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Highlights 

 A new thermal desorption spectroscopy (TDS) apparatus was used to study hydrogen in a 
3.5NiCrMoV steel  

 The hydrogen concentration increased with increasingly negative charging potential and 
increasing hydrogen gas pressures.  

 The equivalent hydrogen fugacity versus charging overpotential relationship was derived.  

 A two-site model for Sieverts’ Law explained the positive Y-intercept, as the density of 
already filled hydrogen traps. 

 
 

ABSTRACT 

A new thermal desorption spectroscopy (TDS) apparatus was used to identify the 

hydrogen trapping peaks, and to measure the hydrogen concentrations in 3.5NiCrMoV steel 

after hydrogen charging electrochemically, and in gaseous hydrogen. The hydrogen 

concentration increased with (i) increasingly negative charging potential and (ii) increasing 

hydrogen gas pressure. The equivalent hydrogen fugacity versus charging overpotential was 

derived. There was a difference in the diffusible hydrogen traps activated during 

electrochemical and gas phase charging, attributed to the difference in the hydrogen fugacity. 

A two-site model for Sieverts’ Law explained the positive Y-intercept, as the density of 

already filled hydrogen traps. 
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1. Introduction 

Hydrogen is considered a future clean energy vector [1, 2] that can be used as an 

intermediate between a primary green energy source like solar energy, and secondary 

electricity production, for example in a fuel cell. A challenge for the hydrogen economy is 

finding inexpensive materials that can safely store hydrogen gas [3, 4]. Several steels have 

been proposed for hydrogen gas storage, including ASTM A106 Grade B, API 5L Grade 

X42, X52 and 34CrMo4 [3]. The quench-and-tempered 34CrMo4 is a commonly-used steel, 

due to its reliability and strength. Recently, some medium strength steels, such as Ni-Cr-Mo 

steels, have been considered as possibly suitable for hydrogen gas storage [5]. Such medium-

strength steels have tensile strengths in the range of 600–1000 MPa [6], are relatively 

inexpensive, and also find applications in the automotive, structural and construction 

industries [7-10].  

Steels can be susceptible to hydrogen embrittlement (HE), such as the conventional 

high-strength steels [11-20], the advanced high-strength steels [21-32], and the medium-

strength steels [6, 33-40]. HE occurs when the load-bearing steel interacts with a critical 

amount of hydrogen, which is often of the order of a few wt ppm (µg g-1). HE can cause sub-

critical crack growth and unexpected fracture, and significant loss of strength, toughness and 

ductility [41-43]. Sub-critical crack growth occurs above a threshold stress, or above an 

applied threshold stress intensity factor. Sub-critical crack growth continues until a critical 

crack size is reached, were upon fast fracture is expected, because the fracture toughness has 

been exceeded. Alternatively, hydrogen embrittlement can cause some reduction in ductility 

without decreasing strength and without causing sub-critical crack growth.  

Some steels that might be considered for the hydrogen economy were found to be 

susceptible to HE [44-46]. Recently, Liu et al. used the linearly increasing stress test (LIST) 

[47] to study HE susceptibility in 3.5NiCrMoV [48] and other Ni-Cr-Mo medium-strength 

steels [49] proposed for hydrogen gas storage. They observed no sub-critical crack growth, 

but there was some HE susceptibility in these steels. The HE was manifested by some 

reduction in ductility and the presence of some brittle features on the fracture surface. They 
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also noted that inclusions decreased the HE resistance of these steels, which highlights a 

benefit of using clean steels for hydrogen gas applications. 

Hydrogen can be trapped by lattice defects [50]. Traps increase hydrogen solubility, 

decrease diffusivity [51, 52], and can enhance or diminish HE susceptibility [53, 54]. 

Reversible or weak traps can act as a hydrogen source, and supply diffusible hydrogen to 

highly stressed sites in the lattice to cause HE [55]. Conversely, the presence of well-

distributed irreversible traps could reduce the HE vulnerability of the steel, especially if only 

a finite amount of hydrogen is available [32, 56-61]. It is thus important to study hydrogen-

trap interactions to better understand HE susceptibility in medium strength steels.  

Thermal desorption spectroscopy (TDS) is a powerful technique to study hydrogen-

trap interactions. TDS typically measures the amount of hydrogen desorbed from a specimen 

subjected to controlled heating [62-65]. TDS can (i) measure low hydrogen concentrations at 

~1 wt. ppm, and (ii) characterise the density and binding energy of hydrogen traps. TDS has 

been useful in HE studies, is complementary to mechanical tests [62], and has been widely 

used to investigate hydrogen-trap interactions in steels [66-72].  

The TDS apparatus used in this study was custom-designed at Griffith University [73] 

and is designated as TDS-GU, and incorporates improvements on the ultra-high-vacuum 

(UHV) TDS [64] designed by Smith and Scully [74]. This TDS-GU can accurately 

characterise desorbed hydrogen at concentrations of 1 µg g-1 (wt ppm) [73]. The TDS of 

Smith and Scully was used to investigate hydrogen embrittlement of Al-Li-Cu-Zr alloys, 

hydrogen trapping in experimental steels [75, 76], and hydrogen trapping and hydrogen 

embrittlement of ultra-high-strength steels [77-79]. The current work is the first application 

of this new TDS-GU to understanding hydrogen-steel interactions. In addition, some identical 

TDS measurements were carried out at Ghent University using a commercial TDS, 

designated herein as TDS-C, to provide comparative measurements. 

The two common methods for hydrogen charging are: (i) electrochemical charging 

and (ii) gaseous charging. Electrochemical hydrogen charging typically involves the 

application of a cathodic potential to a specimen, immersed in an acidic or alkaline solution, 

to liberate hydrogen at the specimen surface. Gaseous hydrogen charging involves exposing a 

specimen to gas phase hydrogen at a high pressure.  
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Past studies have related the equivalent gaseous hydrogen pressure or fugacity, 𝑓H2
, to 

the electrochemical charging overpotential,  [80, 81]. Liu et al. [82] found that the 

relationship between equivalent hydrogen fugacity 𝑓H2
 and the overpotential , for low 

interstitial carbon steel, electrochemically hydrogen charged in 0.1 M NaOH, was given by 

[82]: 

𝑓H2
= 15.360exp (

−𝐹

3.30𝑅𝑇
), for || < 0.35 V                                                                          (1) 

𝑓H2
= 560exp (

−𝐹

14.35𝑅𝑇
), for || > 0.35 V                                                                              (2) 

where F is the Faraday constant, R is the gas constant, and T is the absolute temperature. 

Bockris et al [83] attributed these two different regimes to the two mechanisms governing 

electrochemical hydrogen evolution: (i) the coupled discharge-recombination mechanism at 

low overpotential; and (ii) the fast electrochemical discharge at high overpotential.   

The present work builds on the study by Liu et al. [48] to understand the influence of 

hydrogen on 3.5NiCrMoV steel. The specific issues addressed herein are as follows:  

1. The characterisation of hydrogen in the 3.5NiCrMoV steel after: (i) cathodic hydrogen 

charging in two aqueous electrolytes, and (ii) gaseous hydrogen charging, 

2. The relationship of the electrochemical charging potential to an equivalent gaseous 

hydrogen pressure or fugacity, 

3. The identification of hydrogen traps in the steel.  

 

2. Experimental methods 

2.1 TDS-GU Apparatus 

Fig. 1a presents a schematic of the TDS-GU apparatus. A full description is provided 

in Tapia-Bastidas et al [73]. The TDS-GU apparatus had three main parts: (i) an analysis 

chamber (AC), (ii) the calibration rig that is used to perform instrument calibration with 

hydrogen gas, and (iii) the loading chamber (LC). The LC allows a specimen to be introduced 

into the ultra-high-vacuum of the analysis chamber. The specimen is introduced into the 

loading chamber, held there until the vacuum has reached a sufficiently low value, and then 

transferred to the analysis chamber. After the sample has reached ultra-high-vacuum 

conditions in the AC, it is possible to analyse the gases desorbed from the specimen upon 
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specimen heating. The specimen is heated via a linear temperature ramp. The desorbed 

species (such as hydrogen, oxygen, water and carbon dioxide) are continuously analysed and 

measured by the residual gas analyser (RGA), a type of mass spectrometer.  

Quantitative hydrogen calibration used commercial hydrogen standards (purchased 

from LECO Australia Pty Ltd) (i) developed for the calibration of instruments for measuring 

the amount of hydrogen by hot extraction, and (ii) factory verified against NIST (National 

Institute of Standards and Technology) standards. These calibration standards were 4 mm in 

diam x 8 mm in length, and had a nominal mass of 1 g. They were available with nominal 

hydrogen contents of 1 µg g-1 and 5 µg g-1, which corresponded to actual hydrogen contents 

of 0.9 ± 0.4 µg g-1 and 5.3 ± 0.4 µg g-1. 

The hydrogen calibration consisted of running a series of TDS-GU evaluations using 

the commercial calibration standards under the repeatable conditions, as summarized in Table 

1. These same TDS-GU test conditions were used for analysing the 3.5NiCrMoV steel 

specimens. 

The appendix contains details of the TDS-GU calibration, the investigation of the 

influence of adsorbed water, and a discussion of instrument calibration and corrections. 

 

2.2 3.5NiCrMoV steel 

The 3.5NiCrMoV steel was a commercial, quenched-and-tempered, martensitic steel, 

supplied to strength and ductility specifications, by a commercial supplier. Table 2 presents 

the chemical composition of the steel obtained from two independent measurements carried 

out by Spectrometer Services Pty Ltd, Coburg North, Vic 3058, and two determinations of 

mechanical property values [48]. Specimens were discs, 8 mm in diameter x 2.5 mm in 

thickness, prepared by water jet cutting from a round bar. Each specimen was polished to 1 

μm diamond, dried with ethanol, and stored in an argon glove box until needed. 

 

2.3  Electrochemical hydrogen charging 

Cathodic hydrogen charging was performed using a three-electrode electrochemical 

cell. The steel specimen was the working electrode, platinum was the counter electrode, and 
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Hg/Hg2SO4 was the reference electrode. Cathodic hydrogen charging was carried out at 25 ± 

2 oC under the following conditions:  

(i) at -1628 mVHg/Hg2SO4 (-970 mVSHE), -1728 mVHg/Hg2SO4 (-1070 mVSHE), -1828 

mVHg/Hg2SO4 (-1170 mVSHE), -1928 mVHg/Hg2SO4 (-1270 mVSHE), and -2228 

mVHg/Hg2SO4 (-1570 mVSHE) in 0.1 M NaOH (pH 13), and  

(ii) at -1090 mVHg/Hg2SO4 (-432 mVSHE), -1290 mVHg/Hg2SO4 (-632 mVSHE), -1390 

mVHg/Hg2SO4 (-732 mVSHE), -1490 mVHg/Hg2SO4 (-832 mVSHE), -1690 mVHg/Hg2SO4 

(-1032 mVSHE), and -1790 mVHg/Hg2SO4 (-1132 mVSHE) in 0.1 M Na2SO4 (pH 2, 

acidified using H2SO4).  

To ensure complete hydrogen saturation of the steel, the charging duration was 24 

hour [82]. All solutions were prepared using analytical reagent grade chemicals and distilled 

water. 

At the end of the charging period, the specimen was removed from the electrolyte, 

dried with inert gas, and immediately loaded into the TDS-GU apparatus. 

 

2.4 Gaseous hydrogen charging 

Gaseous hydrogen charging was performed using a fabricated hydrogen charging 

apparatus, which comprised a specimen chamber and chamber containing the hydrogen 

source. The specimen was placed inside the specimen chamber, the specimen chamber was 

evacuated, flushed with hydrogen, and evacuated using a rotary pump. Hydrogen was 

introduced into the specimen chamber by heating an attached high-purity metal-hydride 

hydrogen source (multi-substituted AB5 intermetallic based on mischmetal) with a laboratory 

heat gun until the desired hydrogen pressure was reached. Specimens were hydrogen charged 

at hydrogen pressures of 2, 20, 80, and 200 bar, for a duration of 24 hour. The steel was 

activated during the first two hours of hydrogen gas charging by heating the pressurized 

chamber in a vertical tube furnace to 200 °C, after which the furnace was turned off and the 

chamber was allowed to cool in the furnace to room temperature. At the end of the 24-hour 

hydrogen-charging period, the specimen was retrieved from the charging chamber and 

immediately tested in the TDS-GU.  
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2.5 TDS-GU analysis 

Table 1 summarizes the TDS-GU testing conditions used during analysis of the 

hydrogen charged specimens. The following were carried out after hydrogen charging to 

minimize the amount of adventitious water on the steel specimen. Firstly, the specimen was 

handled with a stream of ultra-high-purity (UHP) nitrogen when outside the charging cell to 

reduce water adsorption from atmosphere. Secondly, the specimen was kept for two hours in 

the loading chamber prior to loading the specimen into the analysis chamber. Wei and 

Tsuzaki [84] recommended keeping test specimens in high-vacuum to homogenize surface-

water and overcome the possible impedance caused by surface contamination during 

exposure to ambient atmosphere.  

The procedure for specimen loading and TDS-GU analysis was as follows. From a 

high vacuum state, the loading chamber (LC) was brought to atmospheric pressure. Ultra-

high-purity (UHP) nitrogen was injected into the LC chamber to speed up reaching 

atmospheric pressure, and to minimize water adsorption onto the LC chamber walls. The LC 

door was opened when atmospheric pressure was reached. The specimen was loaded into the 

LC. The stream of UHP nitrogen inside the chamber was maintained while the LC door was 

open to prevent water contamination of the LC. The mounting of the specimen on the 

specimen holder was also done adjacent to the LC loading door so that the escaping nitrogen 

gas protected both the specimen and the specimen holder. Once the specimen was loaded into 

the LC in the specimen holder, the LC door was closed, and the LC chamber was evacuated. 

High vacuum was typically achieved within 40 minutes. A dwell time of exactly 120 minutes 

was adopted; i.e. from end of hydrogen charging to specimen loading into the LC to 

transferring to the analysis chamber (AC), in order to facilitate desorption of all surface 

contaminants from the specimen surface (particularly adsorbed water), and to ensure 

uniformity of results between measurements. At the end of the dwell time, the specimen was 

transferred to the analysis chamber, AC. The AC was stabilised for 12.5 minutes before the 

main gate valve was throttled to a fixed position of 30% open. There was an additional 2.5 

minute stabilisation time prior to commencement of the TDS-GU analysis.  

To start the TDS-GU analysis, the furnace was turned on and was set to the desired 

temperature of 870 oC. The heating occurred at the set temperature ramp of 2 oC min-1. The 

residual gas analyser (RGA) was simultaneously started to measure the concentrations of the 

desorbed gases. Once the target temperature was reached, the furnace was turned off. The 
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specimen was allowed to cool in the AC, and was retrieved after the AC reached room 

temperature.  

 

2.6 TDS-C measurements 

Comparative measurements were carried out on a commercial TDS apparatus at 

Ghent University, designated as TDS-C using the 3.5NiCrMoV steel discs supplied from the 

same batch as analysed in the TDS-GU, 8 mm in diam x 2.5 mm in thickness, sent by airmail 

from Australia to Ghent. These samples were cathodically hydrogen charged (i) as received 

from Australia, and (ii) after regrinding and repolishing to 1 μm. Cathodic hydrogen charging 

was for 24 h in 0.1 M NaOH at 25 °C at -1.6 VHg/Hg2SO4 (-0.95 VSHE ), -1.8 VHg/Hg2SO4 (-1.15 

VSHE ), and -2.2 VHg/Hg2SO4 (-1.55 VSHE ) in a three electrode cell, with the steel sample the 

working electrode, a Hg/Hg2SO4 reference electrode and a platinum counter electrode. In 

some cases, 1.0 g L-1 thiourea (a recombination poison) was added to the 0.1 M NaOH 

solution for cathodic hydrogen charging at -2.2 VHg/Hg2SO4 (-1.55 VSHE ). 

The commercial TDS-C was supplied by Bruker. Fig. 1b provides a schematic. This 

new TDS-C started analysis after ~1 min after the end of charging, because there was no need 

for a waiting time to reach vacuum in the analysis chamber. A novel technique was 

elaborated for which an external furnace was used to perform the TDS experiments. As such, 

vacuum was no longer a requirement, and the TDS measurement could start one minute after 

hydrogen charging. The hydrogen content was detected by a mass spectrometer, which was 

under constant vacuum.  Calibration was done by a standard gaseous calibration method and 

using LEco calibration standards as for the TDS-GU. The heating rate used was 2 °C min-1. A 

thermocouple was placed on the sample to follow the sample temperature. 

The hydrogen was detected by a mass spectrometer that measured current (micro 

ampères) versus cycles. A specifically developed software program calculated, taking into 

account the calibration, the amount of hydrogen present under the peak. While doing this 

calculation, the baseline was simultaneously subtracted. To analyze the raw data, these results 

needed to be converted to wppm/s by integrating the whole peak and taking into account the 

heating rate. Additionally, the cycles were converted to temperature by the data generated by 

the thermocouple, which was in contact with the sample.   
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3. Results 

3.1  Electrochemical charging in 0.1 M NaOH 

Fig. 2 shows the hydrogen spectra of the 3.5NiCrMoV steel electrochemically 

hydrogen charged at the stated potentials in 0.1 M NaOH, measured using the TDS-GU. 

There were significant composite peaks at ~150 oC that correspond to diffusible hydrogen 

[85], and some small peaks at higher temperatures attributed to adventitious water on the 

specimen surface. The diffusible hydrogen peak height increased with increasingly negative 

charging potentials, consistent with higher hydrogen concentrations corresponding to more 

negative cathodic hydrogen charging potentials. The composite hydrogen peak moved to 

lower temperatures with increasing peak height, consistent with a constituent peak at the 

lowest temperature increasing in peak height with increasing hydrogen fugacity. 

To allow assessment of the different trapping states for hydrogen corresponding to the 

measured peaks, deconvolution of the spectra was performed using the ORIGIN 9 software. 

Each spectrum was fitted to three Gaussians peaks. An iterative trial-and-error process was 

followed until the numerical fitting converged for the data of Fig. 2, and also the data of Fig. 

4, and Fig. 7, to a pre-set chi-square tolerance factor equivalent to 1x10–6.   

Fig. 3 shows the spectra was deconvoluted to three hydrogen peaks centred at 114 oC, 

160 oC and 210 oC. Each of these desorption peaks was attributed to a characteristic hydrogen 

trap in the steel. The desorption peak at 114 oC was the most sensitive to the charging 

potential. The height of this peak increased with increasingly negative applied potential, as 

expected from the raw data in Fig. 2. The peaks at 160 oC and 210 oC were marginally 

influenced by the charging potential, although the 210 oC peak slightly decreased at the most 

negative charging potential.  

 

3.2 Electrochemical charging in 0.1 M Na2SO4 

Fig. 4 presents the TDS-GU hydrogen desorption spectra of the samples 

electrochemically charged in 0.1M Na2SO4 at the stated charging potentials, measured with 

the TDS-GU. The Y-axis of Fig. 7 is the same as that of Fig. 2 for easy comparison. The 

spectra were dominated by the peaks below 300 °C corresponding to diffusible hydrogen, but 

there were substantial peaks at ~340 °C which were again attributed to adventitious surface 

adsorbed water. These peaks had peak heights comparable to that in Fig. A3a, which was 
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attributed completely to adsorbed water. The diffusible hydrogen peak heights increased with 

increasingly negative charging potentials, similar to the diffusible hydrogen peaks of the steel 

charged in 0.1 M NaOH 

Fig. 5 presents the deconvolution of the diffusible hydrogen spectra. Again, the 

intensity of the peak at 114 oC increased with increasingly negative potentials, consistent with 

the steel charged in the 0.1 M NaOH solution. The peak height of the 160 oC peak was 

constant below -1490 mVHg/HgSO4, then decreased at more negative cathodic potential, and 

was not detected after charging at the most negative potential of -1760 mVHg/HgSO4. The peak 

height of the 210 oC peak was essentially constant at all potentials. 

3.3 TDS-C measurements 

No hydrogen was detected using the TDS-C at Ghent University for as-received 

3.5NiCrMoV steel after cathodic hydrogen charging was for 24 h in 0.1 M NaOH at 25 °C at 

-1.6 VHg/Hg2SO4 (-0.95 VSHE ), -1.8 VHg/Hg2SO4 (-1.15 VSHE ), and -2.2 VHg/Hg2SO4 (-1.55 VSHE ). 

These experiments were carried out with the same 3.5NiMoV specimens as tested in the 

TDS-GU in Australia. The 3.5NiCrMoV specimens were sent from Australia to Ghent by 

airmail. 

Some specimens were polished to 1 μm diamond, subjected to cathodic hydrogen 

charging, and retested using the TDS-C. 

Fig. 6a presents the TDS-C spectra for 3.5NiCrMoV steel, freshly polished to 1 μm 

diamond, and cathodically hydrogen charged in 0.1 M NaOH at the stated potentials for 24 h. 

There was significant hydrogen in these specimens as indicated by the broad peak for 

temperatures between room temperature and 200 °C. The amount of hydrogen increased with 

increasingly negative cathodic charging potential, and the peak moved to lower temperatures, 

consistent with the data measured with the TDS-GU, and illustrated in Fig. 2. The amount of 

hydrogen was similar to that measured using the TDS-GU and listed in Table 3. There were 

no hydrogen peaks at temperatures above 200 °C, which was consistent with the 

interpretation that the peaks above 200 °C in Figs. 2, 4 and 7 do not pertain to hydrogen in 

the specimen. 

Fig. 6b presents the TDS-C spectra for 3.5NiCrMoV steel, freshly polished to 1 μm 

diamond, and cathodically hydrogen charged in 0.1 M NaOH at -2.2 V for 24 h, without and 

with the presence of 1.0 g L-1 thiourea in the solution. There was significantly more hydrogen 
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in the specimen charged with thiourea in the solution, as expected, because thiourea is a 

hydrogen recombination poison, and its presence causes a higher hydrogen uptake into the 

specimen. 

 

 3.4 Gaseous Charging 

Fig. 7 presents the typical TDS-GU hydrogen spectra of one series of experiments of 

the 3.5NiCrMoV steel charged in gaseous hydrogen at hydrogen pressures of 2, 20, 80 and 

200 bar. The Y-axis of Fig. 7 is the same as those of Fig. 2 and Fig. 4 for easy comparison. 

Subsequently, extra measurements were carried out at 2, 20 and 200 bar. 

The peak at 340 °C is again attributed to surface-adsorbed water.  

Again, analysis is limited to peaks corresponding to diffusible hydrogen that were at 

temperatures below 300 °C. The intensity of these peaks, and therefore the hydrogen 

concentration, increased with increasing charging pressure, and the peak position moved to 

lower temperatures.  

The shape of the spectra for the hydrogen gas charged steels was slightly different 

from the electrochemically hydrogen charged counterparts; indicating the possibility of some 

trapping centres being inactive.  

Fig. 8 shows the deconvoluted hydrogen spectra for the 3.5NiCrMoV steel charged in 

gaseous hydrogen at different hydrogen pressures. There were only two desorption peaks, at 

114 oC and 160 oC, in contrast with the three peaks in the electrochemically charged steels. 

The intensity of the peak at 114 oC was directly proportional, whilst that at 160 oC was 

inversely proportional, to the charging pressure. 

 

4. Discussion 

4.1 TDS-GU v TDS-C 

The TDS-C data indicated that the details of surface preparation had a large influence 

on the amount of hydrogen absorbed by the specimen from 24 h cathodic charging in 0.1 M 

NaOH. No hydrogen was absorbed for the as-received specimens, whereas a significant 

amount of hydrogen was adsorbed for the freshly polished specimens. These data indicate 
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that the surface oxide that forms on the surface of the 3.5NiCrMoV steel at room temperature 

was sufficient to prevent hydrogen absorption during 24 h cathodic charging in 0.1 M NaOH 

at -2.2 VHg/Hg2SO4. Examination of the E-pH diagram [86] for Fe indicates that the evolution 

of hydrogen reduces the surface film on Fe in equilibrium. However, the above data indicates 

that this reduction is a slow process. This is consistent with the observation of Liu and Atrens 

[87], using unstressed permeation experiments, that steady state surface conditions were 

established on the surface of 3.5NiCrMoV steel after 19 h of cathodic charging in 0.1 M 

NaOH. It is also consistent with the observations of Pérez Escobar et al. [71] that more 

hydrogen was adsorbed by a polished sample compared with a ground sample. 

Given the significant influence of specimen preparation, the data measured with the 

TDS-C were in good agreement with the data measured using the TDS-GU in regard to the 

amount of hydrogen absorbed by the 3.5NiCrMoV steels in the hydrogen peaks in the 

temperature range from room temperature to 200 °C, as is clear from a comparison of Fig. 6, 

Fig. 2, and Table 3. 

There were no hydrogen peaks above 200 °C in the TDS-C spectra, Fig. 6, confirming 

the interpretation that the peaks above 200 °C in the TDS-GU spectra, Figs. 2, 4 and 7, were 

not associated with hydrogen in the specimen, but were associated with the decomposition of 

chemically bound water on the specimen surface, and that these “water” peaks were detected 

by the TDS-GU because of its sensitivity. 

The TDS peaks above 200 °C measured using the TDS-GU were thus attributed to 

hydrogen that arose from the catalytic decomposition at the specimen surface during the TDS 

measurements. This catalytic decomposition produced hydrogen evidently from hydrogen-

containing compounds on the specimen surface. These hydrogen-containing compounds are 

thought to be both adsorbed water (H2O) as well as oxy-hydroxides, and possibly hydrated 

sulphates. These compounds can be the result of the hydrogen charging conditions, solution 

contact after the end of electrochemical hydrogen charging, and water adsorbed onto the 

specimen surface between the end of hydrogen charging and the commencement of TDS 

analysis. A comparison of Figs. 4, 2 and 7 indicate that the peak heights were largest after 

electrochemical charging in 0.1M Na2SO4. This suggests that this electrochemical charging 

condition produces the most hydrogen-containing surface species. 

The TDS-GU did measure these peaks at temperatures above 200 °C, and these peaks 

do relate to hydrogen, as the TDS-GU detector measures hydrogen. The TDS-C does detect 
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hydrogen associated with the specimen at temperatures above 200 °C, and such 

measurements have been published. However, it was observed experimentally, that the TDS-

C did not detect any peak at temperatures above 200 °C after electrochemical hydrogen 

charging under conditions similar to those that had produced the hydrogen peaks in the TDS-

GU. There are two possible reasons. These hydrogen peaks are thus attributed to the catalytic 

decomposition of hydrogen containing compounds at the specimen surface (i.e. at the surface 

of the steel) in the ultra-high vacuum of the TDS-GU to produce hydrogen. It is possible that 

this catalytic decomposition does not occur on the specimen surface in the carrier gas of the 

TDS-C. It is also possible that the sensitivity of the TDS-C is not sufficient in this 

temperature range to detect these peaks. 

 

4.2 Hydrogen Loss 

Egress of diffusible hydrogen starts at the end of the charging [63]. This highlights the 

desirability to immediately analyse hydrogen charged specimens to minimize hydrogen loss. 

However, the current TDS-GU procedure required a dwell-time of 120 min in the loading 

chamber (LC) to minimize the effect of adventitious water adsorbed by the steel, and a 15 

min stabilization period to normalize the UHV in the analysis chamber, prior to TDS-GU 

measurements. Clearly, it was desirable to quantify the amount of hydrogen lost during this 

period, as previously identified [63].     

The following mathematical model was developed to estimate the amount of effused 

hydrogen in the steels prior to TDS-GU analysis. A thin plate of thickness, L, with a uniform 

initial hydrogen concentration of Co, with hydrogen outgassing occurring from both sides has 

the following initial and boundary conditions: 

C = Co, 0 < x < L, t = 0                        (3) 

C = 0, x = 0, L (surface), t > 0                    (4) 

The solution to Fick’s second law is [88]: 

𝐶

𝐶𝑜
=

4

𝜋
∑

1

2𝑛+1
sin [(2𝑛 + 1)𝜋

𝑥

𝐿
] 𝑒𝑥𝑝 [−

(2𝑛+1)22𝐷𝑡

𝐿2
]∞

𝑛=0                                                              (5) 

 

where D is the diffusion coefficient of hydrogen in the steel, x is the distance measured from 

the surface to a point along the thickness of the specimen. This equation provides the value of 
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the normalised concentration, C/Co after any elapsed time, t, which when integrated yields the 

amount of hydrogen remaining in the steel.  

Fig. 9 plots the fraction of hydrogen remaining in a uniform flat specimen as a 

function of time, thickness and hydrogen diffusion coefficient, D. Two thickness values were 

evaluated, i.e. 2.6 mm and 0.8 mm. D values ranged from 3.8 x 10-7 cm2 s-1 to 1.3 x 10-6 cm2 

s-1. These curves provide the fraction of hydrogen remaining in a charged sample at a 

particular time after charging and for the specified diffusion coefficient. The model predicts 

that after 135 min, the remaining hydrogen is equal to 0.84 and 0.50 of the initial 

concentration for, D = 3.8 x 10-7 cm2 s-1 and for a specimen of thickness L = 2.6 mm and L = 

0.8 mm, respectively; while it is equal to 0.71 and 0.16 for hydrogen egress for D = 1.3 x 10-6 

cm2 s-1 for a specimen of thickness L = 2.6 mm and L = 0.8 mm, respectively.  

The analysis leading to Fig. 9 assumes that D is constant with time. However, the 

permeation experiments by Liu et al. [87] on 3.5NiCrMoV steel indicated that D was 

somewhat influenced by traps. The effective D value, Deff, changed. The hydrogen effusion 

was more rapid in the first few minutes, with a higher Deff value. At longer times, trap effects 

dominated, hydrogen diffusion slowed, and the Deff value was lower.  This was the same steel 

as used in this research. 

Fig. 10 provides composite hydrogen egress curves, using the Deff values obtained by 

Liu et al. and applying these to two time regimes: i.e. Deff = 1.3 x 10-6 cm2 s-1 for the first 5 

min and Deff = 3.8 x 10-7 cm2 s-1 after 5 min. The composite curve was used to estimate the 

amount of effused hydrogen during the pre-analysis period. Fig. 10 shows that the fraction of 

hydrogen remaining in the specimen after 135 min was equal to 0.83 and 0.46 for a specimen 

of thickness of L = 2.6 mm and L = 0.8 mm, respectively. This implies that for a 2.6 mm 

thick specimen, 17% of the hydrogen was lost. Such an amount represents a substantial 

fraction of the initial hydrogen in the specimen. The measured amount of hydrogen should be 

corrected by this procedure to give the total amount of hydrogen in the specimens at the end 

of hydrogen charging. 

 

4.3 Total Hydrogen Concentration 

The amount of diffusible hydrogen desorbed from the hydrogen charged specimen 

was obtained by performing a numerical integration (using ORIGIN 9) of the area below the 

desorption peaks at temperatures less than 300 oC. Table 3 summarizes the hydrogen 
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concentrations for the specimens charged in the 0.1 M NaOH and 0.1 M Na2SO4 solutions. 

Two hydrogen concentration values are presented in columns 4 and 5: (i) ‘as measured’, 

obtained via peak area integration of the whole hydrogen TDS-GU spectra and applying the 

corrected calibration curve (Fig. A2) and (ii) ‘as measured after H loss correction’ peak, 

calculated by adding the estimated amount of hydrogen lost during the 135 min pre-analysis 

dwell time to the hydrogen concentration corresponding to the 114 oC, then adding the 

hydrogen concentration corresponding to the two other peaks; i.e. at 160 oC and 210 oC. 

The total hydrogen concentration is given by the sum of the hydrogen associated with 

the peak at 114 °C plus the hydrogen associated with the peak at 160 °C plus the hydrogen 

associated with the peak at 210 °C. The hydrogen associated with the peak at 114 °C 

represents hydrogen so weakly trapped that it diffuses readily out of the specimen, thus the 

amount of hydrogen originally in the specimen was higher than that associated with the 

measured peak area, so this must be corrected as described. In contrast the other two peaks 

represent hydrogen much more deeply trapped, so that essentially no hydrogen was lost, and 

no correction was needed. Thus the total hydrogen originally in the specimen equals (the 

amount originally in the specimen associated with the 114 °C peak given by the measured 

114 °C peak corrected for hydrogen lost) plus (the amount originally in the specimen 

associated with the 160 °C peak given by the measured 160 °C peak which needs no 

correction for hydrogen lost) plus (the amount originally in the specimen associated with the 

210 °C peak given by the measured 210 °C peak which needs no correction for hydrogen 

lost). 

Fig. 11a presents a plot of the corrected hydrogen concentration for the 

electrochemically hydrogen charged specimens in the two electrolytes at different applied 

overpotentials, . The use of , instead of the applied potential, provides an appropriate basis 

for comparing the results for the two different solutions. These results indicated that: (i) the 

hydrogen content of the steel increased with increasing charging overpotential; and (ii) 

hydrogen charging in the 0.1 M Na2SO4 electrolyte (0.204 to 1.472 µg g-1) produced higher 

hydrogen concentrations in the steels than hydrogen charging in the 0.1 M NaOH solution 

(0.197 to 0.585 µg g-1). Fig. 11a presents lines drawn to show the trend in the measured 

values. Both curves had a knee in the trend. In the 0.1 M NaOH, the knee occurred at 0.55 V; 

whilst in the 0.1 M Na2SO4, this occurred at 0.62 V.  
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Fig. 11b compares the values of hydrogen concentration evaluated in the present 

study with the hydrogen concentration values evaluated by Liu et al. [87], from hydrogen 

permeation experiments [89]: (i) calculated directly from the experimental data, and (ii) as 

evaluated using the Oriani-Dong trapping model. The hydrogen measurements in the current 

study were typically somewhat higher than those measured by Liu et al. The difference 

between the values was highest at low overpotentials, decreased at more negative 

overpotentials, and disappeared for overpotentials above 0.7 V.    

Deconvolution of the diffusible hydrogen spectra indicated that only the 114 oC peak 

increased directly proportional to the applied overpotential. It is reasonable to assume that 

this trap was responsible for the diffusible hydrogen that effused at room temperature from 

the steel, because it was the weakest due to having the lowest peak temperature. Conversely, 

the traps at the higher temperatures (i.e. 160 oC and 210 oC) were associated with more-highly 

trapped hydrogen. Measurement of the area under the 114 oC peak gave the concentration of 

hydrogen associated with this trap.  

Table 3 includes the as measured and corrected hydrogen concentration 

corresponding to the 114 oC peak for the specimens charged in 0.1 M NaOH and 0.1 M 

Na2SO4 solutions.  Fig. 11c shows a plot of the diffusible hydrogen concentration, as 

measured using only the 114 oC peak and corrected for hydrogen egress, as a function of the 

overpotential in the two charging electrolytes. The hydrogen concentration of the steels 

charged in the acidic electrolyte was higher than those in the steel charged in the alkaline 

solution. There was no ‘knee’ in the data. The trend was defined by a single line. 

Table 4 presents the as-measured and corrected hydrogen concentrations of the 

hydrogen gas charged steels calculated using (i) the whole spectra and (ii) 114oC peak. There 

was a direct relationship between the charging pressure and the calculated hydrogen 

concentration. The measured values were all less than 0.9 µg g-1 (0.568 to 0.889 µg g-1), 

which were generally lower than those measured for the electrochemically charged steels in 

0.1 M NaOH or 0.1 M Na2SO4. 

Sieverts’ law indicates that the concentration of the dissolved hydrogen in a steel, C
H
, 

is proportional to the partial pressure, often expressed as fugacity, 𝑓H2
, [90]: 

𝐶H = 𝑆√𝑓H2
                                                                                                                             (6)  
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where S is the solubility constant, which is dependent on temperature and the type of steel. 

Fig. 12 presents a plot of all the corrected TDS-GU-measured hydrogen concentration values 

against the square root of hydrogen charging pressure, p1/2. The plot shows linearity 

consistent with Sieverts’ law. Section 4.7 develops a two-site model for Sieverts’ Law that explains 

the positive Y-intercept as the density of already filled hydrogen traps at room temperature. 

 

4.4 Hydrogen fugacity 

The information from the TDS-GU measurements can establish the relationship of 

charging potential to hydrogen fugacity. This begins with the regression line obtained from 

the plot of hydrogen concentration vs p1/2 (i.e. Fig. 12). This line establishes an empirical 

relationship between hydrogen concentration and hydrogen charging pressure. Therefore, the 

measured hydrogen concentrations of the electrochemically charged specimens may be 

superimposed on this line to determine the equivalent charging pressure. Fig. 13 shows the 

resulting curve. Fig. 13 used the regression line from Fig. 12, which used the corrected total 

hydrogen concentration from the integration of the TDS-GU spectra. Fig. 13 indicates that 

the equivalent charging pressures during electrochemical charging were higher than those 

present during gaseous charging. Section 4.7 provides a discussion of how this extrapolation 

is supported by the filling of the hydrogen traps as revealed by the TDS data. 

The final step is to match the derived equivalent pressures, from Fig. 13, to the 

corresponding charging potential. Fig. 14a presents the equivalent fugacity plotted against the 

charging overpotential, corresponding to the hydrogen concentrations derived from the whole 

TDS-GU hydrogen spectra. 

Fig. 14b compares the current results with past studies that similarly determined the 

equivalent fugacity during electrochemical charging for a low interstitial steel (i.e. pure Fe) 

by Liu et al. [82] and pure Armco iron from the data of Bockris et al. [91] as analysed by Liu 

et al. The values obtained from the data of Bockris et al. were the lowest among the three 

groups of measurements. The current study and Liu et al had contrasting results. We 

measured hydrogen concentrations for the 3.5NiCrMoV steel higher than for the low 

interstitial steel charged in 0.1 M Na2SO4; whilst Liu et al. measured hydrogen concentrations 

for the low interstitial higher than for the 3.5NiCrMoV steel charged in 0.1 M NaOH. This 

clearly indicates that details of the hydrogen evolution reaction are different on the surfaces 

of the different steels, a not unexpected result. 
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The National Institute of Standards and Technology (NIST) has produced an 

extensive data base regarding the equations of state (EOS) for hydrogen, including the 

isothermal density of hydrogen, ρ(p), for pressures up to 20 kbar. Using this NIST data, the 

hydrogen fugacity, f, can be related to the hydrogen pressure, p, by the following expression: 

𝑓 = 𝑓𝑜exp (
1

𝑅𝑇
∫

1

(𝑝)
d𝑝

𝑝

𝑝𝑜 )                      (7) 

where 𝑓𝑜 is the fugacity at the standard state, 𝑝𝑜 is the pressure at the same standard state, 

e.g. 𝑓𝑜 = 1 bar when 𝑝𝑜  = 1 bar; R is the gas constant, T is the absolute temperature; and the 

integration is carried out from the standard pressure 𝑝𝑜 up to the pressure of interest p. 

Sezgin et al. [92, 93] carried out this integration, and relate the hydrogen fugacity, f, 

to the hydrogen pressure, p, by the following expression: 

𝑓(𝑝) = 𝑝exp (
𝑝𝑏𝑜

𝑅𝑇
− 

𝑝2

𝑅𝑇
)                      (8) 

where 𝑏𝑜 = 1.4598 x 10-5 m3 mol-1, α = 1.955 x 10-15 m3 mol-1 Pa-1, R is the gas constant = 

8.314, T is the temperature in K, and f and p are expressed in Pa. This equation is valid for 

temperatures above 200 K and for the following hydrogen pressure range: 1 bar < p < 20 000 

bar. 

Fig. 15 provides a plot of Eq. (8) as the normalised hydrogen fugacity, that is the 

quantity (hydrogen fugacity/hydrogen pressure), plotted against the hydrogen pressure. Eq. 

(8) allows evaluation of values of hydrogen fugacity, f, for various values of the hydrogen 

pressure, p. Eq. (8) should be used rather than Fig. 15, because it is more precise. 

The right hand Y-axis of Figs. 14(a) and 14(b) present the values of hydrogen 

pressures corresponding to those values of the hydrogen fugacity on the left hand scale, using 

Eq. (8). 

 

4.5 Electrochemical charging  

The relevant peaks in the TDS-GU spectra of the 3.5NiCrMoV steel after 

electrochemical hydrogen charging were present at temperatures less than 300 oC.  While 

there is paucity in published TDS-GU spectra for 3.5NiCrMoV with which to compare the 

current results, the spectra from steels having the same martensitic microstructure may be 

relevant. Sun et al. [94] studied hydrogen trapping in 0Cr16Ni5Mo martensitic steel. At a 
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heating rate similar to that used in this study, they also measured hydrogen peaks only below 

300 oC, and at peak temperatures (e.g. 172 oC and 225 oC) similar to those measured in the 

current study. Despite an obvious difference in alloying content, the fact that similar TDS-

GU spectra were measured in that steel could indicate the strong influence of microstructure 

on hydrogen trapping. That is, the microstructure is more important than the composition. 

The nature of the trap site (e.g. dislocation, grain boundary, lath boundary, etc.) in the 

steel is not determinable in the present work, since it requires the measurement of trap 

activation energies, which requires performing measurements at multiple heating rates. On 

the other hand, Sun et al. [94] measured activation energies less than 22 kJ mol-1 in 

martensitic 0Cr16Ni5Mo, indicating that the principal traps were dislocations, crystal lattice 

sites and interfaces. It is also likely that these traps were similarly present in the 3.5NiCrMoV 

steel. 

Table 3 and Fig. 11 confirm that the hydrogen concentration of the steels increased 

with increasingly negative charging overpotential in both 0.1 M NaOH and 0.1 M Na2SO4 

electrolytes. This is consistent with expectations. Previous studies have confirmed the direct 

relationship of hydrogen fugacity to charging overpotential, and consequently to hydrogen 

concentration [81, 82].  

The relatively higher hydrogen uptake of the steels charged in the acidic Na2SO4 

solution is attributed to the details of the hydrogen evolution reaction in this electrolyte, but 

the study of these details is outside the scope of this study. 

The deconvoluted spectra in Fig. 3 and 5 revealed the hydrogen traps that were active 

during electrochemical charging. There were three distinct trap sites for charging in both 

electrolytes. The difference between the two methods was in the way these trap sites filled 

with changes in charging potential. The peak at 114 oC increased with increasingly negative 

potentials, regardless of the charging electrolyte. This indicated that this trapping mechanism 

was insensitive to the charging electrolyte. The behaviour of the other peaks (at 160 oC and 

210 oC) appeared to be somewhat affected by the type of electrolyte, but this could be related 

to the quality of the data. 

Fig. 11b indicated that there was reasonable agreement between the total hydrogen for 

the specimens charged in 0.1 M NaOH measured in this work with TDS-GU with that 

measured by Liu et al.[87] measured using hydrogen permeation. 
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4.6 Gaseous charging 

Table 4 and Fig. 12 indicated that hydrogen concentration, CH, in the 3.5NiCrMoV 

steel increased with increasing hydrogen-charging pressure. The linear relationship of CH 

versus p1/2 indicates that hydrogen dissolution in the steel during gaseous charging was 

consistent with Sieverts’ law. 

A comparison of the de-convoluted peaks in Fig. 8 and 3 revealed that only two 

hydrogen trap sites (corresponding to the TDS-GU peaks at 114 and 160 oC) were active 

during gas phase charging, in contrast with the three sites (corresponding to the TDS-GU 

peaks at 114, 160, 210 oC) present during electrochemical charging. Since the traps occurred 

at common temperatures, this means that the same type of hydrogen traps operated for both 

charging techniques. If the desorption temperature is directly related to trap activation energy 

value, the results suggest that gas charging could only activate lower energy traps; 

conversely, electrochemical charging could activate higher energy traps. This is consistent 

with the hydrogen fugacity associated with the two types of hydrogen charging. 

The ability for hydrogen to occupy high-energy traps in the steel would be related to 

the chemical potential of the hydrogen during charging as the hydrogen entered the steel 

lattice. This implies that the hydrogen formed during electrochemical charging had a higher 

chemical potential than the hydrogen present during gaseous charging. This is consistent with 

the higher equivalent fugacity/pressures during the electrochemical charging than in gaseous 

charging, as indicated by Fig. 13. 

 

4.7 Two-site model of Sieverts’ Law 

Sieverts’ Law may be derived by equating the chemical potentials of hydrogen in the 

gaseous and solid phases. Fukai [95] provides a summary of the relevant statistical mechanics 

and references. The chemical potential of gaseous hydrogen, of pressure (or fugacity) p, is 

approximately: 

𝜇H2
= 𝜀b + 𝑘B𝑇ln (

𝑝

𝑝0
)                                                                                                            (9) 
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where the ideal gas law has been assumed and b = –4.519 eV per hydrogen atom is the 

electronic energy relative to dissociated atoms. The thermodynamic reference pressure 

(fugacity) is: 

𝑝0 =
𝐼

ħ5 (
𝑚H2

2𝜋
)

3/2
(𝑘B𝑇)7/2                    (10) 

where 𝑚H2 is the molecular mass, ħ is the reduced Planck constant (
ℎ

2𝜋
) , and 𝐼H2 is the 

moment of inertia of the diatomic hydrogen molecule [96]. With T in kelvin and p in bar, 

then: 

𝑝0 ≈ (
𝑇

9.1312
)

7/2

                                                                                                                     (11) 

with a value of 2.033×105 bar at 300 K. 

To calculate the chemical potential of hydrogen in the steel, suppose that NH hydrogen 

atoms are distributed among Ns sites of which Nt are trap sites with site energy, 𝜀t = 𝜀s − ∆𝜀, 

compared to the energy s of the undisturbed sites. The undisturbed or normal interstitial sites 

are those occurring in the perfect crystal lattice. In simple BCC metals, hydrogen normally 

occupies tetrahedral interstices (two per cube face). Defining 0  , the trap site has the 

lower energy, with relative binding energy , and is preferentially occupied. The following 

treatment of the two-site problem broadly follows Fukai [95], but an error has been corrected 

concerning the chemical potential of hydrogen in the metal when the trap sites have been 

filled. Cannelli et al. [97] provides a more general treatment. Hydrogen-hydrogen (H–H) 

interactions are not included because the hydrogen concentrations of interest are in the ppm 

range. 

The hydrogen atoms are indistinguishable. It is assumed that only one hydrogen atom 

may occupy a given site. Therefore Fermi-Dirac statistics are used to distribute the hydrogen 

atoms over the two types of site: 

𝑁s−𝑁t

𝑒(𝜀s−𝜇)/𝑘𝑇+1
+

𝑁t

𝑒(𝜀s−∆𝜀−𝜇)/𝑘𝑇+1
= 𝑁H                                                                                         (12) 

where  is the chemical potential of hydrogen on a per-atom basis. The chemical potential is 

the same for all hydrogen atoms in equilibrium and is set by the external hydrogen pressure 

(fugacity), thus determining the site occupancies via Eq. (12). Introducing 𝑥 = 𝑁H/𝑁s and, 

𝑟 = 𝑁t/𝑁s, Eq. (12) becomes 
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1−𝑟

𝑒(𝜀s−𝜇)/𝑘𝑇+1
+

𝑟

𝑒(𝜀s−𝜇)/𝑘𝑇∙𝑒−∆𝜀/𝑘𝑇+1
= 𝑥                                                                          (13) 

Eq. (13) may be solved exactly for the chemical potential of H in the metal. Inspection of the 

terms allows the most important features of the –x relationship to be uncovered. 

At the lowest applied pressures, the trap sites fill preferentially, so the first term in Eq. 

(13) may be neglected, yielding 

𝜇 = 𝜀s − ∆𝜀 + 𝑘B𝑇log (
𝑥

𝑟−𝑥
)                                                                                          (14) 

which, when equated to the gaseous hydrogen chemical potential in Eq. (9), exhibits 

Sieverts’- Law behaviour below the maximum possible (trapped) hydrogen concentration r: 

𝑥 ≈ 𝑝0

−
1

2exp (
𝜀B
2

−𝜀s+∆𝜀

𝑘B𝑇
) 𝑝

1

2          (𝑥 = 𝑟)                                                                               (15) 

The terms multiplying 𝑝1/2 in Eq. (15) correspond to the Sieverts’ constant. The value of 

𝜀s − ∆𝜀 may be calculated from experimental isotherm data. 

When the pressure increases sufficiently that the trap sites are filled, the second term 

in Eq. (13) approaches r, yielding for the chemical potential of hydrogen in the metal 

𝜇 = 𝜀s + 𝑘B𝑇log (
𝑥−𝑟

(1−𝑟)−(𝑥−𝑟)
)                                                                                              (16) 

which leads to Sieverts’-Law behaviour when the hydrogen concentration is measured with 

respect to the trap concentration: 

𝑥 ≈ 𝑟 + 𝑝0

−
1

2exp (
𝜀B
2

−𝜀s

𝑘B𝑇
) 𝑝

1

2      (𝑟 < 𝑥 = 1)                                                                          (17) 

Therefore a finite intercept on the concentration axis of a √𝑝 versus x graph should 

occur at x = r, permitting a direct measurement of the trap density. Again, the terms 

multiplying 𝑝1/2 in Eq. (17) correspond to the Sieverts’ constant. The value of 𝜀s can be 

calculated from experimental isotherm data. Given data in a range of concentrations 

encompassing the regimes described by Eqs. (15) and (17) a value for  can be obtained. 

Eq. (12) can be extended to include further sites with different site energies. If the site 

energies are sufficiently different, Sieverts’ Law behaviour is expected in each concentration 

range in which a particular site is filling, with r in Eq. (17) representing the total amount of 

trapped hydrogen in sites with lower energy. 
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4.8 Analysis of Fig. 13 

The TDS analysis in Figs. 3, 5 and 8 indicated that there were three hydrogen traps 

active in the 3.5NiCrMoV steel. These were the hydrogen traps associated with the TDS 

peaks at 114 C, 160 C, and 210 C. Furthermore, increasing hydrogen fugacity caused (i) 

the filling of the traps associated with the 114 C TDS peak, for both gaseous hydrogen 

charging and electrolytic charging, and (ii) the traps associated with the 160 C and 210 C 

TDS peaks were full. 

Thus, Fig. 13 evidently corresponds to the situation modelled by Eq. (17), with the 

density of trap sites measured by the intercept on the concentration axis, 0.53 g g-1, 

corresponding to a density of already filled hydrogen traps, r = 30 ppm in atom terms. The 

TDS data indicates that these are the traps associated with the 160 C and 210 C TDS peaks. 

However, because there are no data available at hydrogen pressures below 1 bar, the number 

of types of trap site contributing to r is unknown from the Sieverts’ analysis.  

The Sieverts’ constant from Fig. 13 is K = 0.0272 µg g-1 bar-1/2  1.511x10-6 bar-1/2 in 

molar terms, and from Eq. (17), 𝜀s =
𝜀b

2
− ln(𝐾𝑝0

1/2
) =  −2.07 eV for the traps associated 

with the 114 C TDS peak. Comparing this value to that for the much better-known Pd–H2 

system, for which  𝜀s =  −2.35 eV [98], the value obtained here is reasonable for an 

interstitial solid solution that desorbs just above room temperature from reversible traps. 

Thus, the undisturbed sites may be confidently identified with the diffusible hydrogen TDS 

peak centred at 114 C, and the peaks at higher temperatures with stronger traps. This 

interpretation is supported by Fig. 8, in which the lower-temperature peak grows with 

increasing charging pressure and is mainly responsible for the Sieverts’ Law behaviour 

shown in Fig. 13. 

Thus, the interpretation of the equivalent charging pressure from Fig. 13 for the 

electrochemical charging is strongly supported by this analysis, because the filling of the 114 

C peak is the main cause of the Sieverts’ behavior over the whole range of Fig. 13, for both 

gas phase charging and electrochemical gas phase charging. 

There is nevertheless, the interpretation of the higher-temperature peak at 210 C in 

the TDS spectra after electrochemical charging. This TDS peak corresponds to a deeper trap, 
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thus it would be expected that this trap would be filled first, before filling of the traps with 

lower energy. Thus, the reason for that not being accessed by the gas-phase charging is 

unclear. It is possibly related to kinetics (diffusion pathways), since the free energy available 

in the electrochemical case is much higher, due to the higher hydrogen fugacity. It is also 

possible that this trap had a high activation energy, which would explain why it was not filled 

by lower-fugacity gas charging. 

 

4.9 Equivalent fugacity  

An aim of this study was to determine the relationship of hydrogen fugacity to 

charging potential during electrochemical charging. These relationships are presented in Fig. 

14a. These relationships can be used to predict hydrogen uptake, and hydrogen 

embrittlement, if data correlating hydrogen concentration to mechanical behaviour is 

available, for the 3.5NiCrMoV in applications that expose the steel to high-pressure 

hydrogen. This indicates that this aim of this study has been achieved. 

Fig. 14b indicates that the hydrogen fugacity–overpotential relationships for 

3.5NiCrMoV steel were somewhat different to those for the low interstitial steel measured by 

Liu et al [82]. This difference was attributed to differences in the details of the hydrogen 

evolution reaction of the surfaces of these steels. This indicates that there is some 

appreciation that the hydrogen charging behaviour depends on the steel being hydrogen 

charged. 

 

5. Conclusions  

A newly-designed, high-sensitivity TDS-GU was used to measure the amount of 

hydrogen in 3.5NiCrMoV steel after (i) electrochemical charging in 0.1 M NaOH and 0.1 M 

Na2SO4, and (ii) hydrogen charging in high pressure hydrogen. 

1. The hydrogen concentration in the steel increased with (i) increasingly negative charging 

potentials and (ii) increasing hydrogen gas pressure. This increase in hydrogen concentration 

was due to an increase in the hydrogen fugacity. 

2. The equivalent hydrogen fugacity versus charging over-potential was derived for 

3.5NiCrMoV steel charged in the two different electrolytes.  
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3. There was a difference in the diffusible hydrogen traps activated during electrochemical 

and gas phase charging, attributed to the difference in the hydrogen fugacity. 

4. A two-site model for Sieverts’ Law explained the positive Y-intercept as the density of 

already filled hydrogen traps at room temperature. 

5. The manner of filling of the lower energy trap sites as shown by TDS underpins the 

extrapolation of the Sieverts’ Law line from the gas phase charging data to the 

electrochemical hydrogen charging data. 

 

Appendix 

A.1 TDS-GU calibration 

Fig. A1 shows typical TDS-GU spectra obtained from the TDS-GU analysis of the 

two calibration standards. Fig. A2 shows the calibration curve obtained using (i) a nominal 1 

µg g-1 standards, (ii) two nominal 1 µg g-1 standards, (iii) a nominal 5 µg g-1 standards, and 

(iv) previously hydrogen degassed standards (that therefore contained no hydrogen) that had 

been exposed for some time to the laboratory atmosphere. The error bars indicate the 

statistical error in the measured hydrogen content of the standards.  

The results showed good linearity within the range of the certified values of the 

standards; i.e. from 0.9 µg g-1 to 5.3 µg g-1. The obtained linear relationship between the 

hydrogen content and the integrated peak area was expected to pass through the origin. 

However, there was a positive Y-intercept attributed to hydrogen from the decomposition of 

water adsorbed onto the surface of the hydrogen standards, as summarised below, and 

discussed in more detail in Tapia-Bastidas et al. [73]. This interpretation is supported by the 

measurements of standard specimens containing no hydrogen, after having been degassed in 

previous TDS-GU experiments, and having been exposed to the laboratory atmosphere. 

These measurements indicated hydrogen concentrations consistent with the Y-intercept of the 

line extrapolated from the certified hydrogen concentration of the commercial Leco hydrogen 

standards. 

To evaluate the actual hydrogen desorbed from a specimen, the calibration line 

needed to be corrected to offset the contribution from this adsorbed water. The corrected 

calibration line was obtained by drawing a parallel line that crossed the origin, as shown in 
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Fig. A2. This line was used to evaluate the hydrogen concentration values in all the tests 

described herein.    

 

A.2 Surface-adsorbed water 

Despite water adsorption on solid surfaces being well known [99], it has been 

common practice [69, 79, 100, 101] to load the sample for TDS examination immediately 

after electrochemical charging. A film of water on the specimen is to be expected. 

The following experiments examined the contribution of the adventitious water on the 

specimen surface to the hydrogen spectrum. Fig. A3 presents the TDS-GU spectra, measured 

with a ramp rate at 2 oC min-1, for a 5 µg g-1 LECO standard calibration pin for the following 

conditions: (i) as-received (A, squares), (ii) tested pin re-tested without exposure to the 

atmosphere (AO, triangles), (iii) tested pin re-tested after 1 min exposure to the atmosphere 

(A1, circles), (iv) tested pin re-tested after exposure to air for seven hours (A2, diamonds). 

Fig. A3a presents the hydrogen spectra. Fig. A3b presents the corresponding water spectra. 

Fig. A3a shows that the hydrogen spectrum of the as-received 5 µg g-1 LECO pin (A, 

squares) included a shoulder in the region around 340 C. This corresponds to a peak in the 

water signal, Fig. A3b. This extra hydrogen contribution is attributed to the hydrogen 

produced by the decomposition of water adsorbed on the specimen. This water was expected 

to be completely desorbed after a TDS-GU analysis. 

The next spectra (AO, triangles) was for the same pin, but without unloading the 

sample from the apparatus; and therefore without exposure to the atmosphere. The pin was 

expected to be completely desorbed of hydrogen and water, and indeed, the spectra (triangles, 

sample AO) show the absence of any peaks corresponding to hydrogen and water. The 

obtained spectra may be considered as a true instrumental background, with the rise at the 

highest temperature probably due to hydrogen desorbed from the quartz furnace tube.  

The next spectra (A1, circles) involved the pin removed from the TDS-GU, exposed 

to the laboratory atmosphere for 1 minute, and retested. Fig. A3b indicates a substantial 

increase in the water spectra, while the hydrogen spectra were just marginally higher, in 

specimen A1 (circles) relative to the AO spectra (triangles). The amount of water desorbed 

from A1 (triangles) was smaller (~40%) than that desorbed from the as-received pin (A, 

squares). 
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Finally, the same pin was exposed to laboratory atmosphere for 7 h and then re-tested 

(A2, diamonds), while the sample stage was kept under UHV condition. The resulting spectra 

of A2 (diamonds) showed that there was a considerable hydrogen spectra, which could be 

completely attributed to adsorbed water, since the specimen contained no hydrogen. 

Furthermore, the water signal was quite comparable to that of the fresh pin (A, squares).  

These results indicate the ease with which water adsorbs to the specimen surface and 

provides a considerable spurious hydrogen TDS-GU spectra at ~300 oC. Therefore the 

procedure adopted for TDS-GU measurements aimed to minimize the effect of water on the 

experimental results. 

 

A.3 Calibration and corrections 

The TDS-GU measurements required: (i) a proper calibration; (ii) consideration of the 

hydrogen from the adventitious water adsorbed on the specimen surface; and (iii) accounting 

for hydrogen lost between the end of hydrogen charging and the start of TDS-GU analysis. 

The calibration of the TDS-GU ensured accurate results within a hydrogen 

concentration range of 0 to 5.3 µg g-1. This range is suitable for the current work.  

The experiments to understand the effect of hydrogen from the adventitious water 

adsorbed on the surface of the test specimens lead to the following conclusions. Firstly, the 

UHV environment of the TDS-GU analysis chamber did not contribute to the water signal. 

This would be expected and is necessary to ensure that the TDS-GU yields reliable data. 

Secondly, the water contribution arose from exposure of the test specimens to the laboratory 

atmosphere. Thirdly, even brief exposures to the laboratory atmosphere lead to water 

contamination, and are enough to affect the resulting TDS-GU spectra. These conclusions 

highlight the necessity of minimizing contact between specimen and the atmosphere to 

minimize the size of the water peak. This statement similarly applies to the sample stage and 

holder. Some of the measures to control water adsorption included: (i) keeping a protective 

shroud of UHP nitrogen on the specimen during handling outside of the loading chamber; (ii) 

keeping the specimen holder in high vacuum at all times and minimizing unnecessary 

retrievals; and (iii) minimizing the process time between the charging/cleaning stage to the 

TDS-GU loading stage, (iv) a 120 min dwell-time in the loading chamber.   
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The current results lead to conclusions similar to those by Silvestri et al. [102] in their 

TDS-GU study of iridium mass standards. They found that water constituted the major 

component of the spectra obtained after the samples were cleaned following the 

recommended procedure [103] and then exposed to the laboratory atmosphere. Furthermore, 

they observed that the amount of adsorbed water increased with increasing exposure time. 

The third important correction was to account for the amount of desorbed hydrogen 

between the end of hydrogen charging and the start of TDS-GU analysis. The diffusion 

models proved that a considerable amount of hydrogen was indeed lost during the pre-

analysis stage. Depending on the hydrogen diffusion coefficient, specimen thickness, and 

dwell times, this loss could range from 10% to up to 40% of the total hydrogen in the 

specimen.   

There is an inherent conflict between (i) the requirement to increase the dwell time of 

the specimen in the vacuum of the TDS-GU to decrease the amount of adventitious water 

adsorbed on the surface of the test specimens, and (ii) this increased dwell time causing an 

increase loss of hydrogen from the specimen by diffusion. This conflict has not been 

addressed herein. 

There is also the issue that the present configuration of the TDS-GU is such that 

detection of hydrogen peaks at temperatures above about 250 oC may be problematical, 

because of the water peaks. This was not an issue in the present study because the 

measurements using the TDS-C showed that there were no hydrogen peaks in this 

temperature range. 

 

ACKNOWLEDGEMENTS 

This research is supported by an Australian Research Council Linkage Grant (LP0990522) 

and Alstom (Switzerland) Ltd; and by the Baosteel-Australia Joint Research & Development 

Centre (BAJC) Grant, BA13037, with linkage to Baoshan Iron and Steel Co., Ltd of China. 

Atrens wishes to express his thanks to Frédéric Christien, Krzysztof Wolski and David 

Delafosse for stimulating discussions, and for special studies program support to the Ecole 

Nationale Supérieure de Mines de Saint-Etienne, Saint-Étienne, France. Tom Depover and 

Kim Verbeken are grateful for BOF-UGent financing, grant number BOF15/BAS/06. 

  

ACCEPTED M
ANUSCRIP

T



Final.docx Page 29 of 61 

REFERENCES 

[1] M. Ball, M. Weeda, The hydrogen economy—Vision or reality?, in: M. Ball, A. Basile, 

T.N. Veziroğlu (Eds.) Compendium of Hydrogen Energy: Volume 4 Hydrogen Use, Safety 

and the Hydrogen Economy, Woodhead Publishing, Oxford, 2016, pp. 237-266. 

[2] J.R. Anstrom, Hydrogen as a fuel in transportation, in: A. Basile, A. Iulianelli (Eds.) 

Advances in Hydrogen Production, Storage and Distribution, Woodhead Publishing, 2014, 

pp. 499-524. 

[3] B.P. Somerday, C. San Marchi, Effects of hydrogen gas on steel vessels and pipelines, in: 

R.H. Jones, G.J. Thomas (Eds.) Materials for the Hydrogen Economy, CRC Press, FL, USA, 

2008, pp. 157-180. 

[4] R. Wurster, Hydrogen safety: An overview, in: M. Ball, A. Basile, T.N. Veziroğlu (Eds.) 

Compendium of Hydrogen Energy: Volume 4 Hydrogen Use, Safety and the Hydrogen 

Economy, Woodhead Publishing, Oxford, 2016, pp. 195-213. 

[5] Q. Liu, B. Irwanto, A. Atrens, Steels for the hydrogen economy, In Proceedings, in: L. Xu 

(Ed.) 5th Baosteel Biennial Academic Conference (BAC2013), Shanghai, China, June 2013. 

[6] Q. Liu, A. Atrens, A critical review of the influence of hydrogen on the mechanical 

properties of medium strength steels, Corros. Rev., 31 (2013) 85-104. 

[7] Automotive Applications Council. AHSS 101-The Evolving Use of Advanced High-

Strength Steels for Automotive Application. 2011. Available from http://www.autosteel.org. 

Accessed on April 20, 2014. 

[8] D.T. Llewellyn, R.C. Hudd, Steels Butterworth-Heinemann, Oxford, 1998. 

[9] S.K. Mandal, Steel Metallurgy: Properties, specifications and applications McGraw Hill 

Education Private Ltd, New Delhi, India, 2014. 

[10] M.C. Zhao, J.L. Li, Y.C. Zhao, X.F. Huang, J.Z. Li, A. Atrens, A novel heat treatment 

for excavator dipper teeth manufactured from low-carbon low-alloy steel, Steel Res. Int., 84 

(2013) 89-93. 

[11] E. Villalba, A. Atrens, Hydrogen Embrittlement and Rock Bolt Stress Corrosion 

Cracking, Eng. Fail. Anal., 16 (2009) 164-175. 

[12] E. Villalba, A. Atrens, SCC of commercial steels exposed to high hydrogen fugacity, 

Eng. Fail. Anal., 15 (2008) 617-641. 

[13] E. Gamboa, A. Atrens, Material influence on the stress corrosion cracking of rock bolts, 

Eng. Fail. Anal, 12 (2005) 201-235. 

[14] S. Ramamurthy, A. Atrens, Stress corrosion cracking of high-strength steels, Corros. 

Rev., 31 (2013) 1-31. 

[15] A. Oehlert, A. Atrens, SCC Propagation in Aermet 100, J. Mater. Sci. , 33 (1998) 775-

781. 

[16] A. Atrens, Z.F. Wang, ESEM observations of SCC initiation for 4340 high strength steel 

in distilled water, J Mater. Sci., 33 (1998) 405-415. 

[17] R.M. Rieck, A. Atrens, I.O. Smith, The Role of Crack Tip Strain Rate in the Stress 

Corrosion Cracking of High Strength Steels in Water, Met. Trans, 20A (1989) 889-895. 

[18] D. Pérez Escobar, T. Depover, E. Wallaert, L. Duprez, M. Verhaege, K. Verbeken, 

Thermal desorption spectroscopy study of the interaction between hydrogen and different 

microstructural constituents in lab cast Fe–C alloys, Corros. Sci., 65 (2012) 199-208. 

[19] T. Depover, O. Monbaliu, E. Wallaert, K. Verbeken, Effect of Ti, Mo and Cr based 

precipitates on the hydrogen trapping and embrittlement of Fe-C-X Q&T alloys, Int. J. 

Hydrogen Energ., 40 (2015) 16977-16984. 

[20] D. Pérez Escobar, C. Miñambres, L. Duprez, K. Verbeken, M. Verhaege, Internal and 

surface damage of multiphase steels and pure iron after electrochemical hydrogen charging, 

Corros. Sci., 53 (2011) 3166-3176. 

ACCEPTED M
ANUSCRIP

T

http://www.autosteel.org/


Final.docx Page 30 of 61 

[21] J. Venezuela, Q. Liu, M. Zhang, Q. Zhou, A. Atrens, The influence of hydrogen on the 

mechanical and fracture properties of some martensitic advanced high strength steels studied 

using the linearly increasing stress test, Corros. Sci., 99 (2015) 98-117. 

[22] J. Venezuela, Q. Liu, M. Zhang, Q. Zhou, A. Atrens, A review of hydrogen 

embrittlement of martensitic advanced high-strength steels, Corros. Rev., 34 (2016) 153-186. 

[23] J. Venezuela, Q. Zhou, Q. Liu, M. Zhang, A. Atrens, Influence of hydrogen on the 

mechanical and fracture properties of some martensitic advanced high strength steels in 

simulated service conditions, Corros. Sci., 111 (2016) 770–785. 

[24] Q. Liu, Q. Zhou, J. Venezuela, M. Zhang, A. Atrens, Hydrogen Concentration in Dual‐

Phase (DP) and Quenched and Partitioned (Q&P) Advanced High‐Strength Steels (AHSS) 

under Simulated Service Conditions Compared with Cathodic Charging Conditions, Adv. 

Engg. Mater., DOI: 10.1002/adem.201600217 (2016). 

[25] Q. Liu, J. Venezuela, M. Zhang, Q. Zhou, A. Atrens, Hydrogen trapping in some 

advanced high strength steels, Corros. Sci., 111 (2016) 770-785. 

[26] Q. Liu, Q. Zhou, J. Venezuela, M. Zhang, J.Wang, A. Atrens, A review of the influence 

of hydrogen on the mechanical properties of DP, TRIP, and TWIP advanced high-strength 

steels for auto construction, Corros. Rev., 34 (2016) 127-152. 

[27] T. Depover, E. Wallaert, K. Verbeken, Fractographic analysis of the role of hydrogen 

diffusion on the hydrogen embrittlement susceptibility of DP steel, Mater. Sci. Eng. A, 649 

(2016) 201-208. 

[28] T. Depover, D. Escobar, E. Wallaert, Z. Zermout, K. Verbeken, Effect of hydrogen 

charging on the mechanical properties of advanced high strength steels, Int. J. Hydrogen 

Energ., 39 (2014) 4647-4656. 

[29] D. Pérez Escobar, T. Depover, L. Duprez, K. Verbeken, M. Verhaege, Combined 

Thermal Desorption Spectroscopy, Differential Scanning Calorimetry, Scanning Electron 

Microscopy and X-ray Diffraction study of hydrogen trapping in cold deformed TRIP steel, 

Acta Mater., 60 (2012) 2593-2605. 

[30] A. Laureys, T. Depover, R.Petrov, K. Verbeken, Characterization of hydrogen induced 

cracking in TRIP-assisted steels, Int. J. Hydrogen Energ., 40 (2015) 16901–16912. 

[31] A. Laureys, T. Depover, R.Petrov, K. Verbeken, Microstructural characterization of 

hydrogen induced cracking in TRIP-assisted steel by EBSD, Mater. Charact., 112 (2016) 

169-179. 

[32] T. Depover, E. Wallaert, K. Verbeken, On the synergy of diffusible hydrogen and 

hydrogen diffusivity in the mechanical degradation of laboratory cast Fe-C alloys, Mater. Sci. 

Eng. A, 664 (2016) 195-205. 

[33] S. Ramamurthy, W.M.L. Lau, A. Atrens, Influence of the applied stress rate on the stress 

corrosion cracking of 4340 and 3.5NiCrMoV steels under conditions of cathodic hydrogen 

charging. , Corros. Sci., 53 (2011) 2419-2429. 

[34] S. Ramamurthy, A. Atrens, The influence of applied stress rate on the stress corrosion 

cracking of 4340 and 3.5NiCrMoV steels in distilled water at 30 °C, Corros. Sci., 52 (2010) 

1042-1051. 

[35] J.Q. Wang, A. Atrens, D.R. Cousens, P.M. Kelly, C. Nockolds, S. Bulcock, 

Measurement of grain boundary composition for X52 pipeline steel, Acta Mater., 46 (1998). 

[36] H. Lukito, Z. Szklarska-Smialowska, Susceptibility of medium-strength steels to 

hydrogen-induced cracking, Corros. Sci., 39 (1997) 2151-2169. 

[37] A. Oehlert, A. Atrens, Environmental Assisted Fracture For 4340 Steel in Water and Air 

of Various Humidities, J Mater. Sci., 32 (1997) 6519-6523. 

[38] A. Oehlert, A. Atrens, Initiation and Propagation of Stress Corrosion Cracking in AISI 

4340 and 3.5NiCrMoV Rotor Steel in Constant Load Tests, Corros. Sci., 38 (1996) 1159-

1170. 

ACCEPTED M
ANUSCRIP

T



Final.docx Page 31 of 61 

[39] S. Ramamurthy, A. Atrens, The Stress Corrosion Cracking of As-Quenched 4340 and 

3.5NiCrMoV Steels Under Stress Rate Control in Distilled Water at 90C Corros. Sci., 34 

(1993) 1385-1402. 

[40] N.N. Kinaev, D.R. Cousens, A. Atrens, The Crack Tip Strain Field of AISI 4340 Part III 

Hydrogen Influence, J Mater. Sci. , 34 (1999) 4931-4936. 

[41] S. Lynch, Hydrogen embrittlement phenomena and mechanisms, Corros. Rev., 30 

(2012) 105-123. 

[42] M. R. Louthan Jr, Hydrogen Embrittlement of Metals: A Primer for the Failure Analyst, 

J Fail. Anal. and Preven., 8 (2008) 289-307. 

[43] H. Bhadeshia, Prevention of Hydrogen Embrittlement in Steels, ISIJ Int., 56 (2016) 24–

36. 

[44] K. Xu, Hydrogen embrittlement of carbon steels and their welds, in: R.P. Gangloff, B.P. 

Somerday (Eds.) Gaseous hydrogen embrittlement of materials in energy technologies, 

Woodhead Publishing, 2012, pp. 526-558. 

[45] L. Moli-Sanchez, F. Martin, E. Leunis, L. Briottet, P. Lemoine, J. Chêne, Comparison of 

the tensile behavior of a tempered 34CrMo4 steel exposed in situ to high pressure H2 gas or 

to cathodic H charging, in:  SteelyHydrogen2014 Conference, Gent, Belgium, 2014, pp. 448–

461. 

[46] J. Capelle, J. Gilgert, I. Dmytrakh, G. Pluvinage, Sensitivity of pipelines with steel API 

X52 to hydrogen embrittlement, Int. J Hydrogen Energ., 33 (2008) 7630-7641. 

[47] W. Dietzel, A. Atrens, A. Barnoush, Mechanics of modern test methods and 

quantitative-accelerated testing for hydrogen embrittlement, in: R.P. Gangloff, B.P. 

Somerday (Eds.) Gaseous hydrogen embrittlement of materials in energy technologies, 

Woodhead Publishing Limited, 2012, pp. 237-273. 

[48] Q. Liu, B. Irwanto, A. Atrens, The Influence of Hydrogen on 3.5NiCrMoV steel studied 

using the linearly increasing stress test, Corros. Sci., 67 (2013) 193-203. 

[49] Q. Liu, B. Irwanto, A. Atrens, Influence of hydrogen on the mechanical properties of 

some medium-strength Ni–Cr–Mo steels, Mater. Sci. Eng. A, 617 (2014) 200-210. 

[50] L. S. Darken, R. P. Smith, Behavior of Hydrogen in Steel During and After Immersion 

in Acid, Corrosion, 5 (1949) 1. 

[51] R. Gibala, A.J. Kumnick, Hydrogen trapping in iron and steel, in: R.F.H. R Gibala (Ed.) 

Hydrogen embrittlement and stress corrosion cracking: A Troiano Festschriff ASM, Ohio, 

1985, pp. 61-77. 

[52] A.H.M. Krom, A. Bakker, Hydrogen trapping models in steel, Metall. Mater. Trans. B, 

31 (2000) 1475-1482. 

[53] I.M. Bernstein, G.M. Pressouyre, The role of traps in the microstructural control of 

hydrogen embrittlement of steels, in: R.A. Oriani, J.P. Hirth, M. Smialowski (Eds.) Hydrogen 

degradation of ferrous alloys, Noyes Publication, New Jersey, USA, 1985, pp. 641-685. 

[54] I. M. Bernstein, R. Garber, G. M. Pressouyre, Effect of Hydrogen on Behavior of 

Materials, in: A.W. Thompson, I.M. Bernstein (Eds.) Effect of hydrogen on behavior of 

materials, TMS-AIME, New York, 1976, pp. 37. 

[55] R.L.S. Thomas, J.R. Scully, R.P. Gangloff, Internal hydrogen embrittlement of 

ultrahigh-strength AerMet®100 steel, Metall. Trans. A, 34A (2003) 327-344. 

[56] G.M. Pressouyre, I.M. Bernstein, A quantitative analysis of hydrogen trapping, Metall. 

Trans. A, 9A (1978) 1571-1580. 

[57] R.P. Gangloff, Hydrogen assisted cracking of high strength alloys, in: I. Milne, R.O. 

Ritchie, B. Karihaloo (Eds.) Comprehensive structural integrity Vol. 6, Environmentally 

Assisted Fracture, Elsevier, 2003, pp. 31 - 101. 

[58] T. Depover, E. Wallaert, K. Verbeken, Hydrogen trapping and hydrogen induced 

mechanical degradation in lab cast Fe-C-Cr alloys, Mater. Sci. Eng. A, 669 (2016) 134-149. 

ACCEPTED M
ANUSCRIP

T



Final.docx Page 32 of 61 

[59] T. Depover, K. Verbeken, The effect of TiC on the hydrogen induced ductility loss and 

trapping behavior of Fe-C-Ti alloys, Corros. Sci., 112 (2016) 308-326. 

[60] T. Depover, K. Verbeken, Evaluation of the effect of V4C3 precipitates on the hydrogen 

induced mechanical degradation in Fe-C-V alloys, Mater. Sci. Eng. A, 675 (2016) 299-313. 

[61] T. Depover, K. Verbeken, Evaluation of the role of Mo2C in hydrogen induced ductility 

loss in Q&T Fe-C-Mo alloys, Int. J. Hydrogen Energ., 41 (2016) 14310-14329. 

[62] D. Perez Escobar, K. Verbeken, L.Duprez, M. Verhaege, On the methodology of 

Thermal Desorption Spectroscopy to evaluate hydrogen embrittlement, Mater. Sci. Forum, 

706-709 (2012) 2354-2359. 

[63] K. Verbeken, Analysing hydrogen in metals: bulk thermal desorption spectroscopy 

(TDS) methods, in: R.P. Gangloff, B.P. Somerday (Eds.) Gaseous HE of Materials in Energy 

Technologies: Mechanisms, Modelling and Future Development, Woodhead Pub., 2012, pp. 

27-55. 

[64] K. Bergers, E. Camisao de Souza, I. Thomas, N. Mabho, Determination of Hydrogen in 

Steel by Thermal Desorption Mass Spectrometry, J. Flock.  Steel Research Int., 81 (2010). 

[65] E. Tal-Gutelmacher, D. Eliezer, E. Abramov, Thermal desorption spectroscopy (TDS)—

Application in quantitative study of hydrogen evolution and trapping in crystalline and non-

crystalline materials, Mater. Sci. Eng. A, 445-446 (2007) 625-631. 

[66] M. Nagumo, M. Nakamura, K. Takai, Hydrogen thermal desorption relevant to delayed-

fracture susceptibility of high-strength steels, Metall. Mater. Trans. A, 32A (Feb 2001) 339. 

[67] M. Nagumo, T. Yagi, H. Saitoh, Deformation-induced defects controlling fracture 

toughness of steel revealed by tritium desorption behaviors. , Acta Mater., 48 (February 

2000) 943–951. 

[68] D. Perez Escobar, K. Verbeken, L. Duprez, M. Verhaege, Evaluation of hydrogen 

trapping in high strength steels by thermal desorption spectroscopy, Mater. Sci. Eng. A., 551 

(2012) 50- 58. 

[69] D. Pérez Escobar, E. Wallaert, L. Duprez, A. Atrens, K. Verbeken, Thermal desorption 

spectroscopy study of the interaction of hydrogen with TiC precipitates Met. Mater. Int., 19 

(2013) 741-748. 

[70] M. Wang, E. Akiyama, K. Tsuzaki, Effect of hydrogen on the fracture behavior of high 

strength steel during slow strain rate test, Corros. Sci.  , 49 (2007) 4081. 

[71] D. Pérez Escobar, L. Duprez, A. Atrens, K. Verbeken, Influence of experimental 

parameters on thermal desorption spectroscopy measurements during evaluation of hydrogen 

trapping, J. Nucl. Mater., 450 (2014) 32-41. 

[72] E. Wallaert, T. Depover, M.A. Arafin, K. Verbeken, Thermal desorption spectroscopy 

evaluation of the hydrogen trapping capacity of NbC and NbN precipitates, Metall. Mater. 

Trans. A, 45 (2014) 2412-2420. 

[73] C.V. Tapia-Bastidas, A. Atrens, E.MacA. Gray, CV Tapia-Bastidas, A Atrens, E.MacA. 

Gray. Thermal desorption spectrometer for measuring wt ppm concentrations of trapped 

hydrogen. in press. 

[74] S. Smith, J. Scully, The identification of hydrogen trapping states in an Al-Li-Cu-Zr 

alloy using thermal desorption spectroscopy, Metall. Mater. Trans. A, 31 (2000) 179-193. 

[75] D. Pérez Escobar, E. Wallaert, L. Duprez, A. Atrens, K. Verbeken, Thermal desorption 

spectroscopy study of the interaction of hydrogen with TiC precipitates, Met Mater Int, 19 

(2013) 741-748. 

[76] D. Pérez Escobar, L. Duprez, A. Atrens, K. Verbeken, Thermal desorption spectroscopy 

study of experimental Ti/S containing steels, Mater. Sci. Technol., 29 (2013) 261-267. 

[77] D. M. Li, R. P. Gangloff, J. R. Scully, Hydrogen trap states in ultrahigh-strength 

AERMET 100 steel, Metall Mater Trans A, 35A (2004) 849-864. 

ACCEPTED M
ANUSCRIP

T



Final.docx Page 33 of 61 

[78] R. L. S. Thomas, D. M. Li, R. R. Gangloff, J. R. Scully, Trap-governed hydrogen 

diffusivity and uptake capacity in ultrahigh-strength AERMET 100 steel, Metall Mater Trans 

A, 33 (2002) 1991-2004. 

[79] H. Dogan, D. Li, J.R. Scully, Controlling Hydrogen Embrittlement in Precharged 

Ultrahigh-Strength Steels, Corrosion, 63 (2007) 689-703. 

[80] J.O.M. Bockris, P.K. Subramanyan, The equivalent pressure of molecular hydrogen in 

cavities within metals in terms of the overpotential developed during the evolution of 

hydrogen, Electrochim Acta, 16 (1971) 2169-2179. 

[81] A. Atrens, D. Mezzanote, N. Fiore, M. Genshaw, Electrochemical studies of hydrogen 

diffusion and permeability in Ni, Corros. Sci., 20 (1980) 673-684. 

[82] Q. Liu, A. Atrens, Z. Shi, K. Verbeken, A. Atrens, Determination of the hydrogen 

fugacity during electrolytic charging, Corros. Sci., 87 (2014) 239-258. 

[83] J.O.M. Bockris, J. McBreen, L. Nanis, The Hydrogen Evolution Kinetics and Hydrogen 

Entry into a-Iron, J Electrochem. Soc., 112 (1965) 1025-1031. 

[84] F.G. Wei, K. Tsuzaki, Quantitative analysis on hydrogen trapping of TiC particles in 

steel, Metall. Mater. Trans. A, 37 (2006) 331-353. 

[85] D. Nolan, M. Pitrun, Diffusible Hydrogen Testing in Australia, Weld World, 48 (2004) 

14-20. 

[86] M. Pourbaix, Atlas of electrochemical equilibria in aqueous solutions (English edition), 

Pergamon press, Oxford, 1966. 

[87] Q. Liu, A. Atrens, Reversible hydrogen trapping in a 3.5NiCrMoV medium strength 

steel, Corros. Sci., 96 (2015) 112-120. 

[88] R.W. Balluffi, S.M. Allen, W.C. Carter, Kinetics of Materials, John Wiley and Sons, 

Hoboken, NJ, 2005. 

[89] M.A.V. Devanathan, Z.Stachurski, The absorption and diffusion of electrolytic hydrogen 

in palladium, Proc. Royal Soc., A270 (1962) 90-102. 

[90] C. K. Gupta, Chemical metallurgy: principles and practice, Wiley-VCH, 2003. 

[91] J.M. Bockris, P.K. Subramanyan, The equivalent pressure of molecular hydrogen in 

cavities within metals in terms of the overpotential developed during the evolution of 

hydrogen., Electrochim. Acta, 16 (1971) 2169-2179. 

[92] J.B. Sezgin, C. Bosch, A. Montouchet, G. Perrin, K. Wolski, Modelling of hydrogen 

induced pressurization of internal cavities, Int. J. Hydrogen Energ. in press. 

[93] J.B. Sezgin, Modelization de la formation des decohesions dues a l’hydrogren dans 

l’acier 18MND5, These de doctorate de l’universite de Lyon (No 488), in, L’Ecole des mines 

des Saint-Etienne, 2017. 

[94] Y. Sun, J. Chen, J. Liu, Hydrogen trapping in high strength 0Cr16Ni5Mo martensitic 

stainless steel, J Cent. South Univ., 22 (2015) 4128-4136. 

[95] Y. Fukai, The Metal–Hydrogen System, Basic Bulk Properties, Springer-Verlag, Berlin, 

Germany, 1993. 

[96] L.D. Landau, E.M. Lifshitz, Statistical Physics, Addison-Wesley, Reading, 

Massachusetts, 1969. 

[97] G. Cannelli, R. Cantelli, F. Cordero, Statistical model for the trapping of interstitials by 

substitutional (interstitial) atoms in solids, Phys. Rev. B 32 (1985) 3573-3579. 

[98] E. Wicke, G.H. Nernst, Zustandsdiagramm und thermodynamisches Verhalten der 

Systeme Pd/H2 und Pd/D2 bei normalen Temperaturen; H/D-Trenneffekte, Ber. Bunsenges. 

Phys. Chem., 68 (1964) 224–235. 

[99] M. Li, H.F. Dylla, Model for the outgassing of water from metal surfaces, J Vac. Sci. 

Technol. A, 11 (1993) 1702-1707. 

ACCEPTED M
ANUSCRIP

T



Final.docx Page 34 of 61 

[100] R.L.S. Thomas, D. Li, R.P. Gangloff, J.R. Scully, Trap-governed hydrogen diffusivity 

and uptake capacity in ultrahigh-strength AERMET 100 steel, Metall. Mater. Trans. A, 33 

(2002) 1991-2004. 

[101] D.M. Li, R.P. Gangloff, J.R. Scully, Hydrogen trap states in ultrahigh-strength 

AERMET 100 steel, Metall. Mater. Trans. A, 35 (2004) 849-864. 

[102] Z. Silvestri, S. Azouigui, S. Bouhtiyya, S. Macé, M.D. Plimmer, P. Pinot, F. Tayeb-

Chandoul, R. Hannachi, Thermal desorption mass spectrometer for mass metrology, Rev. Sci. 

Instrum., 85 (2014) 045111. 

[103] G. Girard, The Washing and Cleaning of Kilogram Prototypes at the BIPM, Bureau 

International des Poids et Mesures: Pavillon de Breteuil, (1990). 

 

  

ACCEPTED M
ANUSCRIP

T



Final.docx Page 35 of 61 

Fig. 1a. Schematic of the thermal desorption spectroscopy (TDS-GU) apparatus. The TDS 

apparatus allows measurement of the amount of hydrogen evolved from a specimen, as the 

specimen is heated in ultra-high vacuum at a constant rate from room temperature to 870 °C 

 

 

Fig. 1b. Schematic of the thermal desorption spectroscopy (TDS-C) apparatus 
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Fig. 2. TDS-GU spectra of 3.5NiCrMoV specimens electrochemically charged at 

different potentials in 0.1M NaOH at 25 °C for 24 h. Specimens were discs, 8 mm in diam x 

2.5 mm in thickness, prepared by water jet cutting from a round bar, and polished to 1 μm 

diamond. 
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Fig. 3. Numerical fitting performed using three Gaussian peaks for the diffusible hydrogen 

(30°C<T<300°C) of the TDS-GU spectra of 3.5NiCrMoV specimens electrochemically 

charged at different potentials in 0.1M NaOH 
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Fig. 4. TDS-GU spectra of 3.5NiCrMoV specimens electrochemically charged at 

different potentials in 0.1M Na2SO4 solution at 25 °C for 24 h. Specimens were discs, 8 mm 

in diam x 2.5 mm in thickness, prepared by water jet cutting from a round bar, and polished 

to 1 μm diamond. 
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Fig. 5. Numerical fitting performed using three Gaussian peaks for the diffusible 

hydrogen (30°C<T<300°C) of the TDS-GU spectra of 3.5NiCrMoV specimens 

electrochemically charged at the stated potentials in 0.1M Na2SO4 solution. 
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Fig. 6a. TDS-C spectra for 3.5NiCrMoV steel, freshly polished to 1 μm diamond, and 

cathodically hydrogen charged in 0.1 M NaOH at the stated potentials for 24 h. Specimens 

were discs, 8 mm in diam x 2.5 mm in thickness, prepared by water jet cutting from a round 

bar, and polished to 1 μm diamond. 
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Fig. 6b. TDS-C spectra for 3.5NiCrMoV steel, freshly polished to 1 μm diamond, and 

cathodically hydrogen charged in 0.1 M NaOH at -2.2 V for 24 h, without and with the 

presence of 1.0 g L-1 thiourea in the solution. Specimens were discs, 8 mm in diam x 2.5 mm 

in thickness, prepared by water jet cutting from a round bar, and polished to 1 μm diamond 
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Fig. 7. TDS-GU spectra of 3.5NiCrMoV specimens charged in gaseous hydrogen at different 

hydrogen pressures (2, 20, 80  and 200 bar) for 24 h. Specimens were discs, 8 mm in diam x 

2.5 mm in thickness, prepared by water jet cutting from a round bar, and polished to 1 μm 

diamond 
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Fig. 8. Numerical fitting performed using two Gaussian peaks for the diffusible hydrogen 

(30°C<T<300°C) TDS-GU spectra of 3.5NiCrMoV specimens charged in gaseous hydrogen 

at different hydrogen pressures 
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Fig. 9. Plot showing the fraction of hydrogen remaining in a plate of uniform thickness as a 

function of time, thickness, and hydrogen diffusion coefficient, D. Specimen thickness of 2.6 

mm (full symbols) and 0.8 mm (open symbols) were used. The values of D ranged from 3.8 x 

10-7 cm2 s-1 to 1.3 x 10-6 cm2 s-1. A vertical line can drawn at any specified time, and the 

intersection of the line to the curve represents the fraction of hydrogen remaining in the 

specimen at that time 
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Fig. 10. The plot of fraction of hydrogen remaining in the specimen versus time as a function 

of specimen thickness obtained by accounting for trap effects on hydrogen effusion. Two 

different values of the effective hydrogen diffusion coefficient, Deff, was used:  Deff = 1.3 x 

10-6 cm2 s-1 at t < 5 min and Deff = 3.8 x 10-7 cm2 s-1 at t > 5 min. The vertical line drawn at 

135 min corresponds to the total pre-analysis or dwell time of the specimen. The intersections 

of the vertical line to the two curves give an estimate of the remaining hydrogen in the steel; 

i.e. 0.83 and 0.46 for a specimen of thickness of L = 2.6 mm and L = 0.8 mm, respectively 
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Fig. 11a. Plot of  the total hydrogen concentration of 3.5NiCrMoV (open symbols) charged 

in 0.1M NaOH and 0.1M Na2SO4 at different overpotentials, .  The hydrogen concentrations 

were calculated by an integration of the  area under the corresponding TDS-GU curves and 

corrected for hydrogen egress during pre-analysis dwell time 

 

 

Fig. 11b. The total hydrogen concentration for 3.5NiCrMoV specimens 

electrochemically charged in 0.1M NaOH plotted against the applied overpotential, obtained 

from (lines are drawn to underscore trends) : (i) current study using the TDS-GU (full line), 

(ii) measured by Liu et al [87] (wide dash lines) and (iii) predicted using the Oriani-Dong 

model [87] (fine dash lines). 
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Fig. 11c. The plot of hydrogen concentration, obtained by numerical fitting of the peak 

at T=114°C and correcting for  hydrogen loss, versus the overpotential for the 3.5NiCrMoV 

specimens electrochemically charged in (lines drawn to highlight trend): (i) 0.1M NaOH (full 

line) and 0.1M Na2SO4 (dash line). TDS-GU measurements 
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Fig. 12. Total hydrogen concentration for 3.5NiCrMoV specimens charged in gaseous 

hydrogen plotted against the square root of the charging pressure. The total hydrogen 

concentration was evaluated by integration of the TDS-GU peaks and corrected for hydrogen 

egress during pre-analysis dwell time. A two-site model for Sieverts’ Law explained the 

positive Y-intercept as the density of already filled hydrogen traps at room temperature 
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Fig. 13. Total hydrogen concentration of the 3.5NiCrMoV specimens charged 

electrochemically with hydrogen plotted to fit the regression line for charging in gaseous 

hydrogen. The total hydrogen concentration is evaluated from the integration of the TDS-GU 

spectra and taking into account the hydrogen egress from the specimen. The manner of filling 

of the lower energy trap sites as shown by TDS underpins the extrapolation of the Sieverts’ 

Law line from the gas phase charging data to the electrochemical hydrogen charging data 
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Fig. 14a.The plot of equivalent fugacity as a function of the overpotential during 

charging of 3.5NiCrMoV steel in two different electrolytes. The data for this plot is derived 

from the total hydrogen concentration evaluated from the integration of the TDS spectra and 

corrected for hydrogen egress from the specimen. The right hand scale provides the hydrogen 

pressure related to the hydrogen fugacity. 

 

Fig. 14b.  Plot of fugacity versus charging overpotential comparing current results 

(3.5NiCrMoV, TDS-GU) against the results of past studies: (i) Liu et al.(low interstitial steel) 

[82] and (ii) Bockris et al. [91] (Armco iron). The right hand scale provides the hydrogen 

pressure related to the hydrogen fugacity. 
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Fig. 15.  The relationship between the normalised hydrogen fugacity, that is the 

quantity (hydrogen fugacity/hydrogen pressure), plotted against hydrogen pressure, based on 

the evaluation by Sezgin et al [92,93], of the equation of state (EOS) data produced by the 

National Institute of Standards and Technology (NIST), in particular, the isothermal density 

of hydrogen, ρ(p), for pressures up to 20 kbar. 
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Fig. A1. Typical TDS-GU spectra of the hydrogen calibration standards,  shown as a plot of 

the measured hydrogen partial pressure against temperature. TDS-GU measurements 
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Fig. A2. The amount of hydrogen measured by the TDS-GU plotted against the known 

amount of hydrogen contained in calibration standards: (i) 1 µg/g, (ii) 5 µg/g and (iii) 2 x 1 

µg/g . Adventitious water on the specimen surface can increase the measured  hydrogen, as 

seen in the uncorrected calibration curve (dash line). The corrected calibration curve (solid 

line), which excludes the effect of surface-adsorbed water, is obtained by  drawing a line that 

crosses the origin and parallel to the uncorrected line 
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Fig. A3. a) Hydrogen and the b) corresponding water spectra for a 5 µg/g LECO 

calibration pin tested (i) as received while stored in atmosphere (squares); (ii) the same pin 

re-tested after desorption, without exposure to atmosphere (triangles); (iii) the same pin re-

tested after 1 min of exposure (circles); (iv) the same pin re-tested after exposure to air for 

seven hours (diamonds). Note the increase in sensitivity by a factor 10 between hydrogen and 

water spectra. TDS-GU measurements. 
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Table 1 TDS parameter settings used during calibration and specimen analysis. 

PARAMETER CONDITION REMARKS 

Heating Ramp 2 °C/min --- 

Max Temperature 870 °C --- 

Dwell time in Loading 

chamber 
120 min 

A stream of UHP nitrogen is used to shroud specimen when 

exposed to atmosphere 

Stabilization time in       

Analysis Chamber 
15 min 

To account for the pressure difference between the analysis 

chamber and loading chamber 

Gate Valve Position GV30 30% open 

Sample Holder Status Clean 
To ensure cleanliness, sample holder was in vacuum for 4 hours at 

870 C 
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Table 2 Chemical composition (wt%) of 3.5NiCrMoV from two independent determinations, 

and two measurements of the mechanical properties in area [48]. 

Steel Composition, wt% Yield strength, 

MPa 

Tensile strength, 

MPa 

Reduction of 

Area, % 

C Ni Cr Mo V Mn Si S P Cu    

3.5NiCrMoV 0.22 2.77 1.67 0.43 0.09 0.23 0.08 0.01 0.01 0.09 650 770 79 

 0.21 2.75 1.65 0.41 0.09 0.22 0.07 0.01 0.01 0.09 671 793 78 
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Table 3 Total hydrogen concentrations in the electrochemically charged 3.5NiCrMoV in 0.1 

M NaOH and 0.1 M Na2SO4 calculated by (i) integration of the whole TDS spectra and (ii) 

integration of 114 oC peak. The adjacent column shows the hydrogen concentration after 

correcting for the hydrogen lost during the pre-analysis stage.  Specimens were discs, 8 mm 

in diam x 2.5 mm in thickness, prepared by water jet cutting from a round bar, and polished 

to 1 μm diamond. 

Soluti

on  

Applied 

Potential

,   

mVHg/Hg2

SO4 

 

Overpotent

ial, mV 

Hydrogen 

Concentrati

on, µg/g 

measured 

from whole 

TDS 

spectra 

Hydrogen 

Concentrati

on, µg/g 

after H loss 

correction 

Hydrogen 

Concentrati

on, µg/g 

measured 

from   

114oC peak 

Hydrogen 

Concentrati

on, µg/g 

after H loss 

correction 

0.1 M  

NaOH 

-1628 - 0.24 0.704 0.738 0.163 0.197 

-1728 - 0.35 0.622 0.654 0.157 0.189 

-1828 - 0.44 0.935 1.005 0.342 0.412 

-1928 - 0.54 0.961 1.034 0.356 0.429 

-2228 - 0.84 1.038 1.138 0.485 0.585 

0.1 M 

Na2SO

4 

-1090 - 0.32 0.987 1.022 0.169 0.204 

-1290 - 0.52 1.173 1.259 0.422 0.508 

-1390 - 0.62 1.406 1.529 0.596 0.719 

-1490 - 0.72 1.619 1.853 1.142 1.376 

-1690 - 0.92 1.650 1.854 0.996 1.200 

-1760 - 0.99 1.682 1.932 1.222 1.472 
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Table 4 Total hydrogen concentrations in the gas charged 3.5NiCrMoV at different pressures 

calculated by (i) integration of the whole TDS spectra and (ii) integration of 114oC peak. The 

adjacent column shows the hydrogen concentration after correcting for the hydrogen lost 

during the pre-analysis stage. Specimens were discs, 8 mm in diam x 2.5 mm in thickness, 

prepared by water jet cutting from a round bar, and polished to 1 μm diamond.    

Charging 

Pressure  

(bar) 

Sample 

Thickness 

(mm) 

Hydrogen 

Concentration,  

µg/g 

Measured from 

the 

whole TDS 

spectra 

Hydrogen 

Concentration, 

µg/g 

after H loss  

correction 

Hydrogen 

Concentration,  

µg/g 

measured from 

114oC peak 

Hydrogen 

Concentration, 

µg/g 

after H loss  

correction 

2 2.5 0.502 0.568 0.084 0.182 

20 2.5 0.519 0.638 0.101 0.220 

80 2.5 0.671 0.865 0.166 0.360 

200 2.5 0.687 0.889 0.172 0.374 
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