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� Verification of the Kissinger theory and peak deconvolution procedure.

� Desorption energy fulfils the Kirchheim criterium based on bulk hydrogen diffusion.

� The R2-values do not necessarily mean trustworthy desorption energies.

� The TDS evaluation requires complete comprehension of the metal microstructure.
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a b s t r a c t

Multiple types of hydrogen trapping sites in advanced high-strength steels (AHSS) are often

experimentally characterized by means of thermal desorption spectroscopy (TDS). The

evaluation is regularly based on the peak deconvolution procedure combined with Kis-

singer's theory, which provides distinctive desorption energies of hydrogen trapping sites

at microstructural defects. However, the desorption energies published in literature are

often non-conclusive and from time to time contradictive in nature. Therefore, it is of

utmost importance to verify the evaluation procedures according to Kissinger's theory for

multiple types of hydrogen trapping sites. For that purpose, theoretical TDS spectra were

simulated using a bulk diffusion model according to Oriani's theory. Binding energies and

trap densities were chosen for providing TDS spectra with clearly separated as well as

overlapping TDS peaks. Finally, the desorption energies according to Kissinger's theory

were compared with the theoretical trapping energies used in the models. Based on this

theoretical work, it is strongly recommended to apply the Kissinger theory only for the

evaluation of single or well separated TDS peaks. If peaks overlap, complementary

microstructural variation and characterization are a perquisite to correctly evaluate the

TDS spectra.
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Introduction

Hydrogen embrittlement (HE) is a crucial problem for

advanced high-strength steels (AHSS), whichmay cause time-

delayed brittle fracture of industrial components [1e6]. The

delay in time is significantly influenced by hydrogen trapping

at microstructural defects [7e11], which in turn affects.

- hydrogen uptake [12e15],

- chemical hydrogen diffusion [8,16,17],

- local accumulation at notches [4,18] or at punched edges

[12] and

- the susceptibility to HE by reducing or increasing the

diffusible hydrogen content [19e21].

Thermal desorption spectroscopy (TDS) is a suitable tech-

nique to investigate hydrogen trapping sites in the micro-

structure by measuring the hydrogen flux of a hydrogen

charged sample during linear heating inside of a furnace

[22e27]. Due to thermal activation, hydrogen is released from

the trapping sites and diffuses out from the bulk sample

[26,28e30]. Thus, the measured hydrogen flux profile against

temperature allows to identify and quantify the sites of trap-

ped hydrogen in the microstructure [28,29].

However, evaluating of the recorded TDS spectra is a

difficult task and different experimental [31,32] and numerical

evaluation methods [28,29,33e36] have been presented in

literature. The most widely used experimental method is

based on the Kissinger theory [31] and was introduced to

hydrogen trapping by Choo and Lee [32]. It is based on a

generalized thermodynamic concept originally derived to ex-

press the reaction rate of thermal dissociation of minerals.

This experimental approach provides characteristic desorp-

tion energies for trapping sites at structural defects. The nu-

merical evaluation of measured TDS spectra is a more

generalized approach and allows to consider also the influ-

ence of sample geometry, hydrogen absorption during

charging and hydrogen effusion during sample preparation on

the TDS peak position and shape. For example, Polyanskiy

et al. [37] studied the so-called skin-effect on measured TDS

spectra and showed that an inhomogeneous hydrogen dis-

tribution before temperature ramping effects the desorption

energies according to Kissinger.

The bulk diffusion model of Oriani [38] was already

applied in several studies to numerically evaluate measured

TDS spectra [28,29,33e35,39]. It assumes that the local

relaxation between lattice sites and trapping sites is much

faster than long-range chemical hydrogen diffusion [40].

This assumption is based on the experimental observation

that hydrogen permeation through thin sheet metals con-

taining trapping sites takes several minutes to hours [16],

while permeation through well-annealed iron samples rea-

ches stationary conditions after seconds [7,8,41]. Contrary to

the often-cited division [2] of the Kissinger theory and the

Oriani theory into “dissociation-controlled desorption” and

“diffusion-controlled desorption”, respectively, Kirchheim

[42] analytically derived the generalized Kissinger rate
equation by applying the bulk diffusion equation according

to Oriani's theory. He also found a correlation between the

desorption energy according to Kissinger and the activation

energy of the chemical diffusion coefficient. In other words,

it is likely that the retardation of chemical hydrogen diffu-

sion out from bulky steel samples is based on the re-

trapping mechanism rather than on the thermal activation

of de-trapping. Drexler et al. [29] performed a numerical

validation of a parametrized bulk diffusion model according

to Oriani, based on the experimental results of Depover

et al. [26,30], by applying room temperature vacuum treat-

ments before recording TDS spectra. During room temper-

ature vacuum treatment shallow trapped hydrogen effused

from the sample, while deep trapped hydrogen remained in

the samples for much longer time. That resulted in a high

temperature peak in the measured TDS spectra. Drexler

et al. [4] also compared the experimental evaluation method

according to the generalized Kissinger theory [42] with the

numerical evaluation of measured TDS spectra according to

Oriani. The TDS spectra consisted of a single peak and both

evaluation methods were in very good agreement with

respect to trapping energy and trap density.

However, while the original work of Kissinger [31] consid-

ered only a single type of trapping sites, the extension to

multiple types of hydrogen trapping sites was done by TDS

peak deconvolution in overlapping Gaussian curves [32]. A

comprehensive verification of the Kissinger theory applied to

the experimental evaluation of multiple types of hydrogen

trapping sites with overlapping TDS peaks is still unexplored.

Moreover, a comprehensive theory for explaining the peak

deconvolution procedure with respect to hydrogen diffusion

and trapping theories is missing. Therefore, the aim of the

present study was the verification of the peak deconvolution

procedure according to Kissinger with respect to a suitable

bulk diffusion model according to Oriani. The model can.

- consider the influence ofmultiple types of trapping sites, of

the sample size and of the heating rate,

- describe hydrogen outgassing during sample preparation

and temperature ramping inside a furnace,

- evaluate the applicability of the Kissinger equation by

Gaussian decomposition method of complex shaped TDS

spectra and

- give new insights into the Kissinger theory with respect to

bulk diffusion.

In the model, binding energies and trap densities were

chosen to produce overlapping as well as clearly separated

TDS peaks. The simulated TDS spectra were evaluated by

applying the peak deconvolution method according to Kis-

singer's theory. Gaussian as well as asymmetric curves were

used to determine the temperature at the peak maxima. The

desorption energies according to Kissinger's theory were

compared with the trapping energies used in the simulations.

Differences between theoretical parameters and experimental

parameters were critically discussed with respect to unique-

ness of the peak deconvolution procedure and the site fraction

of trapped hydrogen.
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Fig. 1 e Schematic of hydrogen energy states considered in

this work [43].
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Theory

Basic equations for hydrogen bulk diffusion

The bulk diffusion-controlled model describing TDS has

already been applied in several studies [4,8,28,29,33e35,42,44].

It splits the total hydrogen concentration into the interstitial

lattice hydrogen concentration cL and the trapped hydrogen

concentrations cT;i at trapping site i [38] as

c¼ cL þ
X
i¼1;N

cT;i ¼ cL þ cT (1)

where N is the total number of hydrogen trapping sites

considered in the model and cT is the total molar concentra-

tion of trapped hydrogen. Only the lattice hydrogen freely

diffuses in the defect free lattice, while the trapped hydrogen

occupies immobile and localized traps (as illustrated in Fig. 1).

The hydrogen diffusion flux j according to Fick's first lawmust

be reformulated concerning Eq. (1) and the multiple types of

trapping sites at microstructural defects as

j ¼ �DLgradðcLÞ ¼ �DL
vcL
vc

gradðcÞ ¼ �DchemgradðcÞ (2)

where DL is the temperature dependent tracer diffusion co-

efficient of interstitial lattice hydrogen and Dchem is the con-

centration and temperature dependent chemical diffusion

coefficient. The temperature dependence of the tracer diffu-

sion coefficient DL follows the Arrhenius function

DL;0expð � EM=RTÞ, where is the jump frequency, EM is the

migration energy for lattice hydrogen, R is the universal gas

constant and T is the temperature. Themass balance equation

reflects the fact that the hydrogen diffusion flux j given in Eq.

(2) equals the change of total hydrogen concentration in both

lattice sites and trapping sites and this yields Fick's second law

of hydrogen diffusion in steels as
dcL
dt

 
1þ

X
i¼1;N

NT;iKi

NLðKi þ cLð1� KiÞ=NLÞ2
!
�
X
i¼1;N

cLNT;iKið1� cL=NLÞ
NLðKi þ cLð1� KiÞ=NLÞ2

EB

RT
dc
dt

¼ dcL
dt

þ
X
i¼1;N

dcT;i
dt

¼ �divðjÞ¼divðDLgradðcLÞ
�

(3)

Note that Eq. (3) ignores the influences of macroscopic

hydrostatic stress [12,45,46] and pipe diffusion along grain

boundaries and dislocations as suggested by Toribio and

Kharin [8,47,48] on the bulk diffusion in steels.

Oriani's theory

According to Oriani's local equilibrium theorem, the hydrogen

exchange between interstitial lattice sites and trapping sites

on nanoscale is much faster than the long range macroscopic

diffusion [40]. This solid-state reaction can be expressed by

the following reversible equation as

HT þVL!HL þ VT (4)

where HT is the trapped hydrogen, VL is the vacant lattice site,

HL is the interstitial lattice hydrogen and VT is the vacant

trapping site. In local equilibrium the trapped hydrogen con-

centration cT;i at the trapping site i can be expressed as a

function of the site fraction of lattice hydrogen yL ¼ cL=NL and

the site fraction of trapped hydrogen yT;i ¼ cT;i=NT;i as

yL

�
1� yT;i

�
yT;i

�
1� yL

� ¼Ki ¼exp

�
� EB;i

RT

�
(5)

NL is the density of interstitial lattice sites, Ki is the equilib-

rium constant, NT;i is the trap density and EB;i is the corre-

sponding binding energy for the trapping site i. Summing up

all trap densities NT;i of N trapping sites gives the total trap

density NT as

NT ¼
X
i¼1;N

NT;i (6)

From a thermodynamic point of view, if two different

microstructural defects have very similar binding energies EB;i,

their trap densities NT;i add to the same peak in the measured

TDS spectra.

Using the mass balance Eq. (3) as a starting relation we can

insert yT;i=NT;i from Eq. (5) into cT;i on the left side. Keeping in

mind that recording TDS spectra with a defined heating rate q

causes both cT;iðtÞ and T(t) being time dependent and thus

dcT;i
dt

¼ vcT;i
vcL

dcL
dt

þ vcT;i
vT

q (7)

Inserting Eq. (7) into the mass balance Eq. (3) yields the gov-

erning partial differential equation (PDE) for lattice hydrogen

diffusion in steels [49] with sink and source terms for multiple

hydrogen trapping sites with local equilibrium as following
;i

2
exp

�
� EB;i

RT

�
q ¼DLgradðcLÞ (8)
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Kissinger's theory

In the work of Choo and Lee [32], the thermal excitation of

trapped hydrogen to interstitial lattice sites is assumed to be

expressed as

HT!HL þ VT (9)

which is a simplification of the more generalized Eq. (4), pro-

posing that the number of vacant interstitial lattice sites is

numerous and stays unchanged by de-trapping. To describe

the hydrogen escape rate from hydrogen trapping site i, Choo

and Lee suggested the use of the Kissinger theory [31] as

dxi

dt
¼Að1� xiÞn exp

�
� ED;i

RT

�
(10)

where x ¼ 1� cT;i=cT;i;t¼0, cT;i;t¼0 is the initial trapped hydrogen

concentration,A is a constant pre-factor, R is the universal gas

constant and T is the temperature. This well-known rate

equation can easily be simplified to

dcT;i
dt

¼ �AcnT;i exp

�
� ED;i

RT

�
(11)

which is very similar to the backward reaction term in the

trapping equation published previously by Drexler et al. [29].

According to irreversible thermodynamics [42], the desorption

energy ED;i depends on the rate-determining processes in the

microstructure and can be.

- the activation energy for bulk diffusion,

- the desorption energy of adsorbed hydrogen at the surface,

- the de-trapping energy of trapped hydrogen or

- the decomposition energy of a compound releasing

species.

According to chemical kinetics, the exponent n is unity for

gaseous hydrogen release by thermal desorption from a steel

sample [50]. At the maximum release rate of Eq. (11), the well-

known Kissinger equation is obtained as

ln

 
q

T2
m

!
¼ � ED;i

RTm
þ lnðYÞ (12)

where Tm is the temperature at the peak maximum. Kirch-

heim [42] generalized the Kissinger theory with respect to

hydrogen trapping, considering the influence of sample ge-

ometry and trap density NT;i on the TDS peak position and

size. Therefore, the intercept lnðYÞ with the y-axis in the

Choo-Lee plot fulfils the following relationship in case of bulk

diffusion-controlled thermal desorption [42]:
Table 1 e Set A of the bulk diffusion parameters.

Parameter Value Reference

Density of interstitial

lattice sites NL

2.041∙10�4 mol/mm3 [56]

Jump frequency DL;0 0.133 mm2/s [60e62]

Migration energy EM 5.63 kJ/mol [60e62]

Sample thickness s 1 mm
Y � cL
s2NT;iED;i

(13)

where s is the sample thickness.
Methodological approach

Numerical modelling and parametrization

The PDE given in Eq. (8) for multiple types of hydrogen trap-

ping sites was numerically solved in one-dimensional form by

using the finite difference method (FDM) [51], which was

programmed in python. A uniform mesh with equidistant

nodes with a distance of 1 mm were arranged through the

thickness of the specimen. The element size was sufficient to

obtain mesh independent results. A time step of 1 s leaded to

converged simulation results. To describe hydrogen effusion

from the surface of the sample during temperature ramping,

the Dirichlet boundary condition was applied as

cL
�
±
s
2
; t
�
¼ 0 (14)

where t is the time. The trap density NT;i and the initial lattice

hydrogen concentration cL;0 were homogenously distributed

in the sample. Due to the zero conditions at the boundary, as

given in Eq. (14), and the uniform initial hydrogen concen-

tration in the inner part, the hydrogen concentration gradient

at the boundary leads to very high values of the hydrogen flux

at the beginning of the simulation. A decreasing flux at the

beginning of measured TDS spectra can also be observed in

some publications, when the time for sample handling be-

tween charging andmeasurement is sufficiently small [30,52].

To work around this problem, fluxes were only shown above a

sample temperature of 40 �C.

Furthermore, a spatially uniform temperature field TðtÞ
was assumed in the model. The temperature T is defined at

any time by a constant heating rate q as following

TðtÞ¼T0 þ qt (15)

where T0 is the initial temperature being 21 �C. Inhomoge-

nous, temperature fields may arise, when recording TDS

spectra of thick samples and at high heating rates compared

to thermal diffusion [53,54]. Nevertheless, the effect of inho-

mogenous temperature fields was not considered in the pre-

sent work and will be thoroughly investigated in our future

studies. In addition, no skin-effects were taken into account in

the present work [12,37,55]. The parameters of the bulk

diffusion model were subdivided into two sets:

- while set A contained all parameters, which were constant

throughout the present study and were taken from

literature,

- set B contained the number of trapping sites N, binding

energies EB;i, trap densities NT;i and initial lattice hydrogen

concentrations cL;0.

Parameters of set A are given in Table 1. In accordance to

Svoboda and Fischer [56], a volume of 4900mm3was chosen for

https://doi.org/10.1016/j.ijhydene.2021.09.171
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Table 2 e Set B of the bulk diffusion parameters.

Model
No.

Number of
traps N

Trapping site
number i

Binding energy
EB;i [kJ/mol]

Trap density NT;i

[mol/mm3]
Initial lattice hydrogen

concentration cL;0 [mol/mm3]
Total hydrogen

content c [wppm]

1 1 1 30 10e7 10e15 10e5

2 10e10 1.26

3 10e9 6.77

4 1 1 50 10e7 10e15 0.05

5 10e10 12.74

6 10e9 12.88

7 1 1 70 10e7 10e15 11.94

8 10e10 12.77

9 10e9 12.89

10 2 1 30 10e7 10e10 2.54

2 70 10e8

11 2 1 30 10e7 10e10 2.54

2 50 10e8

12 3 1 30 10e7 10e10 2.54

2 50 5∙10�9

3 70 5∙10�9

Fig. 2 e Initial concentrations of hydrogen in the lattice

sites and trapping sites.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 3 9 5 9 0e3 9 6 0 639594
1molof tetrahedral latticesites [57e59] inthesamples, resulting

inadensity of interstitial lattice sitesNL of 2.041∙10�4mol/mm3.

Themigration energy EM of 5.63 kJ/mol and the jump frequency

DL;0 of 0.133 mm2/s were averaged over different literature

sources [60e62]. The sample thickness swas 1mmand is in the

range of typical AHSS sheet thicknesses [3,4,63].

The parameters of set B, as summarized in Table 2, were

varied to study their influence on the TDS peak evaluation,

applying the peak deconvolution method according to the

Kissinger theory. The investigated binding energies EB;i were

30 kJ/mol, 50 kJ/mol and 70 kJ/mol and can be motivated as

follows:

- 30 kJ/mol corresponds for example to hydrogen trapping

sites at dislocations or at martensitic lath boundaries

[8,9,64] in dual phase AHSS [4,65].

- 50 kJ/mol is a binding energy EB;i slightly below the often

cited threshold for “quasi-irreversible” hydrogen trapping

sites [66] and presents trapping sites e.g. at carbide in-

terfaces in a martensitic matrix [28,67].

- 70 kJ/mol is the binding energy EB;i of very deep trapping

sites and could be introduced into the microstructure

during thermal processing [29] or during severe plastic

deformation [8,12]. These trapping sites stay filled with

hydrogen even after long lasting vacuum treatments at

room temperature before TDS [28,64].

The corresponding equilibrium constants Ki at room tem-

perature determining the site fractions yT;i of trapped

hydrogen are 4.5∙10�6, 1.23∙10�9 and 3.36∙10�13, respectively.

A trap density NT;1 of 10�7 mol/mm3, as chosen for trap 1, is

representative for a dislocation density of around 1014 m/m3

[8]. Trap densities of trap 2 NT;2 and trap 3 NT;3 were 10�8 mol/

mm3 or 5$10�9 mol/mm3. These values were found by Drexler

et al. [28,29] to represent deeper trapping sites, e.g. at carbide

interfaces.

While initial lattice hydrogen concentrations cL;0 between

10�15 mol/mm3 to 10�10 mol/mm3 represent hydrogen uptake
from corrosive or electrochemical sources [4,68], the initial

lattice hydrogen concentration cL;0 of 10�9 mol/mm3 repre-

sents full occupation of trapping sites and thus, hydrogen

accommodation at the interstitial lattice sites. Fig. 2 shows the

initial concentration of hydrogen in the lattice and trapping

sites graphically. The corresponding total hydrogen contents c

are given in Table 2 and are calculated from the molar total

hydrogen concentration c as following

c¼ c$106$MH

9
(16)

whereMH is themolarmass of hydrogen and 9 is the density of

the sample. The hydrogen content increases with both

increasing binding energy EB;i and increasing initial lattice

hydrogen concentration cL;0. Basically, the initial lattice

hydrogen concentration cL;0 is in good agreement with the

lattice hydrogen concentration cL found for electrochemical

hydrogen charged materials [4,8,63].

https://doi.org/10.1016/j.ijhydene.2021.09.171
https://doi.org/10.1016/j.ijhydene.2021.09.171


Fig. 3 e Simulated TDS spectra for a single type of

hydrogen trapping sites.

Fig. 4 e Choo-Lee plots for a single type of trapping siteswith init

b) 10¡10mol/mm3 and c) 10¡9mol/mm3. d) Arrheniusplot of the tr

diffusion coefficients Dchem.
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Experimental evaluation of TDS spectra

To evaluate the measured TDS spectra with respect to the

Kissinger theory, the temperature of the peak maxima Tm

must be determined as a function of the heating rate q. In case

of single peaks, this was rather straightforward using the

temperature Tm at the TDS peak maximum. In case of multi-

ple types of hydrogen trapping sites, a distinction was made

between hydrogen trapping causing.

- clearly separated peaks and

- overlapping peaks.

For clearly separated peaks, the temperature at the peak

maxima Tm was again determined straightforward. However,

this was not possible for overlapping peaks. Therefore, for

different types of hydrogen trapping site i the temperatures of

the peak maxima Tm;i were identified and analysed individu-

ally by a peak deconvolution method, fitting a sum of

Gaussian and/or asymmetric peaks to the simulated TDS
ial lattice hydrogen concentrations cL;0 of a) 10
¡15mol/mm3,

acer diffusion coefficientDL and the corresponding chemical

https://doi.org/10.1016/j.ijhydene.2021.09.171
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Fig. 5 e Simulated TDS spectra considering multiple hydrogen trapping sites with binding energies EB;i of a) 30 kJ/mol and

70 kJ/mol, b) 30 kJ/mol and 50 kJ/mol and c) 30 kJ/mol, 50 kJ/mol and 70 kJ/mol.
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spectra. These fitted curves were then independently evalu-

ated according the Kissinger theory. The equations and fitting

parameters of the Gaussian and asymmetric peaks are sum-

marized in the Appendix.
Results and discussion

General aspects of bulk diffusion

According to Oriani's theory, the shift of the peak of the body-

flux jB to higher temperatures by increasing the heating rate q,

trap density NT;i or binding energy EB;i is related to the bulk

diffusion of hydrogen to the surface. The actual chemical

diffusion coefficient Dchem, as defined in Eq. (2), ranges over

several orders of magnitude depending on the local concen-

tration and temperature [26,29]. For example, in a steel con-

taining a sufficiently high density of carbides the effective

diffusion coefficientDeff [30] at room temperature can be orders

of magnitude lower than the tracer diffusion coefficient DL in
pure iron [7,8,60]. In other words, a higher trap density NT re-

tards hydrogen diffusion to the surface, which shifts the

recorded TDS peak to higher temperatures. The effect of

binding energy EB;i on the peak position becomes obvious as

according to Eq. (4) and Eq. (5) around 99% of the total hydrogen

is trapped in the sample at room temperature [4]. By increasing

the temperature, thermal activation of the trapping sites leads

to an increase of both the lattice hydrogen concentration cL and

the chemical diffusion coefficient Dchem. As the chemical

diffusion coefficient depends also on the local hydrogen con-

centration, which is contradictory to the often cited concept of

effective diffusion coefficientDeff [16,17], diffusion occurs in the

region of high hydrogen concentrations faster than regions

with lowhydrogen concentrations. In otherwords, in regions of

low concentrations hydrogen re-trapping is more intense and

retards bulk diffusion of hydrogen to the surface. This extreme

asymmetry in the chemical diffusion between inner and outer

regions of the TDS sample, contributes to the shape and posi-

tion of the recorded TDS peaks and makes a numerical evalu-

ation necessary.

https://doi.org/10.1016/j.ijhydene.2021.09.171
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Fig. 6 e Simulated TDS spectra considering two types of trapping sites with binding energies EB;i of 30 kJ/mol and 70 kJ/mol.

Peak deconvolution procedure using Gaussian curves for heating rates q of a) 0.3 �C/s, b) 0.5 �C/s, c) 1 �C/s and d) 2 �C/s.

Fig. 7 e Choo-Lee plot of the simulated TDS spectra

considering two types of trapping sites with binding

energies EB;i of 30 kJ/mol and 70 kJ/mol. The temperatures

of the peak maxima were evaluated straightforward by the

temperature of the TDS peak maxima and by applying the

peak deconvolution procedure using Gaussian curves.
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Single type of hydrogen trapping sites

As shown in Fig. 3, TDS spectra were simulated for materials

containing a single type of hydrogen trapping sites for

different binding energies EB;i and an initial lattice hydrogen

concentration cL;0 of 10�9 mol/mm3. The total hydrogen con-

tents were between 6.77 wppm to 12.89 wppm depending on

the binding energy EB;i. During heating of the samples with

constant heating rate q the tracer hydrogen diffusion coeffi-

cient DL increases and the equilibrium constant Ki becomes

unity. Hydrogen trapping sites are fully activated at high

temperatures and do not effectively bind hydrogen. Espe-

cially, shallow hydrogen trapping sites do not contribute to

the chemical diffusion coefficient Dchem at high temperatures.

The same effect occurs at room temperature, when all

hydrogen trapping sites are fully occupied by hydrogen and a

further increase of the total hydrogen concentration c can only

be accommodated by the interstitial lattice sites.

The simulated TDS spectra were evaluated according to

Kissinger's theory using the temperature of the peak maxima.

The heating rates qwere increased from 0.1 �C/s to 20 �C/s. The
corresponding Choo-Lee plots are given in Fig. 4a, b and c for

three different initial lattice hydrogen concentrations cL;0 of

10�15 mol/mm3, 10�10 mol/mm3 and 10�9 mol/mm3, respec-

tively. The R2-values for the linear fits are approximately unity

https://doi.org/10.1016/j.ijhydene.2021.09.171
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Fig. 8 e Simulated TDS spectra considering two types of trapping sites with binding energies EB;i of 30 kJ/mol and 70 kJ/mol.

Peak deconvolution procedure using a mixture of Gaussian and asymmetric curves for heating rates q of a) 0.3 �C/s, b) 0.5 �C/
s, c) 1 �C/s and d) 2 �C/s.

Fig. 9 e Choo-Lee plot of the simulated TDS spectra

considering two types of trapping sites with binding

energies EB;i of 30 kJ/mol and 70 kJ/mol. The temperatures

of the peak maxima were evaluated by applying the peak

deconvolution procedure using an asymmetrical curve for

the higher temperature TDS peak of trap 2.
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in the Choo-Lee plots, which represents almost perfect line-

arity. The slopes in the linear regimes represent ED;i, which is

always higher than the binding energies EB;i and which can be

approximated by the Kirchheim criterion [42] as

ED;i yEB;i þ EM: (17)

A slight curvature can be observed in Fig. 4a, b and c at

lower desorption energies ED;i with increasing temperatures

and heating rates q. This is most pronounced at low hydrogen

concentrations c and high binding energies EB;i.

To the authors knowledge, Kirchheim [42] was first who

showed that Oriani's theory of local equilibrium [38] yields

straight lines in the Choo-Lee plot. However, different

hydrogen trapping approaches for steels are still debated at

conferences and in literature [69]. For example, Nagumo

separated in his famous book [2] “Fundamentals of Hydrogen

Embrittlement” Kissinger's theory from the local equilibrium

approach and argued that straight lines are related to

dissociation-controlled desorption. Due to the ongoing dis-

cussion, we would like to emphasize the correlation between

experimental observations and the predictions of the theo-

retical trapping theories.
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For the interpretation of the evaluated desorption energy

ED;i according to Kissinger, the chemical diffusion coefficient

Dchem was calculated [56] as

The corresponding Arrhenius plot is given in Fig. 4d. It is

obvious that the chemical diffusion coefficients Dchem cannot

be described by a simple Arrhenius function, because of its

complex concentration and temperature dependency [56].

Comparing the evaluated desorption energies ED;i according

Kissinger's theory with the activation energies for bulk

diffusion in the linear regimes shows good agreement. The

positive curvature in the Choo-Lee plot corresponds with the

positive curvature in the Arrhenius plot of the chemical

diffusion coefficients Dchem and is attributed to the thermal

activation of hydrogen trapping sites. A similar tendencywas

observed by Rhode et al. [53], measuring TDS spectra of T24

welds. Due to thermal activation, less hydrogen is effectively

trapped at elevated temperatures and interstitial lattice

hydrogen diffusion becomes the rate limiting mechanism in

the bulk diffusion model. In other words, the chemical

diffusion coefficient Dchem increases with temperature and
Fig. 10 e Simulated TDS spectra considering two types of trappin

Peak deconvolution procedure using Gaussian curves for heatin
its maximum corresponds to the lattice hydrogen diffusion

coefficient DL.

Multiple types of hydrogen trapping sites

Three different TDS spectra were simulated considering

multiple types of trapping sites. The corresponding binding

energies EB;i and trap densities NT;i are given in Table 2. The

corresponding TDS spectra depending on four different

heating rates q are shown in Fig. 5. Only when the binding

energies EB;i were very different, i.e., at 30 kJ/mol and 70 kJ/

mol, two clearly separate peaks can be observed in the TDS

spectra, as shown in Fig. 5a. However, when the binding en-

ergies EB;i were too close, overlapping of the peaks occurred, as

shown in Fig. 5b and c.

TDS spectra with clearly separate peaks
Fig. 6 shows the simulated TDS spectra using binding en-

ergies EB;i of 30 kJ/mol and 70 kJ/mol. They consist of two

more or less separate TDS peaks. In this case, the TDS peaks
g sites with binding energies EB;i of 30 kJ/mol and 50 kJ/mol.

g rates q of a) 0.3 �C/s, b) 0.5 �C/s, c) 1 �C/s and d) 2 �C/s.
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Fig. 11 e Choo-Lee plot of the simulated TDS spectra

considering two types of trapping sites with binding

energies EB;i of 30 kJ/mol and 50 kJ/mol. The temperatures

of the peak maxima were evaluated by applying the peak

deconvolution procedure using Gaussian curves.
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were analysed according to the Kissinger theory both on

their peak maximum as well as by fitting Gaussian peaks to

the TDS spectrum. The TDS peak deconvolution into two

Gaussian peaks is shown in Fig. 6 and the corresponding

Choo-Lee plot is shown in Fig. 7. By using the temperature of
Fig. 12 e Simulated TDS spectra considering two types of trappin

“Improved” peak deconvolution procedure using Gaussian curve

2 �C/s.
the peak maxima, desorption energies ED;i of 34.3 kJ/mol and

76.4 kJ/mol were obtained for the evaluation of the first and

the second peak, respectively. Consequently, also for the

presence of two peaks the bulk diffusion approach fulfils the

Kirchheim criterion given in Eq. (17). However, when the

method of Gaussian peak fitting was used, desorption en-

ergies ED;i of 36.5 kJ/mol and 68.2 kJ/mol were obtained.

Hence, the use of the Kissinger theory in combination with

Gaussian peak fitting resulted in an underestimation of the

corresponding desorption energy ED;2 of trap 2. Furthermore,

it can also be seen from Fig. 6 that the shape of the TDS peaks

deviates from the shape of the Gaussian curve and hence

fitting of the Gaussian peaks to this spectrum leads to rela-

tively poor agreement of the peak maxima.

A second type of fitting was performed, where the TDS

peak of trap 2 was fitted using the asymmetric function while

the TDS peak of trap 1 was Gaussian. This resulted in better

agreement between the fitted spectrum and the simulated

spectrum, as shown in Fig. 8. Moreover, better correspondence

of the desorption energies ED;i to the Kirchheim criterium, as

shown in Fig. 9, was obtained. However, it must be noted that

the best agreement is still obtained by using the peakmaxima

of the simulated spectra.

TDS spectra with overlapping peaks
As shown in Fig. 10, the simulated TDS spectra for binding

energies EB;i of 30 kJ/mol and 50 kJ/mol consist out of a peak

with a “shoulder” at the high temperature rather than two
g sites with binding energies EB;i of 30 kJ/mol and 50 kJ/mol

s for heating rates q of a) 0.3 �C/s, b) 0.5 �C/s, c) 1 �C/s and d)
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Fig. 13 e Choo-Lee plot of the simulated TDS spectra

considering two typesof trappingsiteswithbindingenergies

EB of 30 kJ/mol and 50 kJ/mol. The temperatures of the peak

maximawere evaluated by applying the “improved” peak

deconvolution procedure using Gaussian curves as well as

fitting using an assymetrical curve for trap 2.
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separate peaks. When simply fitting the Gaussian curves, the

Kissinger equation resulted in desorption energies ED;i of

25.3 kJ/mol and 40.6 kJ/mol for the evaluation of trap 1 and
Fig. 14 e Simulated TDS spectra considering three types of trappin

70 kJ/mol. Peak deconvolution procedure using Gaussian curves fo
trap 2, respectively. This is significantly lower than the bind-

ing energies EB;i of the trapping sites, and hence no agreement

was obtained between the Kissinger approach and the bulk

diffusion approach. However, as illustrated in Fig. 11, the R2-

values of the linear fits were approximately unity, i.e. 0.9995

for trap 1 and 0.9976 for trap 2. Consequently, a good R2-value,

which is often used as verification method, does not neces-

sarily confirm that the results are reliable.

According to the Choo-Lee method, the area under a

desorption peak should represent the amount of hydrogen

trapped at the corresponding trapping site. Therefore, the

peak area should scale with the amount of trapped hydrogen

at the trapping sites and the heating rate q. When looking at

the Gaussian peak deconvolution method in more detail, it

can be seen in Fig. 10 that the Gaussian peaks corresponding

to trap 2 do not scale with the different heating rates q, but

remain at a similar height independently of the applied

heating rate q. Furthermore, the peak area of trap 2 is often

significantly smaller than of trap 1. The peak area should scale

with the amount of trapped hydrogen at the trapping sites and

the heating rate q. According to Eq. (5) and the corresponding

trapping parameters in Table 2, equal amounts of hydrogen

should be present in trap 1 and trap 2. This equal ratio of

trapped hydrogen is in contradiction to the first Gaussian peak

deconvolution with a smaller peak area for trap 2 than for

trap1. Consequently, more care should be taken when fitting

Gaussian peaks to the spectrum.
g sites with binding energies EB;i of 30 kJ/mol, 50 kJ/mol and

r heating rates q of a) 0.3 �C/s, b) 0.5 �C/s, c) 1 �C/s and d) 2 �C/s.
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Fig. 15 e Choo-Lee plot of the simulated TDS spectra

considering three types of trapping sites with binding

energies EB;i of 30 kJ/mol, 50 kJ/mol and 70 kJ/mol. The

temperatures of the peak maxima were evaluated by

applying the peak deconvolution procedure using

Gaussian curves.

Fig. 16 e Simulated TDS spectra considering three types of trap

and 70 kJ/mol “Improved” peak deconvolution procedure using

c) 1 �C/s and d) 2 �C/s.
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This was done in a second fitting procedure where re-

strictions were imposed related to the peak areas, as shown in

Fig. 12. Since a similar hydrogen concentration at trap 1 and

trap 2 was present, the parameters B1 and B2, describing the

area under the peaks should be the same as well and should

equal Btot=2, with Btot the area corresponding to total amount

of trapped hydrogen. However, to allow some variation, the

range over which B1 and B2 should be optimized incorporated

a 5% deviation from Btot=2. The evaluation of the desorption

energy ED;i according to the Kissinger theory, which are shown

in Fig. 13, resulted in much better agreement with the Kirch-

heim criterion with desorption energies ED;i of 33.9 kJ/mol and

47.3 kJ/mol for trap 1 and 2, respectively. However, the

desorption energy of the second trap is still underestimated.

Also, using the asymmetrical peak for the second trap resulted

in very similar values as using the improved Gaussian fitting,

i.e. 33.8 kJ/mol and 46.7 kJ/mol. Hence, no additional figures

with the asymmetrical peak deconvolution were added to the

present work.

Finally, the simulated TDS spectra considering three types

of trapping sites with binding energies EB;i of 30 kJ/mol, 50 kJ/

mol and 70 kJ/mol were evaluated according the Kissinger

theory. Similar to the previously simulated TDS spectra with

two overlapping peaks, complications arise regarding the
ping sites with binding energies EB;i of 30 kJ/mol, 50 kJ/mol

Gaussian curves for heating rates q of a) 0.3 �C/s, b) 0.5 �C/s,
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Fig. 17 e Choo-Lee plot of the simulated TDS spectra

considering three types of trapping sites with binding

energies EB;i of 30 kJ/mol, 50 kJ/mol and 70 kJ/mol. The

temperatures of the peak maxima were evaluated by

applying the “improved” peak deconvolution procedure

using Gaussian curves.
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Gaussian peak fitting, as shown in Fig. 14. Simple fitting in

combination with the Kissinger equation does not lead to a

correct value for the desorption energies ED;i, i.e. of 27.2 kJ/

mol, 28.1 kJ/mol and 53.4 kJ/mol were obtained for trap 1, trap

2 and trap 3, respectively. However, still very good R2-values

were obtained for linear fits in the Choo-Lee plot shown

Fig. 15. This again confirms that obtaining a good R2-values

does not guarantee a trustworthy analysis of the TDS spec-

trum. The desorption energies ED;i evaluated for trap 1 and

trap 2 are too close to justify two separate peaks in the TDS

spectra from a thermodynamic point of view. A difference of

at least themigration energy EM [60,62,70,71] of approximately

5 kJ/mol is proposed for the desorption energies ED;i to identify

two different trapping sites in the microstructures by TDS.

Otherwise, the trap densities NT;1 and NT;2 of two different

microstructural defects with the same binding energies EB;1y

EB;2 are summed up [56] and contribute to the same TDS peak.

Furthermore, the Gaussian peak of trap 2 possesses much

smaller area, while the area of the Gaussian peak of trap 1 is

rather large. This does not correspond to the parametrization

of the bulk diffusion, where the trapped hydrogen concen-

trations cT;i are of the same order for all trapping site i.

Therefore, similar restrictions, as described before, were

imposed in order to obtain realistic fits, which are shown in

Fig. 16. In this case the areas B2 and B3 should be approxi-

mately equal and about half of B1. Again a deviation of 5%was

allowed for in the optimization range. According to the Choo-

Lee plots shown in Fig. 17, the obtained desorption energies

ED;i were 35.8 kJ/mol, 50.1 kJ/mol and 68.2 kJ/mol for trap 1,

trap 2 and trap 3, respectively. It can be concluded that in the

case of overlapping peaks the first peak of trap 1 can be ana-

lysed via the Kissinger theory, but an underestimation of the

binding energies EB;i can be found for the other peaks, which

appear as shoulders of the first peak in the TDS spectrum.

The presented observations also have important impli-

cations on the experimental evaluation of experimental TDS
spectra when using the peak deconvolution procedure ac-

cording to the Kissinger theory. High R2-values of about

unity do not necessarily mean that trustworthy desorption

energies ED;i have been determined. In order to obtain good

fits, appropriate restrictions of the Gaussian peak parame-

ters are mandatory. This requires an in-depth understand-

ing of the microstructure and thus, on the possible types of

trapping sites and their trap densities. Without detailed

comprehension of the microstructure hydrogen trapping at

microstructural defects cannot be evaluated properly.
Summary and conclusions

The objective of the present work was to verify the Kissinger

theory with respect to lattice hydrogen diffusion and to the

local equilibrium approach according to Oriani's theory. TDS

spectra were simulated containing single and multiple

hydrogen peaks. The binding energies EB;i were chosen to

provide TDS spectra with clearly distinguished peaks as well

as overlapping peaks with shoulders. The following conclu-

sions can be drawn:

- Kissinger's theory can be applied to evaluate single or

clearly separated peaks in measured TDS spectra.

- The experimentally evaluated desorption energy ED;i ac-

cording to Kissinger fulfills the Kirchheim criterium ED;i ¼
EB;i þ EM, where EB;i is the binding energy of the hydrogen

trapping site i and EM is the migration energy of interstitial

lattice hydrogen diffusion.

- The evaluation of the TDS spectra with overlapping peaks

by using the peak deconvolution procedure is more diffi-

cult. The R2-values of the linear fit in the Choo-Lee plot

were always almost unity and do not necessarilymean that

trustworthy desorption energies ED;i according Kissinger

have been determined.

- Additional restrictions, e.g. on the areas under the indi-

vidual peaks, are needed to provide desorption energies

fulfilling the Kirchheim criterium. A correct interpretation

of complex shaped TDS spectra requires a complete

comprehension of the metal microstructure with respect

to the types of trapping sites and their trap densities.
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Appendix

Simulated TDS spectra were fitted by using a superposition of

Gaussian peaks as

jBðTÞ ¼
X
i¼1;N

Bi

�
wi

ffiffiffiffiffiffiffiffi
p=2

p ��1

exp

 
� 2
�
T� Tm;i

�2
w2

i

!
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T is the temperature, Tm;i is the temperature of the peak

maximum, wi represents the width of the peak and Bi equals

the area under the Gaussian curve for different trapping sites

i. All three parameters Tm;i, wi and Bi were optimized to

minimize the difference between Eq. (19) and the simulated

TDS spectra. However, in order to be able to capture more

asymmetrical behaviour of the TDS peaks, also amore general

peak description was used based on the sum of asymmetric

double sigmoidal function, given as

jBðTÞ¼
X
i¼1;N
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In this case, five parameters need to be optimized for each

type of trapping sites i, where Tm;i is the temperature of the

peak maximum, v1;i is the full width of half maximum

(FWHM), v2;i is the variance of the low-temperature side, v3;i

the variance of the high-temperature side and Ci is the

amplitude.
Nomenclature

A Constant [�]

B Area under the Gaussian curve [wppmK/s]

C Amplitude of the asymmetric peak [wppm/s]

c Total hydrogen content [wppm]

c Total hydrogen concentration [mol/mm3]

cL Lattice hydrogen concentration [mol/mm3]

cT Total trapped hydrogen concentration [mol/mm3]

cT;i Trapped hydrogen concentration of trapping site i

[mol/mm3]

Dchem Chemical diffusion coefficient [mm2/s]

Deff Effective diffusion coefficient [mm2/s]

DL Tracer diffusion coefficient [mm2/s]

DL;0 Jump frequency [mm2/s]

q Heating rate [�C/s]
EB;i Binding energy of hydrogen trapping site i [kJ/mol]

ED;i Desorption energy of hydrogen trapping site i

[kJ/mol]

EM Migration energy [kJ/mol]

Ki Equilibrium constant [�]

i Trapping sites number ranging from 1 to N [�]

j Hydrogen diffusion flux [mol/mm2s]

jB Bodyflux [wppm/s]

MH Molar mass of hydrogen [g/mol]

N Total number of hydrogen trapping sites [�]

NL Density of interstitial lattice sites [mol/mm3]

NT Total trap density [mol/mm3]
NT;i Trap density of trapping site i [mol/mm3]

n Constant exponent [�]

R Universal gas constant [mJ/molK]

9 Density of the sample [g/mm3]

s Sample thickness [mm]

T Temperature [K]

Tm Temperature of the TDS peak maximum [K]

t Time [s]

v1;i Full width of half maximum of the asymmetric peak

(FWHM) [K]

v2;i Variance of the low-temperature side of the

asymmetric peak [K]

v3;i Variance of the high-temperature side of the

asymmetric peak [K]

Y Intersection with the y-axis in the Choo-Lee plot

[Ks�1]

y Mean site fraction of hydrogen in the microstructure

[�]

yL Site fraction of lattice hydrogen [�]

yT;i Site fraction of trapped hydrogen at trapping site i [�]

w Width of the Gaussian curve [K]
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