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ABSTRACT

Deriving the kinetic reaction constants associated with hydrogen diffusion and trapping in
metals from thermal desorption mass spectroscopy (TDS) spectra proves to be complicated
and the existing analysis methods are subject to debate. This article will provide a brief
background of several commonly employed analysis techniques and discuss the necessity

of a more complex and rigorous analysis method for the determination of the kinetic
constants associated with hydrogen trapping interactions. Furthermore, a numerical
simulation method will be proposed using the McNabb & Foster equations to fit experi-
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Introduction

Hydrogen-material interactions are a subject of very high in-
terest in many fields of research, mainly concerning possible
material degradation associated with hydrogen uptake.
Absorbed hydrogen can become trapped in the
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mental TDS spectra in order to derive both diffusion and trapping/detrapping parameters,
including the respective pre-exponential constants and activation energies associated with
these interactions in metals.

microstructural defects, or trap sites (TS), intrinsically present
in the material. These TS may include grain boundaries, pre-
cipitates, or defects, such as dislocations, vacancies, and in-
terstitials which can be created during material preparation
and/or a working process [1—4]. These defects can interact
with hydrogen in the material in different ways creating
deformation fields, internal stresses, electronic interactions,


mailto:frantz.martin@cea.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2015.01.001&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2015.01.001
http://dx.doi.org/10.1016/j.ijhydene.2015.01.001
http://dx.doi.org/10.1016/j.ijhydene.2015.01.001

etc. Trapping interactions can slow the transport of hydrogen
and have a negative impact on the materials' mechanical
properties which can lead to premature degradation due to
hydrogen uptake. Material degradation by hydrogen embrit-
tlement (HE) is a major concern in many industrial materials
and is not limited to one industry nor environment [2, 5-9]. To
better understand this phenomenon it is necessary to inves-
tigate the specific interactions between different types of TS
and absorbed H.

Thermal desorption mass spectroscopy (TDS) is a very
powerful tool commonly used for studying the diffusion and
trapping of hydrogen and its isotopes in metals. This experi-
mental approach generally includes, first, pre-charging a
material with hydrogen, then measuring its desorption flux
under vacuum or under a constant inert gas flow during a
temperature ramp or at an isotherm. Literature states that this
experimental analysis can provide important information
concerning the total H concentration in the material, the
amount of H that occupies trap sites, possibly the respective
TS density, and eventually the detrapping activation energy
associated with the trapping mechanism [10—14], but in order
to access this information a spectral analysis technique must
be used. Today, spectral analysis proves to be a controversial
subject and the reliability and applicability of these tech-
niques needs to be reviewed.

One of the simplest and most commonly used analytical
methods was developed by Choo & Lee [10]. This method uses
the Kissinger equation [15], Eq. (1), to assign detrapping acti-
vation energies (E,) to specific TS types.
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In this equation ¢ represents the temperature ramp rate,
Ty, the temperature of maximum desorption flux, and R the
ideal gas constant. In this analysis method ¢ is varied, which
affects the T,,. The TS detrapping activation energy is then
determined from the slope (E,/R) of the ln% vs. 1/Ty, plot,
commonly referred to as a “Choo-Lee plot” [10]. One downside
to this analysis method is that diffusion is neglected as a
spectral contribution, thereby attributing all desorption flux to
previously trapped hydrogen.

Some more complicated models analyzing systems in
which diffusion and trapping interactions coexist, which will
be referred to diffusion-trapping systems or DTS, are based
upon the McNabb and Foster equations [13] (Egs. (2)—(3)).
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In Egs. (2)—(3), u represents the local interstitial hydrogen
concentration in molar fraction, n the TS density in terms of
moles of traps per unit volume (V,,), § the TS fractional occu-
pancy, t represents time, x is the point in the sample being
evaluated, D the diffusion coefficient, and k and p the
respective trapping and detrapping kinetic constants. A
generalized assumption concerning D, k, and p is that they all
follow an Arrhenius relationship, thereby giving them their
temperature dependence as well as an associated activation

energy (Ep, Ex, Ep) and pre-exponential constant (Do, ko, Po)-
Furthermore, this set of equations may be modified to take
into consideration several TS types through the addition of
supplementary trap occupancy terms each with their own
respective kinetic reaction equation [12].

As these equations are highly coupled, no analytical
solution can be easily found. In order to work with this
system two different approaches may be used: (i) determine
a set of simplifications allowing for the derivation of an
analytical solution or (ii) solve these equations via a nu-
merical model.

Oriani et al. [14] choose to impose a set of hypotheses in
order to develop a simplified analytical model. Their as-
sumptions include: (i) one atom of H per TS, (ii) one type of TS,
(iii) local thermodynamic equilibrium between the trapped
and interstitial H, and (iv) a highly dilute system. If all these
conditions are met an effective diffusion coefficient (D.y) can
be used. When the assumption of local thermodynamic
equilibrium between trapped and interstitial hydrogen is
supposed true, the reaction

H+ [ ]trap % [H}trap (4)

(where H represents a single hydrogen, [ ].qp a trap site, and
[H]trqp a trapped hydrogen, with k and p the respective trapping
and detrapping kinetic constants) can no longer be considered
arate limiting step. Although this assumption may be relevant
in certain cases (i.e. when k and p are sufficiently high) it ex-
cludes, by hypothesis, an analysis of trapping phenomena in
terms of kinetic considerations [16,17]. Consequently the
respective trapping and detrapping kinetic constants cannot
be determined [16]. Despite the fact that diffusion and trap-
ping interactions do not always exist in equilibrium, many
researchers base their analysis upon this assumption
[12,14,18,19].

Recently some interesting work concerning the simulation
of hydrogen permeation experiments in the presence of traps
has been published by Svoboda and Fischer et al. [20—23]. In
their earlier publication [20], they conclude that numerical
modeling of a diffusion and trapping system using Dy and
“Oriani type” simplifications is valid, but in later works they
show that D.g can only be applied to systems with a weak
hydrogen concentration gradient and specific combinations of
TS density and interstitial H concentrations (i.e. for relatively
simple diffusion and trapping systems) [21,23]. One of the
goals of this paper is to present simulations using a general
model for diffusion and trapping interactions which is not
limited by such hypotheses. For that purpose the McNabb and
Foster equations [13] will be used and not a more simplified
system such as one using a Deg.

Mavrikakis et al. [24,25] have numerically explored the
simulation of TDS spectra for reaction-diffusion (RD) systems
with concentration gradients. In these RD systems, the reac-
tion refers to an absorption or desorption process coupled
with molecular recombination on the materials' surface. In
these systems, trapping is not considered. Their proposed
simulation approach, which takes into account the samples'
experimental “history”, has been adapted to a DTS through
the use of the McNabb and Foster equations [13] by Yagod-
zinskyy et al. [26].
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Table 1 — Boundary conditions used in simulation where L = sample thickness, tc, = final charging time, and tr, = final

transfer time.

”’[th] 0[X,t]
Charging w[0,t] = po, w[L,t] = po or O u[x,0] =0 0[x,0] =0
Transfer w[0,t] = u[L,t] =0 w[x,0] = u[x,tcn] 0[x,0] = 0[x,tcn]
TDS u0,f] = ulL,t] =0 u[x,0] = p[x,tr] 0[x,0] = 0[x,tr]

They have used this approach to simulate all experimental
steps, including a non-homogeneous charging (which im-
poses both interstitial and trapped H concentration gradients
in the material) followed by an aging period, and finally TDS
analysis. One downside to their technique is that they have
used a very large simplifying hypothesis: H retrapping does
not occur during TDS analysis. In reality during all experi-
mental steps, trapping from lattice sites to TS can occur freely
along with the retrapping of previously trapped H. Using this
simplified model they have tried to fit experimental desorp-
tion spectra in order to derive the kinetic constants associated
with specific TS but some spectral reproduction difficulties
were encountered. They have attributed these difficulties to
their simplifying hypothesis [26].

In the present paper a numerical approach for the simu-
lation of TDS spectra using a non-dimensional version of the
McNabb and Foster equations, Egs. (2)—(3), taking into account
the entire experimental sample history and without imposing
some of the traditional simplifying hypotheses (ie. local
thermodynamic equilibrium and no retrapping during TDS
analysis) will be explored in-depth. The extreme sensitivity of
TDS spectra on the sample parameters and experimental
conditions along with the importance of considering pre-
exponential constants and activation energies associated for
trapping and detrapping during analysis will be discussed.
Furthermore, a developed numerical code for diffusion-
trapping/detrapping spectral analysis will be presented and
discussed in terms of coupling experimental results with nu-
merical simulation.

Mathematical model and simulation approach

In this study interstitial diffusion and trapping, at one TS, are
assumed to be the only rate limiting steps for hydrogen ab-
sorption and desorption and therefore the McNabb and Foster
equations [13], see Egs. (2)—(3), can be used to model the sys-
tem. Surface reaction and recombination are not considered
to be rate limiting steps at this point in the model [29]. Eq. (2) is
a fickian diffusion equation, that has been modified to include
a trap occupancy term, ¢, and Eq. (3) is a direct mathematical
representation of the kinetic reaction equation for the trap-
ping and detrapping of hydrogen in a trap site, see Eq. (4).

In this model, a dilute system (f = 0) was not assumed and
thereby the (1 — 6) term in Eq. (3) was not neglected, as done by
Kasuya et al. [12]. Furthermore, the assumption of local ther-
modynamic equilibrium between trapped and lattice
hydrogen and the use of an effective diffusion coefficient will
not be used [14] as this assumption renders the trapping and
detrapping rates, reaction rates k and p of Eq. (4), infinite and
thereby indeterminable [16].

A uniform and homogeneous distribution of traps is
assumed and the sample is considered a finite medium of
thickness L and it is assumed that each TS is isolated in the
material and that they do not interact directly with one
another. A finite difference method was used to solve simul-
taneously for 6 and p, respectively the trap occupancy and
lattice hydrogen concentration in Egs. (2), (3). It is imperative
to know the H distribution in the material in order to simulate
the system. The simulation has been split into three sequen-
tial steps further “mirroring” the entire experimental protocol.
This procedure includes: (i) charging the sample in hydrogen
for a period of time at a fixed temperature, (ii) transfer from
the charging setup to the TDS system (aging at room tem-
perature), and (iii) TDS testing imposing a regulated temper-
ature ramp.

Each simulation step uses the previous' final concentration
profiles, for u and 6 as its initial concentration profiles, and it
has been assumed that there is no hydrogen present in a
material before charging. For the charging step (i) the initial
surface hydrogen concentration, uo, at the charged face(s)
(x = 0 and/or x = L) is assumed to be equal to its solubility in
the material and is held constant for the entire charging
period. For the latter steps, (ii) transfer and (iii) TDS, the
hydrogen concentration at both faces is set to zero and the
desorption flux can be calculated, at x = 0 and x = L. It has also
been assumed that no absorption takes place during these
stages. These boundary conditions can be seen in Table 1.
When simulating TDS spectra, the total desorption flux is
considered to be the sum of the desorption from both sample
faces (x = 0 and x = L) as the sample is considered a semi-
infinite slab, with a finite thickness.

Experimental parameters
Initial hydrogen concentration

As previously mentioned, simulations will be carried out
using a non-dimensional version of the McNabb and Foster
equations, therefore injecting only a detrapping activation
energy is not sufficient for simulations. An extensive litera-
ture review has resulted in finding very little information
concerning the kinetic constants associated with hydrogen
trapping in metals, especially concerning the trapping acti-
vation energy (Ex) and the pre-exponential constants (ko and
Po)- The only set of complete diffusion and trapping parame-
ters have been reported by Turnbull et al. [27] for 1 TS in a low-
carbon steel/pure iron of thickness 0.2 cm when imposing a
TDS temperature ramp rate (¢) of 2K min~?, these values have
been paired with the solubility of hydrogen in pure iron as
determined by A. Brass et al. from electochemical permeation
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Table 2 — Diffusion and trapping simulation parameters (1 TS) for pure iron [27,28].

pbe (mol Hmol Fe™?) D (cm?s™?) EE (kKmol?) ko(s?

Ex(kymol?) po(s?) Ep(kmol?) n (moltrap molFe )

1.1-10°° 7.2:107* 5.69 2.64-107

5.69 2.1-107 53.69 2.47-107°

tests [28]. All simulations in this section will be carried out
using these values, see Table 2 [27,28].

Two different types of hydrogen charging will be looked at:
(i) Type A referring to homogeneous charging of interstitial
and trapped hydrogen in the material and (ii) Type B referring
to a non-homogeneous charging, imposing a concentration
gradient of both interstitial and trapped hydrogen in the ma-
terial. These charging conditions are presented in Table 3. The
homogeneous charging of a 0.2 cm thick sample of pure iron
can be achieved after 90 min of charging at both sample faces
(x=0and x =L =0.2 cm) at 298 K and will serve as the Type A
conditions. Type B charging conditions will consist of a
charging at one sample face (x = 0) for 3 min at 298 K. The
concentration profiles immediately after charging can be seen
in Fig. 1. If these samples are subjected immediately to TDS
analysis (¢ = 2 K min %), the resulting simulated TDS spectra
can be seen in Fig. 2.

These spectra both present their strongest desorption flux
at t = 0 s before quickly decreasing. One desorption peak can
be observed for the homogeneously charged material (Type A),
whereas a small desorption shoulder (t = 1000 s) and one
desorption peak can be seen for the material charged non-
homogeneously at one face (Type B). This intense desorption
flux at t = 0 s may camouflage a significant part of low tem-
perature spectral contributions, which may be attributed to
trapping interactions, as the diffusion coefficient for H in pure
iron at ambient temperature is very high therefore causing a
strong and fast desorption from the sample at low
temperatures.

Furthermore, it has been determined though simulations
that the desorption spectra are representations of the com-
bined simultaneous desorption of hydrogen from both sample
faces, x = 0 and x = L. This can be seen in Fig. 2 for Type B
charging (squares), where the total desorption flux, and the
desorption flux from each face is shown. This demonstrates
the need to know the actual hydrogen distribution and sample
thickness in when simulating or analyzing TDS spectra. For a
homogeneously charged material, this concurrent desorption
occurs at the same intensity, as the concentration gradient in
the sample is homogeneous (Type A), whereas for a “gradient”
charged material (Type B), the desorption from the “non-
charged” face, x = L, is seen much later, t = 2800 s. This
desorption from the non-charged face, reveals the diffusion

Table 3 — Charging conditions for simulating Type A
(homogeneous) and Type B (partial) charging. x£¢ is taken
to be the solubility of H in pure Fe [28].

and trapping interactions taking place internally in and across
the material during TDS testing.

In experimental practices the sample is generally subjected
to a transfer time between the hydrogen charging and the
start of TDS testing (for example the time to pump to a suffi-
cient vacuum for mass spectrometer usage) or maybe a room
or high temperature aging period [11,26,30]. A transfer time of
30 min at 298 K has been selected in order to mimic this
inevitable aging period. The concentration profiles for Type A
and Type B charging, after this aging period, can be seen in
Fig. 3. These profiles are significantly different from un-aged
profiles, see Fig. 1, as the surface H concentration is signifi-
cantly lower (u = 6  0), the concentration of trapped hydrogen
has also severely diminished and in pure iron the ratio of
trapped to interstitial hydrogen has drastically increased. This
leaves the concentration of interstitial H negligible in com-
parison to the concentration of trapped H.

Furthermore for Type B (non-homogeneous) charging, the
hydrogen distribution within the sample has shifted towards
the interior, demonstrating the diffusion and trapping in-
teractions taking place at room temperature. The resulting
simulated spectra can be seen in Fig. 4 when TDS simulation is
started from these aged concentration profiles.

These spectra strongly differ from the non-aged spectra
(Fig. 2) as the desorption maximum is no longer att = 0 s but
later in analysis, corresponding to T,, = 359 K for homoge-
neous charging. Furthermore, two well defined desorption
peaks can be observed for Type B charging, T,, = 335 K and
Ty, = 378 K. In Fig. 4 the individual contributions of front side
(x = 0) and back side (x = L) desorption are represented along
with the total (sum of the two contributions) desorption flux.
This figure shows clearly that the desorption flux for a

1
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Fig. 1 — Simulated normalized interstitial and trapped
hydrogen concentration profiles after charging. Profiles are
normalized to the maximum total H concentration
(interstitial + trapped) for each type.
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Fig. 2 — Simulated normalized TDS spectrum immediately
after hydrogen charging for Type A and Type B charging.

homogeneously charged material is made up of two simulta-
neous flux of equal intensity from both sample faces, due to
the symmetry of the initial cy profile, whereas the second peak
(Tm = 378 K) seen for a non-homogeneously charged material
is due to the H desorption flux at x = L.

This “double-peak” phenomenon is very troubling, as in
many analytical spectral analysis methods each desorption
peak is attributed to a separate trapping mechanism
[10,11,18,30,31]. It should be restated that these simulations
were done for a material presenting only homogeneously
distributed TS, and therefore only one desorption peak was
expected as suggested by some literature analysis methods.
The fact that these simulations exhibit two peaks (due to the
front and back desorption flux) shows the limits of such a
classical spectral analysis technique, especially for a material
presenting an internal concentration gradient.
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Fig. 3 — Simulated normalized concentration profiles for
charging Type A and Type B after 30 min of aging at 298 K.

In order to understand this observation, a Choo-Lee plot
[10] was drawn for these two different charging conditions,
Type A and Type B, from four simulated temperature ramps
(¢ =2, 5,10, 15 K min™"). The simulated TDS spectra can be
seen in Fig. 5 and the Choo-Lee plot can be seen in Fig. 6. Some
general comments can be made on these simulated spectra: (i)
the same general spectral shape is present for all temperature
ramps respectively for each charging type (1 peak for Type A
and 2 peaks for type B), (ii) with increasing ¢ the Ty, (s) is
shifted towards higher temperatures, and (iii) the total H
absorbed (integral of spectrum) is equivalent whatever the
temperature ramp.

The assigned detrapping activation energy for Type A
charging was determined to be 53.4 kJ mol~?, which is very
close to the imposed E, value of 53.69 k] mol . In this case
Choo-Lee plot analysis seems to be a good approximation.
When this analysis method was used to characterize both
desorption peaks (Peak 1 and Peak 2 as assigned in Fig. 5b)
observed with Type B charging the results are less accurate:
the E, of 50.7 k] mol " and 59.7 kJ mol ' were determined
respectively for Peak 1 and Peak 2. These two derived E, values
cannot be considered acceptable given the imposed simula-
tion value, see Table 2. This observation, has highlighted
another limit of the analytical techniques using the Kissinger
equation [15], see Eq. (1). These results are consistent with the
conclusions of Ebihara et al. [32,33], who state that the models
based upon the Kissinger equations are limited to desorption
spectra with only one peak.

As previously stated, one goal of this paper is to demon-
strate the necessity for using a more complex numerical
model to analyze TDS spectra. These simulations seem to
disqualify the analytical Choo-Lee analysis technique [10] for
non-homogeneous hydrogen charging. Moreover, these sim-
ulations were carried out on pure Fe, a material presenting a
relatively high interstitial H diffusion coefficient, therefore
allowing a homogeneous hydrogen distribution to be achieved
at room temperature in a relatively short period of time. Now
if a homogeneous charging was desired for an austenitic
stainless steel or a Ni-base alloy, this charging would take
upwards of days [26] or weeks depending on both the sample
thickness and charging temperature. Therefore for the ma-
jority of analysis done for fcc materials, the conditions do not
satisfy the necessary requirements for Choo-Lee-Kissinger
[10,15] analysis. Furthermore, the impact of the unavoidable
short aging period at ambient temperature before TDS anal-
ysis would be less significant on the H concentration profiles
immediately before TDS, as in a fcc material H desorption and
diffusion is much slower.

Sample thickness

Continuing the discussion concerning initial hydrogen distri-
butions, sample thickness needs to be incorporated into
analysis. Fig. 7 shows the effect of sample thickness
(0.02—10 cm) for a charged (Type B) and aged (30 min at 298 K)
sample on the simulated TDS spectrum (¢ = 2 K min~?) along
with a small graphic insert of the trapped hydrogen concen-
tration profiles before TDS analysis (y-axis: theoretical trap-
ped H concentration, x-axis: x/L). Any variation in sample
thickness can have drastic effects on the resulting spectrum.
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Fig. 4 — Simulated normalized TDS spectra for Type A and
Type B charging subjected to 30 min of aging at 298 K
between charging and TDS (¢ = 2 K min—?). All desorption
flux (x = 0 and x = L) are shown.

This parameter not only affects T, but also can affect the
number of observed peaks which might render some analyt-
ical techniques quite difficult or false, for example the clas-
sical Choo-Lee plot method [10]. It seems that to be able to
work with a single peak TDS spectrum, either a very thin or
very thick sample is needed. These types of simulations,
before TDS testing, appear useful when choosing the spec-
imen geometry depending on the desired final spectrum. It
would seem that in a material presenting a high diffusivity of
H, pure iron for example, very small variations would have
little effect, but for a material presenting a much lower H
diffusivity, FCC materials such as stainless steel 316L or nickel
alloy 600, very small variations would have drastic effects on
the resulting spectrum. The effect of sample thickness has
been discussed by several other authors, specifically Ebihara
et al. [32,33] and will not be further discussed in this article.

Experimental temperature ramp

Furthermore in experimental analysis, certain experimental
configurations and laboratory set-ups may not allow for a
perfectly linear and reproducible TDS temperature ramp with
every test. Slight differences in temperature ramp can have an
important impact on the resulting TDS spectrum as D, k, and p
are considered to present Arrhenius relationships and are
therefore temperature dependent. Fig. 8 shows the extreme
sensitivity of a TDS spectrum to temperature when comparing
a simulated spectrum using a linear 2 K min~* ramp rate to an
experimental acquired temperature ramp of the same rate.
The experimental temperature shown in Fig. 8, was measured
in-situ in the TDS system at the Laboratoire d’Etude de la
Corrosion Aqueuse at the CEA Saclay using a type-K thermo-
couple placed next to the sample, the furnace is controlled
using an external system. Both the spectral form and T,, of
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Fig. 5 — Simulated theoretical desorption spectra for ¢
ranging from 2 to 15 K min " for charging (a) Type A and (b)
Type B. Simulations incorporated a 30 min aging period
between charging and TDS analysis.

desorption are drastically affected. In order to avoid this
problem and analysis issues two solutions may be proposed:
(i) taking into consideration the experimental temperature
ramp (T[t]) in simulations [34] or (ii) the experimental tem-
perature ramp would need to be extremely well controlled in
order to assure a perfectly linear and reproducible experi-
mental T ramp.

Trapping parameters

Most analysis methods are aimed at determining the detrap-
ping energy associated with a specific TS, typically those using
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the Kissinger equation fast resolution techniques whose
limits have been mentioned earlier in this paper [10], and
usually neglect other important kinetic parameters such as:
ko, po, Er, respectively the trapping pre-exponential constant,
the detrapping pre-exponential constant, and the trapping
activation energy. However, several more recent papers have
highlighted that k, and po may be also of great importance and
will therefore not be neglected in simulations [33]. In this
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Fig. 7 — Effect of sample thickness on final desorption
spectra (¢ = 2 K min~?) for a charging of Type B aged

30 min at room temperature between charging and TDS.
The graphic insert presents the concentration profiles
(after aging) before TDS with normalized L (y-axis:
concentration (mol) and x-axis: normalized sample
thickness (x/L)).

section, the influence of these parameters on TDS spectra will
be discussed.

Pre-exponential constants

The effect of “jump probabilities” has been mentioned in
several articles [33,35] but is neglected in analytical spectral
investigation methods. When determining these parameters,
analysis becomes more difficult and a more complex numer-
ical routine is required. The pre-exponential constants, ko and
Po, determine the probability of hydrogen jumping from trap
sites to interstitial sites and vice-versa. The following sections
will demonstrate the effect of “jump-probability” variations
on the resulting simulated TDS spectra. In the first subsection
the pre-exponential constants were varied one at a time over
several orders of magnitude while holding all other parame-
ters constant (see Table 2). In the second subsection, the ratio
of ko/po is held at 1.25 and the individual values are adjusted
accordingly while all other parameters are kept constant (see
Tables 2 and 4).

Individual variation

Slight adjustments of the pre-exponential constants can in-
fluence the filling and emptying of trap sites. When the trap-
ping probability (ko) is increased, the desorption maximum is
shifted towards higher temperatures, see Fig. 9a, whereas the
inverse is observed with an increase in detrapping probability
(po), see Fig. 9b. This is logical as when trapping probability is
increased the likelihood for hydrogen to be trapped/retrapped
is very high, and therefore hydrogen is readily trapped and/or
retrapped during charging, transfer, and TDS analysis. On the
other hand increasing the detrapping probability would in-
crease the chance that the hydrogen will be released from the
trap site and therefore hydrogen will be quickly detrapped
from the TS. It can be concluded that individually these pa-
rameters have an important impact on the resulting TDS
spectrum and should be included in analysis.

Constant ko/po ratio
In studies where the pre-exponential constants are investi-
gated, they are often analyzed by holding their ratio constant
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[27]. This approach will be explored in this section. These
simulations were conducted by holding the kqo/py ratio con-
stant (ko/po = 1.25), see Table 4 and Fig. 10. It is clear that even
when the ratio is held constant, the individual values have an
effect on the resulting TDS spectrum. For example as the jump
probabilities are increased from A to F (Table 4), values on the
order of 10* s~ t0 10'° s, the T,, shifts to lower temperatures
(TA>TE >TS) and eventually at higher ko, and po values
(>10%s71 ) a second desorption peak appears (D—F) and at
very high values of kg and po (D—F, > 107 s71) the spectra are
nearly identical Fig. 10. It should be noted that the spectra (D,
E, and F) are not identical but the differences in the simulated
desorption values are too small to be seen in the presented
figure. The forward (trapping) and backward (detrapping) re-
action rates are too fast to have any further impact on the
system. This might show that the DTS is approaching a
pseudo-equilibrium state as the “jump-probabilities”
approach infinity, but the likelihood that kinetic constants

Table 4 — Simulation constants used when holding the

ko/po ration constant at 1.25. The resulting spectra can be
seen in Fig. 10 and are labeled using an alphabetic key.

Label (Fig. 10) ko (s77) Po(s7)
A 2.64 10* 2.110*
B 2.64 10° 2.110°
(¢ 2.64 10° 2.110°
D 2.64 107 2.1 107
E 2.64 108 2.1108
F 2.64 10%° 2.1 10%

greater than 107 s~* will need to be addressed. Furthermore, if
diffusion and trapping interactions were simulated in a ma-
terial with much slower diffusion, for example a fcc metal, Ni-
base alloys, or stainless steels, one can image the effect of the
pre-exponential constants would be heightened.

This section has demonstrated the influence of the pre-
exponential constants on simulated TDS spectra. It is clear
that these individual parameters have a direct impact on the
resulting spectra and therefore must be considered in anal-
ysis. This section has shown that when the pre-exponential
constant ratios are held constant and the individual parame-
ters (ko and po) are increased accordingly, it leads to an
equivalent result as the one obtained by considering a local
equilibrium hypothesis.

Activation energies

Most analytical methods to date focus on determining only
the detrapping activation energy (Ep) [10], and consider this
information sufficient for TS characterization. The effect of
both trapping and detrapping activation energies will be
explored in the following sections. First, simulations were
conducted fixing all parameters (diffusion and trapping/
detrapping pre-exponential constants) while the respective
trapping and detrapping activation energies were varied
individually (this changes the respective binding energy (Ej)
associated with the Ei and E, combination), see values in Table
2. Then simulations were carried out when E;, has been held
constant, along with all other parameters, and E, and E, varied
accordingly, see Tables 2 and 5.

Individual variation
When the activation energies are evaluated separately, some
observations can be made concerning the trapping activation
energy (Fig. 11a) and detrapping activation energy (Fig. 11b).
When E, is low (Er < Ep, green circles Fig. 11a), H trapping is
very easy, therefore allowing traps to become more saturated
during charging and low temperature aging (i.e. 30 min at
298 K). Therefore the desorption flux is significantly more
intense than when E, > Ep. When E; is greater (E, > Ep, black
diamonds and blue triangles Fig. 11a), the total concentration
of trapped H becomes low, as during aging H diffuses very
readily out of the sample and cannot be easily retrapped.
Concerning detrapping activation energy, when E, <Ep
(green circles and red squares Fig. 11b) detrappingis as easy as
or easier than diffusion. Therefore after the aging period
(30 min at 298 K) very little trapped or interstitial hydrogen left
in the sample. When E,, is increased (black diamonds and blue
triangles, Fig. 11b), detrapping becomes increasingly more
difficult and H is accumulated in TS during both charging and
aging. Moreover this “trapped” hydrogen is released at higher
T during TDS, which can be attributed to the stronger E, and
“binding energy”.

Constant binding energy (Ey)

The TS binding energy can be considered as the difference
between the detrapping and trapping activation energy
(E» = Ep — Ei) and is often used by researchers in trapping
analysis methods. Often simulations are carried out imposing
a constant binding energy (Ep). In this section the binding


http://dx.doi.org/10.1016/j.ijhydene.2015.01.001
http://dx.doi.org/10.1016/j.ijhydene.2015.01.001

a k0 =2.64e6
+k0 =2.64e7
+k0 =2.64e8
—— k0 =2.64e10

g )

2210™"

1,110

Dhackon,

Theoretical desorption flux (mel

300 400 500 600 700 800
T(K)

(a)

P, = 2.1e4
- ﬂ —=p =21e6
« 0
22'210.11 —0—p0=241e7
b —A—p =2.1e8
=1 0
=
Ly
c
g “
g ‘ 5
@1,110™ d »
o f ooy
i >
B )
5 é »
g J .
- ol# L i, .
300 400 560 600 700 800

(b)

Fig. 9 — Effect of pre-exponential factor: (a) ko and (b) po, on simulated TDS spectra (¢ = 2 K min—?) for aged (30 min at 298 K)

samples of charging Type B.

energy (Ep — Ex) was fixed at 48.00 k] mol~" and the Ej, and E,,
values were varied accordingly. The simulation values can be
seen in Table 5. The resulting simulations can be seen in
Fig. 12.

Even when E, is kept constant, the E, and E, combination
has an effect on the TDS spectrum. Increasing the respective
Er and E, values from A to F results in an increase in the in-
tensity of the first desorption peak (desorption flux from x = 0),
an increase in the total H-desorption flux (which hits at the
difference in H absorbed during charging and retention of
hydrogen in the TS during the aging period (30 min at 298 K)),
and very little change in the intensity/placement of the sec-
ond desorption peak (desorption flux from x = L). The increase
in the first desorption peak's intensity can be attributed to the
increasing difficulty for the hydrogen to become detrapped,

--®--A
#-B
+C
—a—D
——
—a—F

Theoretical desorption flux

300 350 400
T (K)

Fig. 10 — Influence of ko/p, with a constant ratio (ko/

Po = 1.25) on a simulated TDS spectrum (¢ = 2 K min™?),
see Table 4 for the corresponding ko and p, simulation
values (A—F). The samples were Type B charged (Table 3)
and aged 30 min at 298 K.

and therefore a greater amount stays trapped in the TS close
to the charged surface (x = 0) and less is detrapped and sub-
sequently desorbed during the aging period. Furthermore the
variation in T,, of the first desorption peak, for simulated TDS
spectra A, B, C, D, and E, while being very small, is globally in
good agreement with the common consensus in literature (i.e.
as E, is increased Ty, will shift to higher temperatures [10]).

Furthermore, when Ei and E, are increased (while keeping
E, constant) to much higher energies than that of interstitial
diffusion (Ep, Table 2), for example spectrum F in Fig. 12, a
significant decrease in the total desorption flux is observed
along with a change in spectral form. Instead of having two
well defined desorption peaks, the spectrum is characterized
by one desorption peak (desorption flux from x = 0) and one
small desorption shoulder (desorption flux from x = L). This
can be explained by the difficulty hydrogen has to become
trapped, Er > Ep, (attributing to the overall significantly lower
total desorption flux) and a great deal of H preferentially
diffusing by the interstitial sites. Furthermore T, of the single
peak is shifted to a much higher temperature hinting at a
much higher E, and demonstrating the difficulty of H to
become detrapped.

In the previous sections, the simulations have shown that
both the activation energy associated with trapping (Ex) and
detrapping (E,) along with their respective pre-exponential
constants (ko, po) are important. It is necessary to determine
all these parameters in order to have accurate information
concerning interstitial diffusion and trapping interactions. It
can also be observed that as the activation energies (Ex and E,)
are decreased from F to A (Fig. 12 and Table 5) and as pre-
exponential constants (k, and po) are increase while keeping
their ratio constant from A to F (Fig. 10 and Table 4) the
spectral variations become less evident hinting that the sys-
tem might be approaching a pseudo-equilibrium state, and
cases where a Dgy and the local thermodynamic equilibrium
hypothesis might be applicable. Furthermore, as the influence
of these four parameters on the overall system has been
demonstrated and discussed in-depth, it can be concluded
that in order to be able to sufficiently analyze H diffusion and
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Table 5 — Trapping (Ex) and detrapping (E,) activation

energies used when holding the binding energy constant
(Ey) at 48.00 kJ mol ™.

Label (Fig. 12)

Ey, (kJ mol ™) E, (k] mol )

A 1.00 49.00
B 2.00 50.00
C 5.69 53.69
D 10.00 58.00
E 15.00 63.00
F 20.00 68.00

trapping systems a more robust numerical method, which
determines all these parameters (not only E;, or E, and the ko/
Ppo ratio), must be used.

Proposed numerical model and analysis
technique

The previous sections have revealed the necessity of consid-
ering all kinetic trapping-detrapping parameters in diffusion-
trapping systems, previously referred to as DTS, along with
the importance of injecting the experimental parameters that
have an impact on the trapped and interstitial H concentra-
tion profiles, this includes the experimental temperature
ramp, charging duration and temperature, and transfer
duration and temperature, as well as the sample thickness. By
injecting these parameters the diffusion, trapping, and
detrapping phenomena taking place during these stages are
taken into consideration, as the importance of sample “his-
tory” has been demonstrated and discussed earlier. It appears
that it will be necessary to use a numerical model which has
the capability to determine simultaneously all four kinetic
parameters relative to trapping and detrapping. This would
require simulation using the original McNabb and Foster
equations, Egs. (2)—(3), and a numerical routine in order to
determine the diffusion and trapping constants.

Such a model would also need to deal with interstitial
diffusion and determine the associated constants (Do, Ep).
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Such a numerical code has been developed. In order to
determine the diffusion coefficient and kinetic trapping con-
stants, a multi-step iterative method coupling numerical
simulation with experimental spectrum will be proposed.

This method involves working with “model materials”,
referred to here as MM. The term MM refers to the use of a
material presenting only H-diffusion interactions, a pure
diffusion system, referred to as a PDS, or a material having one
or several types of TS. A system having one type of TS would
present a specific combination of H-diffusion-trapping/
detrapping interactions or DTS. These DTS could include the
well known TS types such as dislocations, vacancies, and/or
precipitates [2—4,10,36,37] as well as other suspected TS types.
These “model materials” would serve to isolate specific
diffusion and/or trapping interactions and help with spectral
deconvolution.

These proposed MM can be fabricated through a series of
thermal and/or mechanical treatments in order to create the
desired TS type and microstructure in a controlled manner.
For example, a high temperature thermal treatment and rapid
quench followed by tempering may be used to bring an in-
dustrial material from its initial as-received material state to a
PDS state. The high temperature thermal treatment and
quench would eliminate all residual cold-working and dislo-
cations as well as solubilize the precipitates present in the
material and the tempering serve to annihilate the vacancies
created during the quench. Furthermore, this PDS material
could be then subjected to a mechanical treatment to create
dislocations or other thermal treatments recreating, for
example, precipitates or vacancies and thereby creating a
DTS.

These MM would be used to acquire a set of experimental
“model” TDS spectra for each type of isolated H-material in-
teractions. For example, the PDS material would be used to
acquire a series of reference TDS spectra where the only
spectral contribution is due to interstitial diffusion. These
spectra would then be fit using the developed numerical
routine deriving the specific diffusion parameters, Dy and Ep,
associated with interstitial diffusion in the material. This code
also takes into consideration the experimental temperature
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Fig. 11 — Effect of activation energy: (a) Ex, and (b) E,, on simulated TDS spectra (¢ = 2 K min~?) for aged samples of charging

Type B.
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ramp, sample measurements and experimental conditions,
i.e. the charging and transfer time and temperature. This is
described in diagram seen in Fig. 13.

These derived diffusion parameters would then be re-
injected into the simulation code, along with the experi-
mental desorption flux, temperature ramp, and experimental
conditions for the DTS “model” TDS spectrum. The code then
determines the pre-exponential constants (ko, po) and activa-
tion energies (Ex, Ep) associated with the specific trapping-
detrapping system.

This iterative method, coupling experimental data with
numerical simulation, would derive all six constants (Do, ko,
Po, Ep, Ex, Ep) associated with the diffusion coefficient and

« model material » PDS

|

kinetic trapping interactions using a two step process. This
approach would allow for the diffusion coefficient constants
to be derived separately before the four kinetic trapping and
detrapping parameters. Furthermore, for each DTS, for
example for diffusion-dislocations, diffusion-vacancies, or
diffusion-precipitates systems, the derived kinetic reaction
constants would serve to construct a database of kinetic in-
formation for individual TS types. This database of kinetic
constants could later be used to simulate more complicated
materials presenting more that one trap site type.

In order to demonstrate the necessity of working with
MM, one can envisage this same type of approach (spectral
acquisition followed by numerical fitting) done with an in-
dustrial material. It can be imagined that interstitial diffusion
along with an unknown amount of TS types, and therefore
of kinetic trapping-detrapping in-
teractions, are present in an untreated industrial material.
Spectral interpretation and the subsequent deriving of the
diffusion coefficient and trapping/detrapping kinetic con-
stants from a TDS spectrum for a material presenting only
one TS would require the simultaneous fitting of six param-
eters and for a material presenting two trap sites ten pa-
The accurate derivation of ten parameters
simultaneously may prove very difficult and produce incon-
clusive results.

For a MM a maximum of four kinetic parameters would
need to be determined from a single fit. Furthermore, a kinetic
parameter validation test would be put in place. This valida-
tion process would include determining a specialized thermal
cycle, aimed at exalting specific kinetic parameters, from
simulations using the derived set of diffusion and kinetic pa-
rameters for either a PDS or DTS. The resulting experimental
TDS spectrum, having experienced the same thermal cycle,
would be compared to the simulation results, thereby

unknown number

rameters.

« model material » DTS

Acquisition Initial
experimental TDS guess l
spectrum
Dy, Ep Acquisition Initial
experimental TDS guess
spectrum ko, E
o Ex
T ramp i Ep
Desorption 3
o Derived Tramp
flux Numerical fitting (fit)
Experimental routine Do, E s
conditions — flux
Experimental Numerical fitting
conditions routine
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(fit)
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Fig. 13 — Logic diagram of proposed analysis method coupling experimental results with a numerical analysis fitting
technique in order to derive both the diffusion and trapping/detrapping parameters.
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determining the robustness and overall accuracy of the
derived kinetic trapping and detrapping constants.

Conclusions

Thermal desorption mass spectroscopy proves to be a very
powerful and useful experimental tool with the potential to
provide access to kinetic information concerning hydrogen-
material interactions, specifically with respect to diffusion
and trapping. Simulations have revealed that today's most
commonly used analytical spectral analysis techniques may
give information concerning the detrapping activation energy,
but only when certain conditions are met, for example a
nearly homogeneous hydrogen concentration before spectral
acquisition. This hydrogen homogeneity can be relatively
easily met when working with a thin material presenting a
high hydrogen solubility and diffusivity (ie. pure iron and low-
carbon/alloyed steels), but these conditions become very
difficult to achieve when these coefficients are not as high (ie.
austenitic stainless steels, Ni-base alloys).

The simulations presented here have been directed at
highlighting the importance of taking into consideration the
experimental sample history, including the charging condi-
tions, transfer time, and the experimental TDS temperature
ramp, along with sample parameters such as thickness. These
simulations have helped to shed some light on possible
problems encountered during the analysis of experimental
TDS spectra. It is necessary to work with an analysis method
that has been well adapted to these conditions and is robust
enough to handle variations in these parameters.

The proposed numerical model and analysis technique is
easily adaptable to different types of materials and TS types
present in the material through working with “model mate-
rials” in order to construct a database of diffusion and kinetic
trapping/detrapping information. Once constructed this
database of kinetic constants could be used to simulate and
predict H-material interactions for a material presenting
numerous types of TS. This proposed numerical model
coupled with MM in order to acquire trapping/detrapping ki-
netic information is currently being realized for several in-
dustrial materials.
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