-Dirac statistics is used to distribute NH H atoms

among Ns sites, of which Nt are traps, so that

Ns − Nt

exp((εs − µ)/kT) + 1
+

Nt

exp((εs − εb − µ)/kT) + 1
= NH (8)

where εs is the energy of a Ns site, εb is the energy of a trap site.
When p is small, the traps fill preferentially, so the first term is small, so that rearranging (8) using

the second terms gives
NH
Ns

= K1 p1/2 (9)

which is the typical Sieverts’ Law expression.
When the pressure increases sufficiently that the traps are filled, the second term approaches

Nt/Ns, and rearranging (8) gives
NH
Ns

=
Nt

Ns
+ K1 p1/2 (10)

which indicates that the positive intercept in Figure 11 is a measure of the amount of hydrogen in
deep traps.
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Furthermore, since hydrogen trapping is expected for hydrogen in steels, Figure 11 and
Equation (10) illustrate what should be the typical relationship between hydrogen concentration
and hydrogen pressure for steels. Moreover, this relationship should be of general applicability for all
metals that exhibit hydrogen trapping.

3. H Influence—Static Strength

Now that we understand how to characterize the hydrogen introduced by cathodic hydrogen
charging, the tools exist for a rigorous evaluation of the influence of hydrogen on the mechanical
properties of the steels in Table 1. This section describes how hydrogen influences the strength, ductility
and fracture of these steels.

Figure 13 [2,3,93] presents the Linearly Increasing Stress Test (LIST). The specimen is located in
the appropriate environment in the loading train on the left hand side of the lever beam. The Load
(a known weight) is moved away from the fulcrum at a constant rate by means of a lead screw and
a synchronous motor As a result, the specimen is subjected to a linearly increasing (engineering)
stress until fracture. In such a load controlled test, a ductile specimen necks and fractures when
the applied stress reaches at the ultimate tensile strength. At that moment the specimen becomes
mechanically unstable.

Corros. Mater. Degrad. 2018, 1, x FOR PEER REVIEW  13 of 24 

 

Furthermore, since hydrogen trapping is expected for hydrogen in steels, Figure 11 and Equation 
(10) illustrate what should be the typical relationship between hydrogen concentration and hydrogen 
pressure for steels. Moreover, this relationship should be of general applicability for all metals that 
exhibit hydrogen trapping. 

3. H Influence—Static Strength 

Now that we understand how to characterize the hydrogen introduced by cathodic hydrogen 
charging, the tools exist for a rigorous evaluation of the influence of hydrogen on the mechanical 
properties of the steels in Table 1. This section describes how hydrogen influences the strength, 
ductility and fracture of these steels. 

Figure 13 [2,3,93] presents the Linearly Increasing Stress Test (LIST). The specimen is located in 
the appropriate environment in the loading train on the left hand side of the lever beam. The Load (a 
known weight) is moved away from the fulcrum at a constant rate by means of a lead screw and a 
synchronous motor As a result, the specimen is subjected to a linearly increasing (engineering) stress 
until fracture. In such a load controlled test, a ductile specimen necks and fractures when the applied 
stress reaches at the ultimate tensile strength. At that moment the specimen becomes mechanically 
unstable. 

 
Figure 13. Schematic of LIST apparatus [2,21,93]. 

Figure 14 [2,3] presents a schematic of the hydrogen-charging cell. Figure 12 provides the 
relationship between the applied over-potential during the cathodic charging and the equivalent 
hydrogen fugacity, and the associated hydrogen pressure. During each experiment, potential drop 
data was measured. 

Figure 15 [2,3] presents the potential drop data, for tests in air and with increasingly negative 
applied potential, which correspond to rapidly increasing hydrogen fugacity, see Figure 12. The 
potential drop is plotted against applied engineering stress. The potential drop can be considered as 
the specimen electrical resistance. The potential drop initially increases linearly with increasing 
stress, as the specimen increases in length and decreases in diameter. There is a more rapid increase 
after the stress exceeds the yield stress, so that the yield stress can be measured. Similarly, the ultimate 
tensile strength can be measured from the load at fracture. 

Figure 13. Schematic of LIST apparatus [2,21,93].

Figure 14 [2,3] presents a schematic of the hydrogen-charging cell. Figure 12 provides the
relationship between the applied over-potential during the cathodic charging and the equivalent
hydrogen fugacity, and the associated hydrogen pressure. During each experiment, potential drop
data was measured.

Figure 15 [2,3] presents the potential drop data, for tests in air and with increasingly negative
applied potential, which correspond to rapidly increasing hydrogen fugacity, see Figure 12. The potential
drop is plotted against applied engineering stress. The potential drop can be considered as the
specimen electrical resistance. The potential drop initially increases linearly with increasing stress,
as the specimen increases in length and decreases in diameter. There is a more rapid increase after the
stress exceeds the yield stress, so that the yield stress can be measured. Similarly, the ultimate tensile
strength can be measured from the load at fracture.
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Figure 15. Typical LIST potential drop data for 3.5NiCrMoV steel tested in air or for cathodic hydrogen
charging at the stated potentials in 0.1 M Na2SO4 pH 2 [2].

There was no change in the yield stress and no change in the ultimate tensile strength for the
conditions depicted in Figure 15 as documented in Table 2.

This indicated that hydrogen had no influence on the mechanical properties of the 3.5NiCrMoV
steel up to the equivalent hydrogen pressures associated with the cathodic charging conditions
indicated in Figure 15 and Table 2.
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Table 2. Yield stress in air and in the solution, as an engineering stress, σY, the fracture stress, as an
engineering stress, σF, and the reduction in area, RA, for 3.5NiCrMoV subject to LIST at the stated
applied stress rate. Testing in the 0.1 M Na2SO4 pH2.0 solution was at the corrosion potential, Ecorr,
or at the stated potential [2].

Air or Applied Potential,
mVAg/AgCl

Applied Stress Rate
MPa/s σY, MPa σF, MPa RA, %

Air 0.2 650 770 79
Air 0.2 681 796 79
Air 0.02 671 793 78
Air 0.002 656 772 79

Ecorr 0.2 719 841 81
Ecorr 0.2 719 850 80
Ecorr 0.02 710 818 80
Ecorr 0.002 695 807 82
−950 0.02 737 840 36
−950 0.02 685 788 78
−950 0.002 693 802 73
−1200 0.02 702 816 64
−1200 0.02 678 784 75
−1200 0.002 687 798 72
−1400 0.02 685 792 64
−1700 0.02 680 774 50
−1700 0.2 688 811 72

Figure 16 [2,3] presents the appearance of the LIST specimens for 3.5NiCrMoV steel tested in air,
or at the free corrosion potential, or for cathodic hydrogen charging at the stated potentials in 0.1 M
Na2SO4 pH 2. Shown are over-views of the side of the specimen and magnified views of the specimen
surface close to the final fracture. Clearly shown is that each specimen necked. This indicates that the
fractures occurred when the applied stress reached the ultimate tensile strength of the specimen and
the specimen became mechanically unstable, necked and fractured. There were surface fractures in the
necked region of hydrogen charged specimens, and only in the necked region of these specimens.
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Figure 16. The appearance of LIST specimens for 3.5NiCrMoV steel tested in air, or at the free corrosion
potential, or for cathodic hydrogen charging at the stated potentials in 0.1 M Na2SO4 pH 2. Shown are
over-views of the side of the specimen and magnified views of the specimen surface close to the final
fracture [2].
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There was no sub-critical crack growth evidenced by the fact that there were no cracks in the
gauge section away from the necked regions in any of the specimens.

These surface fractures due to hydrogen occurred during the final fracture, when the specimen
was mechanically unstable.

Figure 17 presents the typical appearance of 3.5NiCrMoV steel LIST specimen tested with cathodic
hydrogen charging at−950 mVAg/AgCl in 0.1 M Na2SO4 pH 2. Shown are the over-view of the specimen
fracture and the indicated magnified fracture views. Regions A correspond to the hydrogen fractures
that were visible on the specimen sides in Figure 16. In this case, there were brittle fractures initiated
by hydrogen, or DHF: Decohesive hydrogen fracture, which initiated the final fracture of the specimen.
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Figure 17. Typical appearance of 3.5NiCrMoV steel LIST specimen tested with cathodic hydrogen
charging at −950 mVAg/AgCl in 0.1 M Na2SO4 pH 2. Shown are the over-view of the specimen fracture
(upper central figure) and the indicated magnified fracture views of the regions (A–C) marked on the
overview figure [2].

Regions B and C were essentially identical. They showed largely ductile micro-void dimple
rupture, within which there were isolated brittle features, the most obvious of which were the fisheyes
illustrated at greater magnification in the two bottom micrographs. This fractography indicated
that two micro-mechanisms of fracture competed during the final fracture. There were the fisheyes,
which initiated at a central region, typically at an inclusion, and fractured in a radial direction, until
they encountered a fracturing region undergoing ductile micro-void fracture. Each fisheye was
surrounded by such micro-void coalescence (MVC) fracture. This corresponds to MF: mixed fracture,
wherein a hydrogen microfracture mechanism (that producing the fisheyes) competed with the ductile
MVC fracture.

There was similar behavior for each of the steels in Table 1 [2,3].
This indicates that there was no effect of hydrogen up to the yield stress. There was an influence

of hydrogen on the final fracture, which occurred at the same stress as for the steels tested in air.
The influence of hydrogen was on the details of the final fracture: there were some brittle hydrogen
induced fracture events, which occurred simultaneously with the overall ductile fracture of the
specimen. The fisheyes were associated with alumina oxide inclusion, which indicated that these
features would be less for a cleaner steel. There was no subcritical crack growth.

There was essentially no influence of hydrogen on ductility for the hydrogen conditions studied.
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4. H Influence—Fatigue

Because there was an influence of hydrogen on the final mixed fracture, it was not unexpected that
there would be an influence of hydrogen on the fatigue properties. These are analyzed in this section.
Liu and Atrens [8] studied the low cycle fatigue (LCF) of 3.5NiCrMoV in air and with hydrogen
charging in the acidified pH 2 0.1 M Na2SO4 solution. Figure 18 presents the fatigue S-N diagram
(stress amplitude versus cycles to failure) for 3.5NiCrMoV, tested as a notched specimen, in air and with
cathodic hydrogen charging at the stated potentials in 0.1 M Na2SO4 pH 2. At applied stress amplitudes
above the threshold, fatigue initiation occurred at a lower number of cycles with increasing hydrogen
fugacity and increasing stress amplitude. This was caused by a decrease in the fatigue initiation period
and by an increase in the crack growth rate. In the presence of hydrogen, there was flat transgranular
fracture with vague striations with some intergranular fracture at lower stresses. Mechanical overload
occurred when the fatigue crack reached the critical length. There was no significant influence of
hydrogen on the final fracture.
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Liu [12] found that hydrogen accelerated the fatigue crack growth of 3.5NiCrMoV, by a small
amount for a significant amount of hydrogen, and a similar amount for a much higher amount of
hydrogen. The acceleration was small for the stress ration R = 0.1 and larger for R = 0.8.

5. Discussion

Thus using permeation experiments and TDS characterization of the hydrogen in these steels
after cathodic hydrogen charging, it was possible to determine the relationship between the equivalent
hydrogen fugacity and the overpotential during cathodic hydrogen charging. On this base, it was
possible to study the influence of hydrogen on the static and dynamic strength of these steels under
conditions of high hydrogen fugacity, which allows evaluation of the hydrogen influence under
hydrogen fugacity values appropriate to service conditions. In this regard, the LIST approach provided
particularly effective in understanding the influence of hydrogen on the mechanical properties, and in
understanding the influence of hydrogen on the fracture behavior.
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6. Conclusions

The influence of hydrogen on the mechanical properties of four medium-strength, commercial,
quenched-and-temped steels has been studied using the linearly increasing stress test (LIST) combined
with cathodic hydrogen charging.

1. The relationship was established between the hydrogen charging overpotential and the equivalent
hydrogen pressure during cathodic hydrogen charging though the use of electrochemical
permeation experiments and thermal desorption spectroscopy.

2. This allows evaluation of the influence of hydrogen on the static and dynamic strength of these
steels under hydrogen fugacity values appropriate to service conditions.

3. The cathodic hydrogen charging conditions were equivalent to testing in gaseous hydrogen at
fugacities of over a thousand bar.

4. Under these hydrogen charging conditions, there was no effect of hydrogen up to the yield stress.
There was an influence of hydrogen on the final fracture, which occurred at the same stress as for
the steels tested in air.

5. The influence of hydrogen was on the details of the final fracture: there were some brittle hydrogen
induced fracture events, which occurred simultaneously with the overall ductile fracture of the
specimen. In some cases, brittle fractures initiated by hydrogen, or DHF: Decohesive hydrogen
fracture, initiated the final fracture of the specimen.

6. The fisheyes were associated with alumina oxide inclusion, which indicated that these features
would be less for a cleaner steel.

7. Each fisheye was surrounded by such micro-void coalescence (MVC) fracture. This corresponds
to MF: Mixed fracture, wherein a hydrogen microfracture mechanism (i.e., that producing the
fisheyes) competed with the ductile MVC fracture.

8. There was no subcritical crack growth. There was essentially no influence of hydrogen on ductility
for the hydrogen conditions studied.

9. At applied stress amplitudes above the threshold, fatigue initiation, for low cycle fatigue, occurred
at a lower number of cycles with increasing hydrogen fugacity and increasing stress amplitude.
This was caused by a decrease in the fatigue initiation period and by an increase in the crack
growth rate. In the presence of hydrogen, there was flat transgranular fracture with vague
striations with some intergranular fracture at lower stresses. Mechanical overload occurred when
the fatigue crack reached the critical length. There was no significant influence of hydrogen on
the final fracture.
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