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Facing the hydrogen embrittlement challenge requires the understanding of hydrogen-metal interactions. Due to
its natural scarcity, the deuterium isotope is often used in dedicated experiments.When both isotopes aremutu-
ally exposed, isotopic exchanges can occur, leading to the formation of HD molecules. This work deals with the
HD formation during thermal desorption analysis (TDA) of steel samples containing both hydrogen and deute-
rium. A method is proposed to compute the HD amount based on the H2 and D2 spectra measured by TDA and
assessed experimentally. It appears that this HD contribution must be considered for a correct interpretation of
the results.
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Even though it is known for quite a long time, hydrogen embrittle-
ment remains a major issue, particularly in the development of new
grades of high strength steels for the automotive industry. Indeed, the
presence of some diffusive hydrogen can strongly deteriorate the me-
chanical properties of sensitive microstructures [1,2]. Furthermore, the
level of admissible hydrogen decreaseswhen the global level of strength
increases. Beside H2-based reductive atmosphere imposed during an-
nealing, other sources like water vapour, which are not necessarily con-
trolled, can bring some diffusive hydrogen [3]. The understanding of the
mechanisms of hydrogen uptake and release thus becomes of primary
importance to insure viable steel grades after proper heat treatments.

When dealing with hydrogen embrittlement, the use of deuterium,
the hydrogen isotope with one neutron [4], can offer several advan-
tages. Indeed, its natural scarcity [4] guarantees that any trace of deute-
rium found in the considered material results from the imposed
charging process. The interactions between deuterium and steels have
been mostly studied in the case of stainless steels (AISI 304 and 316)
used in nuclear applications, either as an alternative of the radioactive
tritium [5] or coupled to hydrogen to understand the combined influ-
ence of hydrogen isotopes [6]. It has also been usedmore fundamentally
for engineering steels [7] in the case of permeation experiments. It has
thus been shown that the nature of the isotope influences several prop-
erties like diffusion [3] and solubility [7–11]. Furthermore, a specific
isotopic exchange reaction is identified when both gaseous isotopes
ues).
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are exposed to each other and leads to the formation of hybrid mole-
cules, such as [10,12]:

H2 þ D2⇌2 HD

The present study aims at assessing the analysis of uptake and diffu-
sivity of the different isotopes of hydrogen in the case of bare 22MnB5
steel sheets. In particular, this work focuses on the right interpretation
of the results provided by thermal desorption analysis (TDA) of samples
containing simultaneously both isotopes. TDA is indeed a well-known
method to characterize diffusive and trapped hydrogen in a material,
by heating the sample to activate the diffusion and desorption of hydro-
gen and by quantifying its amount owing to mass spectrometers [13].
However, the simultaneous use of different sources of gaseous hydro-
gen has been hardly studied or mostly misinterpreted.

The mechanisms of hydrogen uptake and release could be particu-
larly critical for the 22MnB5 steel grade used industrially in the hot
stamping process carried outwithout any controlled atmosphere condi-
tions [14]. Several austenitisation heat treatmentswere thus carried out
on this steel under controlled atmospheres containing hydrogen and/or
deuterium to understand these uptake and release mechanisms. TDA
was then used to estimate their H and D contents. Cold-rolled
22MnB5 sheets of dimensions 200 ∗ 200 ∗ 1.5 mm3 were heat treated
at 920 °C during residence times of 10, 20 and 30 min in a muffle fur-
nace, ensuring a controlled atmosphere, before being water quenched.
The furnace atmosphere was composed of a mixture of dry nitrogen
and water vapour, with or without deuterated water vapour. The
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Fig. 1.Different contributions of the thermal desorption analysis of a sample containing H
and D.
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desired humidity was reached by bubbling dry nitrogen gas in liquid or-
dinary or deuterated water. Humidity was measured by a mirror hy-
grometer and was characterized by the dew point. Two different dew
points,−10 °C and +15 °C, corresponding respectively to dry and wet
atmospheres, were used for the two different gaseous mixtures: N2

+H2O andN2+D2O. It is worth emphasizing that in the latter case, res-
idues of H2O were introduced through an uncontrolled contamination
of the liquid D2O due to isotopic exchanges during exposition to atmo-
spheric hydrogen.

After heat treatment, the steel sheetswere stored in a liquid nitrogen
cryotank to prevent further diffusion of atomic H and D species until the
analyses. Three samples per steel sheet were finally characterized by
thermal desorption analysis, by heating the sample up to 400 °C at a
heating rate of 20 °C/min. During heating, a dry nitrogen gas sweeps
the sample, so that desorbingH andD atoms recombine and are brought
to a mass spectrometer. This device quantifies the gaseous H2 and D2

contents of the nitrogen flux, owing to calibrations carried out twice a
day by certified standard gases of N2-50 ppm H2 and N2-50 ppm D2.
By integrating the resulting spectra up to 350 °C (i.e. the end of the dif-
fusive peak), the amounts of hydrogen and deuterium are computed
and expressed in terms of mass ppm. Since deuterium is twice heavier
than hydrogen, it is preferred to compare them as molar or atomic
ppm. In this work, the resulting diffusive amounts are thus expressed
as moles of H or D per 106 g of steel.

During the TDA, atomic species H and D thus desorb and recombine
asH2, D2, but also as hybridHDmolecules, as shown on Fig. 1, where the
H2, D2 and HD desorption spectra are given as a function of the temper-
ature. The contents of H2 andD2molecules can then be calculated owing
to the calibratedmass spectrometers. Nevertheless, even thoughHDcan
also be detected by themass spectrometer, no certified gas is in contrast
Fig. 2.Mean diffusive contents (expressed as the sum of desorbed H and D) as a function of the
and D2 contributions and (b) by adding the HD contribution to previous results.
available to quantify the HD amount. For this reason, the amount of
desorbed species shown on the spectra of Fig. 1 is expressed in the
units of the mass spectrometer, that is mbar·L/s.

Even though the HD content cannot be quantified experimentally, it
can nevertheless be deduced from the experimental H2 and D2 desorp-
tion spectra obtained by TDA. The proposedmethod is inspired from the
work of SanMarchi et al. [12]. It assumes that the thermodynamic equi-
librium is reached in the gas phase resulting from the desorption of both
species from the steel sheet. Based on this hypothesis, the equilibrium
constant Keq of the reaction H2 + D2 ⇌ 2 HD allows writing:

Keq ¼ p2HD
pH2

pD2

⟺yHD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Keq yH2

yD2

q

where pi and yi correspond to the partial pressure (in atm) and to the
molar fraction of the compound i, respectively. This equation assumes
that the activities of the different compounds are equal to their molar
fractions, which holds for an ideal solution. The value of Keq was found
in the HSC database [15] and is expressed as:

Keq ¼ exp
− −11:91 T þ 728:83ð Þ

RT

� �

where T is the temperature in Kelvin and R the ideal gas constant,
8.314 J/(mol K). Owing to these equations, it is thus possible to re-
calculate the theoretical spectrum of HD by computing the HD content
in equilibrium with the H2 and D2 amounts desorbed at each tempera-
ture and measured by the TDA spectrometers. The total HD amount is
then found by integrating this HD spectrum.

Even though this method allows computing easily the HD amount
based on the experimental knowledge of H2 and D2 contents, it relies
on strong hypotheses. It firstly supposes that the equilibrium between
H2, D2 and HD is reached in the time period between the desorption
of the atomic H and D species from the material and their arrival at
the mass spectrometer probe. It also implies that the gas flux in which
H and D are carried out does not prevent from achieving the equilib-
rium. Furthermore, it is assumed that the sole compounds allowed to
be formed in the TDA are H2, D2 and HD, i.e. no potential contamination
with oxygen is considered. Finally, it is worth emphasizing that this
computationmethod does not depend on thematerial and can thus the-
oretically be extended to any metal.

Fig. 2 presents the total diffusive contents (in terms of the sum of H
and Dmoles per 106 g of steel) as a function of the residence time in the
furnace (which includes the heating and the holding stages) and of the
atmosphere composition. Asmentioned above, 4 compositions of atmo-
sphere have been studied. The solid lines represent chargings with N2

+ H2O, while the dashed lines correspond to the N2 + D2O (+H2O) at-
mosphere. In both cases, the lightest curves refer to a dew point of−10
°C, whereas the darkest curves correspond to the dew point of +15 °C
residence time and of the atmosphere composition by (a) only taking into account the H2



Fig. 3. Schematic representation of the methodology developed to compare experimental results and theoretical computations.

Table 1
Summary of the calibration references measured experimentally for H2 and D2 and com-
puted for HD.

Mean calibration
reference ½ ppm

mbar�L=s�
Standard
deviation [%]

Number of
measurements [−]

H2 8.3 106 9 139
D2 5.4 105 5.3 37
HD 4.6 106 7.9 26
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for each type of atmosphere. Each point corresponds to the mean value
of three analysed samples and the error bar gives the standard deviation
with respect to themean value. On Fig. 2(a), the desorption and recom-
bination into only H2 and D2 molecules are considered, while on Fig. 2
(b), HDmolecules are also taken into accountwhen relevant. In this lat-
ter case, the HD contribution is computed owing to the method pro-
posed above and is added to the total diffusive content. It is
straightforward to see that the curves related to N2 + H2O uptakes are
the same on both graphs as samples only contain hydrogen.

Fig. 2 allows highlighting the strong influence of the existence of HD
molecules on the interpretation of the results. Indeed, Fig. 2(a) shows,
for the different residence times, a diffusive content approximatively
twice more important in the case of a H2O uptake than in the case of a
D2O uptake for the same dew point. This would mean that the isotope
effect on solubility is so strong that the amount of atoms of hydrogen
entering in the steel sheet is about twice the amount of deuterium
atoms at a given dewpoint. However, contrarily to these considerations,
when HD is taken into account (which is observed on Fig. 2(b)), the dif-
ference of diffusive contents related to D2O and H2O uptakes is drasti-
cally reduced, so that they are now of the same order of magnitude.
These results clearly prove the importance of taking into account the re-
combination into HD molecules during TDA.

When comparing both atmospheric sources of hydrogen (i.e. H2O or
D2O) at iso-dewpoint, it is worth noting that an isotope effect is observed
on the temperature – partial pressure relationship [16,17], which relates
the dewpoint and the correspondingwater vapour pressure in the atmo-
sphere. This thus implies that a given dew point actually corresponds to a
higher partial pressure of H2O than of D2O in the atmosphere. In particu-
lar, a dew point of+15 °C corresponds to 1.68 vol% of H2O or to 1.42 vol%
of D2O, while the dewpoint of−10 °C corresponds to 0.26 vol% H2O or to
0.19 vol% D2O. Considering the Dalton's law to transform the partial pres-
sure intomolar percentages, these conversions are obtained owing to dif-
ferent relationships developed in the literature for ordinary [16,18] or
deuterated [16,19] water vapours in equilibriumwith their solid or liquid
phases. Due to this isotope effect, it cannot be directly concluded from
Fig. 2 that a same content of ordinary or deuterated water vapour in the
atmosphere leads to the same diffusive contents.

In order to assess the reliability of the HD computing method, theo-
retical HD computation was compared with measured HD spectra fol-
lowing the methodology described in Fig. 3. This comparison aims at
providing a calibration reference for the quantification of HD from
mass spectrometer results. Indeed, in the case of H2 andD2, a calibration
reference is used to quantify the data registered by the spectrometer, i.e.
to transform the experimental TDA spectra (Fig. 3(a) and (b)) into
quantitative data (Fig. 3(f) and (g), respectively). A three-point calibra-
tion of the device is made, according to the principle highlighted on
Fig. 3(d) and (e): for each compound (H2 or D2), the background of
the mass spectrometer is measured while injecting dry nitrogen gas. A
certified standard gas of N2+ 50 ppm of X2 (X standing for the isotopes
H or D) is then injected during a given time (about 3min) and the back-
ground is finally measured again after stopping the standard gas injec-
tion. The mean background value is defined as a line delimitated by
the background valuesmeasuredbefore and after the certified gas injec-
tion. The difference Δ between this mean background value and the
mean spectrometer value measured during injection is calibrated to
correspond to 50 ppm, the known content of the certified gas (Fig. 3
(d) and (e)). Calibration references, refX2, with X being equal to H or
D, can then be defined as:

ref X2
¼ 50

ΔX2

ppm
mbar:L=s

� �

Table 1 gives themean values of the calibration references for H2 and
D2, resulting from several repetitions of the calibration procedure of the
mass spectrometers.

Based on the same idea, a calibration reference for HDcan be defined
for a given sample by comparing the computed HD spectrum with the
experimentally measured spectrum. The comparison criterion between
the theoretical andmeasured spectra considered here consists in the in-
tegral of the desorption peak up to 350 °C. The calibration reference for
HD is thus established as the ratio between the peak integrals of the
computed (Fig. 3(h)) and experimental (Fig. 3(c)) spectra. The reliabil-
ity of the method can be assessed owing to the comparison of the
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calibration references computed from a large number of samples. The
mean value of the calibration references carried on samples of bare
22MnB5 steel is given in Table 1, as well as the standard deviation and
the number of samples. The standard deviation of the HD calibration
reference is comparable to the ones determined experimentally for H2

(9%) and D2 (5.3%). It thus brings some confidence in the calibration
procedure. Furthermore, the calibration reference computed for HD
also approximatively corresponds to the average of experimentally de-
termined calibration references of H2 and D2 (4.4 106 ppm/(mbar·L/s)),
which is the hypothesis considered byWang et al. [20] for their calibra-
tion of HD measurement.

Even if no influence on the results has been observed, it is worth not-
ing that the HD calibration references are actually not independent but
paired two by two. Indeed, only two mass signals are detected on the
used TDA set-up, each one being able to record the data for one com-
pound (H2, D2 or HD). Henceforth, two analyses are necessary to estab-
lish the full desorption spectra of the three compounds. However, as
TDA is a destructive method, those two analyses had to be carried out
on two different samples, which were adjacent on the raw heat treated
steel sheet. The hypothesis that both samples present the same diffusive
content is thus considered. For both samples, theHDexperimental spec-
trum has been measured, while the H2 spectrum has only been mea-
sured on one sample and the D2 spectrum on the other. Both H2 and
D2 spectra allowed computing a theoretical HD spectrum,which is com-
pared to both experimental spectrameasured on the two samples, lead-
ing by this way to two different calibration references.

Owing to this validated computation of the HD contribution, a first
step towards the analysis of hydrogen embrittlement helped by the
use of deuterium is overcome. This work indeed shows how to take
into account the specificities of deuterium combined with the presence
of hydrogen.
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