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Abstract

After a concise review of the analytical models available for the interpretation of
thermal desorption rates for hydrogen e!usion from steel, a numerical method that
incorporates the essence of local equilibrium and detrapping kinetics has been im-
plemented to account for the real complexity of practical experiments. For example,
the model permits the treatment of multiple kinds of traps, uses very few fitting
parameters, and has been tested against new experimental data and to assess the in-
fluence of a variety of variables such as trap density, on the nature of the desorption
process. There remain, however, significant discrepancies when attempts are made
to rationalise diverse observations reported in the literature. In particular, compar-
isons made between the trapping of hydrogen in pure iron and interstitial-free steel
indicate a much stronger binding energy for hydrogen in the former case.

Key words: hydrogen trapping, thermal desorption spectra, dislocations, grain
boundaries

1 Introduction

Hydrogen is a pernicious solute in iron in the sense that it leads to dramatic
changes in the ability of the metal to absorb energy during fracture, at concen-
trations which are so small that it is di!cult to avoid the ingress of nascent
hydrogen during, for example, corrosion reactions. Studies of hydrogen em-
brittlement tend to be of two kinds, the first to characterise the potency of
embrittlement, and the second relatively recent approach, to render it innocu-
ous should it enter the steel [1–4].
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It is established that the passage of hydrogen through a steel is hindered by
lattice imperfections which tend to attract and bind it, thus rendering it im-
mobile at temperatures where it should normally be able to di"use readily
[5]. This phenomenon, known as trapping, can be investigated using thermal
desorption spectroscopy (TDS) which monitors the rate at which hydrogen is
released from a sample during continuous heating. Strong traps release their
hydrogen at higher temperatures and data such as these can be used to probe
the parameters defining the interaction of hydrogen with defects. The tech-
nique is nevertheless indirect so the interpretation of the curve of desorption
rate versus temperature and heating rate requires interpretation, and as will
be seen later, there are di!culties with current methods. The methods and
their limitations are reviewed first, and aspects of the available theory are
then incorporated into a new numerical model which permits more complex
problems to be resolved, for example the role of multiple trapping centres. The
method is then validated using new experimental data and an assessment of
published data from the literature.

2 Models

2.1 Reaction Kinetics Model

Kissinger proposed a generic model for di"erential thermal analysis covering
reactions of any order m = 1, 2, . . ., where m describes the relationship be-
tween the measured rate dx/dt and unreacted material (1 ! x)m [6]. In this
respect the model is akin to chemical reaction rate theory [7]. In its first order
form, the theory has been applied to hydrogen desorption by Choo and Lee
[8] in order to calculate a detrapping activation energy Ea:

dx

dt
= A(1! x) exp

!
!Ea

RT

"

with x =
H0 !Ht

H0
(1)

where H0 and Ht are the original and instantaneous hydrogen concentrations
in the sample, so that x is the fraction of hydrogen released, A is a proportion-
ality constant, R is the gas constant, T is the absolute temperature, and t the
time. For a constant heating rate, !, the maximum desorption rate is obtained
by setting the derivative of equation 1 to zero, thus yielding the relationship:

" ln{!/T 2
p }

"{1/Tp}
=

!Ea

R
(2)

where Tp is the temperature corresponding to the maximum hydrogen des-
orption rate. It follows that the activation energy can be deduced by plotting
ln{!/T 2

p } against 1/Tp for a variety of heating rates. Much research has been
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carried out using this method [9–12]. However, the model is based on chemical
reaction kinetics and deals with homogeneous reactions, whereas the exper-
iments involve the di"usion of hydrogen toward the sample surface. It does
not contain information about the size or shape of the sample, and does not
apply when the rate limiting step is di"usion rather than detrapping, as can
be the case for example for hydrogen e"usion from austenite.

2.2 Di!usion & Trapping

A model which accounts for the capture and release of hydrogen from traps,
and di"usion through the lattice, was proposed by McNabb and Foster [13].
Their analytical equations can be adapted to finite di"erence schemes so that
the real complexity associated with experiments can be properly dealt with,
for example, an arbitrary initial distribution of hydrogen [14]. If #t is defined
as the occupancy of trap sites by hydrogen atoms,

d#t
dt

= kCl(1! #t)! p#t where #t =
Ct

Nt
(3)

where Nt is the density of traps, Cl and Ct are the hydrogen concentrations in
lattice and trap sites respectively, and k and p represent the rates of trapping
and escaping, respectively:

k = k0 exp

!
!QD

RT

"

and p = p0 exp

!
!(QD + Eb)

RT

"

(4)

where k0 and p0 are constants, QD is the activation energy for di"usion, and Eb

is the trap binding energy. The model has been used to analyse permeation test
results [15], and TDS data [16–19]. Note, however, that there are a number
of fitting parameters, k0, p0, Eb, Nt and this may be the reason why direct
comparisons of calculations against experimental data have not been reported,
but the model has been used to study qualitative trends [16–19].

2.3 Local Equilibrium

Oriani’s model assumes that local equilibrium exists between the concentra-
tions of hydrogen in the lattice and at traps, both for a static and dynamic
population of hydrogen (i.e., during di"usion) and assuming no interactions
between the occupied sites, [20]:

#t(1! #l)

#l(1! #t)
= exp

!
Eb

RT

"

. (5)
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If both #t " 1 and #l " 1 then this equation simplifies to

Ct #
Nt

Nl
Cl exp

!
Eb

RT

"

. (6)

Since Nt " Nl, the cross–section available for di"usion is not significantly
diminished by traps so the di"usion flux can be written in terms of just the
lattice sites as

J = !Dl
dCl

dz
(7)

where Dl is the di"usivity of hydrogen in the undisturbed lattice. However,
hydrogen at traps also contributes to the concentration gradient so an apparent
di"usivity Da can be defined such that

J = !Da
d(Cl + Ct)

dz
(8)

On comparing the di"usion coe!cients in equations 7 and 8, and substituting
the relationship between Cl and Ct from equation 6, it can be shown [20] that

Da = Dl
dCl

d(Cl + Ct)
= Dl

Cl

Cl + Ct(1! #t)
# Dl

1 + Nt
Nl

exp
#

Eb
RT

$ (9)

with the approximation justified as long as #t " 1. Note that the (1!#t) term
arises because there is no gradient in the concentration of traps if all traps are
occupied.

Oriani’s model has been applied extensively to extract the apparent di"usiv-
ity, trap density and binding energy from permeation experiments [15,21–24,
for example]. It is, however, limited by the apparent di"usivity approach to
dealing with the characteristics of just one kind of trap. The simplifying as-
sumption #t " 1 used to derive equation 9 is unlikely to be justified when
dealing with TDS data on samples which are charged with significant con-
centrations of hydrogen. This is illustrated in Fig. 1 for a variety of binding
energies; naturally, the approximation is particularly weak for high binding
energies or large hydrogen concentrations. This might explain the poor agree-
ment between experiment and theory reported by Yamaguchi and Nagumo
when they applied the apparent di"usivity into a di"usion model to explain
TDS results [25]; a further di!culty is that the apparent di"usivity, designed
for isothermal conditions is applied to experiments involving continuous heat-
ing.
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3 Numerical Analysis of Hydrogen Desorption

To cope with the limitations of the methods described above, a numerical finite
di"erence method was programmed as described in Fig. 2. It is important to
emphasise that the method permits multiple binding sites, here implemented
for two trap sites with di"erent binding energies. It is assumed that there is no
interaction between the trapped and free hydrogen and that one-dimensional
di"usion occurs through the lattice in a direction normal to the plane of a
steel sheet. Hydrogen is first introduced into the sample and distributed be-
tween the trap sites and lattice sites either assuming local equilibrium or via a
“kinetic model” based on the McNabb and Foster scheme. The lattice hydro-
gen is then allowed to di"use out to the free surface using a finite di"erence
method (FDM). This process is repeated until the sample reaches the target
temperature.

Using symmetry it is only necessary to model half of the specimen, which for
1mm length was divided into 50 elements after demonstrating that further
subdivision did not make a significant di"erence to the calculated outcomes.
In the case of austenite where di"usion is much slower, the number of elements
per mm was increased to 800.

Hydrogen is first introduced into the sample assuming a constant surface con-
centration of 0.03 ppm, consistent with the extrapolated phase boundary of
the Fe!-H phase diagram [26]. The time interval was chosen to be less than
1
3(#z)2D!1, where #z is the dimension of the FDM element. The hydrogen
that enters the steel was distributed between the trap sites and lattice sites
either assuming local equilibrium or via a “kinetic model” based on the Mc-
Nabb and Foster scheme. For the e"usion part of the process which begins
when charging is halted, the hydrogen concentration at the surface is set to
zero, assuming that any interfacial reaction e"ects can be neglected [27], with
di"usion through the lattice treated using the finite di"erence method, re-
peated until the sample reaches the target temperature. All of the hydrogen
that leaves the sample during this stage comes from the escape of atoms from
the trapping sites into the ferrite lattice.

The software for doing these calculations, together with examples of inputs
and outputs, and documentation is available freely on:

http://www.msm.cam.ac.uk/map/steel/programs/hydrogen.html
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3.1 Kinetic model

Here we adapt equation 3 to develop a kinetic model to represent concentra-
tions within the steel. The chances !t and !d of the trapping or detrapping of
hydrogen atoms will be related to the respective activation energies and the
concentrations as follows:

!t =exp

!
!QD

RT

"
Nt(1! #t)

Nl(1! #l) +Nt(1! #t)

!d=exp

!

! (QD + Eb)

RT

"
Nl(1! #l)

Nl(1! #l) +Nt(1! #t)
. (10)

During a time interval dt, a hydrogen atom will make $ $ dt attempts at
the activation barrier, where $ is an attempt frequency, here assumed to be
the Debye frequency of 1013 s!1. It follows that probabilities pt and pd of the
trapping and detrapping events are given by

pt = 1! (1! !t)
dt " and pd = 1! (1! !d)

dt " (11)

so that the instantaneous concentrations C "
l and C "

t at the lattice and trap
sites become:

C "
l = Cl(1! pt) + Ct pd and C "

t = Ct(1! pd) + Ct pt (12)

after the time interval dt. These concentrations are adjusted during each time
step of the numerical scheme, thus accounting explicitly for the barriers to the
trapping or detrapping events.

3.2 Local equilibrium model

In contrast, a model based on the assumption of local equilibrium persisting
at all stages of the calculation is simpler because the distribution of hydrogen
atoms at lattice and trap sites is determined by making the chemical potential
uniform, as in equation 6. However, in the present work, the approximation
that #t " 1 was avoided by using equation 5 instead, together with a mass
conservation condition. This required the solution of the quadratic equation:

exp(Eb/RT )Nl#
2
l + {exp(Eb/RT )Nt +Nl}#l ! (Cl + Ct) = 0 (13)

to obtain the distribution of hydrogen on potential sites.
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3.3 Comparison

The numerical model based on the kinetic and local equilibrium approaches,
was utilised to study ferritic steel sheet-samples of 2mm thickness, with heat-
ing rates of 100 and 200 #Ch!1, a trap binding energy of 50 kJmol!1 and
lattice-site density 5.2$1029m!3, trap density 2$1024m!3. The di"usivity of
hydrogen in ferrite was D0 = 5.8$10!8m2 s!1 and QD = 4.5 kJmol!1 [28].
The densities are estimated as follows. There are six tetrahedral interstices
which can accommodate hydrogen, per iron atom in ferrite, however it was
assumed that only the half of total tetrahedral sites are active because of the
known repulsion between near neighbour hydrogen pairs in ferrite [29]. Then

Nl =
Avogadro number

molar volume
$ 3 (14)

Dislocations and grain boundaries are the trap sites expected in annealed
ferritic steel. The trap density due to dislocations was assumed as

N#
t = %r2d&Nl (15)

where rd is is taken to be equal to b, the magnitude of the dislocation Burgers
vector; this is consistent with previous work that the hydrogen is essentially
trapped in the core of dislocation rather than in its extended strain field [30].
& is the dislocation density. The trap density due to grain boundaries was
calculated as follows:

NS
t = SV rdNl (16)

where rd = 2b, and SV is the grain boundary surface area per unit volume. As
an example, the trap density for a sample with a dislocation density of 1010m!2

and grain size 200µm, is about 2$1024m!3 according to equations 15 and 16.
It turns out that for the conditions studied, the results of the local equilibrium
model and kinetic models are consistent, probably because the heating rate
is not particularly large, so that an equilibrium distribution of hydrogen in
maintained at all temperatures, Fig. 3.

4 Application

4.1 Experimental details

The aim was to measure the e"ect of the plastic strain on hydrogen desorption
and to analyse the results with the numerical model. The chemical composition
of the steel was

Fe-0.004C-0.078Mn-0.015Cr-0.046 Al-0.015 Tiwt%.
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In order to reduce the e"ect from pre-existing dislocations and grain bound-
aries, the steel was heat treated at 950 #C for 10min with heating and cool-
ing rates of ±10 #Cs!1. Tensile test samples were then cut into 50mm guage
length, 12.5mm width and 0.7mm thickness and plastically deformed to elon-
gations of 10% and 20%.

The specimens were then polished with 800 grit sand papers, and charged
electrochemically with hydrogen for 12 h using 3% NaCl + 0.3% NH4SCN so-
lution with 1Am!2. This charging period is su!cient to saturate the samples.
TDS experiments started within 15min after the hydrogen charging was com-
pleted. The heating rate was 100 and 200 #Ch!1. The results were analysed at
3min intervals using helium as a carrier gas. The desorption rate was defined
as the amount of hydrogen that evolves in 1min. A standard mixture He +
10.2 volume ppm H2 was used for calibrating the equipment.

Fig. 4a shows the microstructure after the heat treatment. The grain size
was obtained as 120.3± 19.6µm by using the lineal intercepts method. The
Vickers hardness of the undeformed steel determined with a load of 1 kg was
69± 2HV1. Fig. 4b shows the stress–strain curve. The dislocation density of
the deformed steel was estimated by converting the tensile stress into a shear
stress ' :

' = '0 + (Gb
%
& (17)

where ( is a numerical constant with value of 0.3 – 0.6, G is the shear mod-
ulus (81.7GPa) and b is the magnitude of the dislocation Burgers vector,
equal to 0.287 nm for ferrite. The calculated dislocation density changes for
10, 20% deformed sample are 3.53$1013, 6.31$1013m!2 with '0 = 48.5MPa
(calculated as half the tensile stress at yielding in Fig. 4), ( = 0.6. It has been
reported that for annealed iron, the measured dislocation density is practically
zero when compared with that after implementation of plastic strains of the
magnitudes considered here [31], so it has been assumed that the undeformed
sample contains & = 1010 m!2.

4.2 Hydrogen desorption analysis

The reversibility of hydrogen traps was investigated first. The charging and
analysis were repeated three times with the maximum temperature on each
occasion being 300 #C, but there was no significant change in the rate curves
as shown in Fig. 5a. The desorption rates for the plastically strained samples
are also shown at heating rates of 100 and 200 #Ch!1, respectively. The peak
height increases with plastic strain, due presumably to the increasing disloca-
tion density. The relation between the total hydrogen content and dislocation
density is illustrated in Fig. 6. The hydrogen content was obtained from the
area under the curve in Fig. 5 divided by the heating rate and considered as
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a amount of hydrogen evolved after an interval of 15min following hydrogen
charging.

4.3 Prediction of desorption curves

Analysis of the data first requires values for the binding energies and trap
densities. Assuming grain boundaries and dislocations as traps, equations 15
and 16 were used to calculate the number density of each trap as a function
of the grain size and dislocation density derived from the tensile test data
as explained previously. The binding energies for each of the trap sites was
obtained by fitting to just one of the TDS curves, that of the 20% deforma-
tion sample heated at 100 #Ch!1. The resulting data are given in Table 1.
The five remaining curves were predicted without altering the fitted values of
the binding energies. The comparisons between experimental and calculated
results are shown in Fig. 7. The total hydrogen evolution rate is from disloca-
tions and grain boundaries, and their calculated individual contributions are
illustrated in Fig. 8.

4.4 Application to literature data

There are published data on flat specimens, of the e"ect of plastic deformation
on hydrogen desorption from interstitial-free steel with grain size 30µm and
thickness 2mm. [32]. The results above 25 #C with the heating rate 100 #Ch!1

are shown in Fig. 9. It is found that the data cannot be explained using the
binding energies derived in the present work and the functions used to calcu-
late trap densities, i.e., without fitting. However, the direct application of the
present work is di!cult because of a lack of the information about dislocation
density and the fact that the hydrogen evolution occurs at a lower tempera-
ture than is the case in our experiments, even though the specimens used by
Nagumo and co-workers are thicker. Furthermore, the maximum desorption
rates are lower (cf. Fig. 5) in spite of the smaller 30µm grain size reported for
the sample studied. The reasons behind the discrepancies with our data are
not clear.

There are further discrepancies when samples of pure iron are examined,
where flat specimens heated at 60#Ch!1 [30], and cylindrical pieces heated at
100#Ch!1 [32] were studied. It was found that first hydrogen evolution peak
in undeformed samples occurs at temperatures in the range 122-220#C, which
are much greater than for the intersitial-free steel studied here, and indeed by
Nagumo and co-workers [32]. The latter work was subsequently analysed using
a numerical model by [19], but it was necessary to use a large binding energy
of 61 kJmol!1 in order to reproduce the approximate peak positions. This is a
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reflection of the experimental data for annealed pure iron are dramatically in-
consistent with those for interstitial free steel, in that the hydrogen is strongly
trapped. The literature has not commented on these discrepancies, which also
cannot be resolved by the use of the present model without changing fitting
parameters.

It is also di!cult to understand why in recent work, the TDS data for pure iron
are insensitive to the amount of cold deformation [2]; it has been suggested
that this is because the hydrogen is weakly bound to dislocations but this
does not seem reasonable in the context of ferritic iron where the binding
energy is believed widely to be greater than the activation energy for di"usion
[33,15]. Previous work has concluded that in pure iron, much of the hydrogen
is located at dislocations and that the amount of hydrogen scales significantly
with the level of deformation [34,35]. Hagi and Hayashi [28] have tabulated
data up to 1987, and in all cases the binding energy at dislocations is much
greater than the activation energy for the di"usion of hydrogen. These data
are all inconsistent with the experiments interpretation reported in [2].

Our intention in highlighting these discrepancies is to stimulate further work
in the future. Whereas there are clear inconsistencies in reported experimental
data, some of the reported variations, for example, in the binding energy of
hydrogen at dislocations, some 20-60 kJmol!1 [28] are undoubtedly due to
approximations in the theoretical interpretations of the experimental data.

5 Theoretical Investigations

The numerical model described above was used to explore tendencies in TDS
data, with concentration units in parts per million by weight (ppmw) 1 . The
basis parameters used for the calculations include di"usivity as in [36], steel
thickness l = 2mm, Eb = 50 kJmol!1, Nt = 2$1024m!3, 100 #Ch!1; di"usible
hydrogen was allowed to evolve for 20min prior to the generation of the TDS
curves. Calculations were conducted to see what e"ect variations in these
parameters would have on the e"usion of hydrogen from the sample.

Fig. 10 shows a variety of plots which illustrate trends. As might be expected
from the longer di"usion distances, an increase in steel thickness causes more
of the hydrogen to evolve at higher temperatures and extends the tempera-
ture range over which the e"usion occurs. Stronger binding also shifts the TDS
curves to greater temperatures, but it should be noted that the di"usion of
hydrogen in ferrite has a much lower activation energy than the Eb values stud-
ied. The circumstances should be di"erent for austenite where the activation

1 ppmw = 106Nl/(density $ Avogadros number)
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energy for hydrogen di"usion is very large so the evolution rate should be less
sensitive to trap binding energies. For example, the evolution rate of austenite
was simulated with the condition of l = 2mm, Nl = 1029m!3, ! = 100 #Ch!1.
A constant surface concentration of 0.08 ppm was used in this case, consistent
with the extrapolated phase boundary of the Fe$-H phase diagram [26]. The
di"usivity was used as D0 = 7$10!8 m2 s!1 and QD = 48 kJmol!1 [37]. For the
comparison, samples without traps and with traps that have a binding energy
30 kJmol!1 and trap density 3$1024m!3, were simulated. Fig. 11a shows the
hydrogen profile after 72 h charging - as expected, the depth of hydrogen in
the austenitic sample with traps is smaller when compared with that without
traps. Note that the total concentration in the surface region of the sample
with traps is greater than the solubility of hydrogen in austenite (0.08 ppm)
because the hydrogen located at traps is included in the plot. Since the dif-
fusivity of hydrogen in austenite is slow, the sample is not saturated even
after 72 h of charging. The peak temperature is relatively insensitive to the
presence or absence of traps because the controlling activation energy is that
for di"usion, which is greater than the binding energy of the trap. However,
the peak height is greater for the sample containing the traps because the
total amount of hydrogen that can be absorbed into a sample with defects is
naturally larger, Fig. 11b.

An interesting set of results is presented in Fig. 12, for multiple traps, a sce-
nario which cannot be modelled by the apparent di"usivity approach which
can only deal with a single TDS peak; the approach presented here can deal
with arbitrary numbers of traps. The calculations use the following param-
eters: case 1 has traps with binding energies 40 and 55 kJmol!1, with trap
densities 5$ 1024 and 2$ 1024m!3 respectively, with the other conditions are
same as for the reference condition. The only di"erence with case 2 is that the
binding energies are changed to 47 and 50 kJmol!1.

Fig. 12a shows that for the conditions studied, a relatively large di"erence
in the binding energies of the two kinds of traps leads to a curve (case 1) in
which hydrogen evolution e"ectively occurs in two stages, whereas a smaller
di"erence leads to overlap of the detrapping events from the two traps and
hence an apparently simple peak shape. This interpretation is confirmed from
the plot (Fig. 12b) of the hydrogen concentrations at di"erent locations within
the specimen. Fig. 12b, the lattice hydrogen comes entirely from detrapping
from the two defects which bind the hydrogen. The hydrogen from the less
potent trap is exhausted by about 100#C so that the major contribution to
the lattice hydrogen then comes from the trap with the largest binding energy,
and this is reflected in the shape of the lattice hydrogen curve.
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6 Summary and Conclusions

The measurement of hydrogen evolution rates from samples of steel is rela-
tively simple, and the rigorous interpretation of the results can in principle
lead to the better design of steels, for example, by manipulating trap densi-
ties. In fact, this forms the basis of steels designed to strongly trap nascent
hydrogen so that they become less susceptible to phenomena such as static
fracture. However, there are well understood di!culties and approximations
in the simple application of analytical models to thermal desorption spectra,
which are mitigated by using the finite di"erence technique which embodies
the well-known kinetic and thermodynamic principles. Such a model has been
created, and it avoids common approximations such as the assumption that
fraction of traps occupied is much smaller than unity, and that there the hy-
drogen is captured by just one variety of trap. Furthermore, the source code
and documentation for the analysis are freely available and we hope will form
the basis for generic comparisons with experimental TDS data.

The following conclusions can be reached from the present work, based on
the study of a simple steel microstructure which should contain only grain
boundaries and dislocations as significant traps:

• the binding energies for hydrogen trapped at ferrite-ferrite grain bound-
aries and at dislocations were derived to be 49 and 44 kJmol!1, respectively.
These are reasonable values when compared with independent data listed
in, for example, [33], and with the general observation from single and poly-
crystalline samples that boundaries are stronger traps [30]. In addition, the
avoidance of common approximations in the interpretation of desorption
spectra should make these values more meaningful so that in future they
are not treated as fitting parameters. The fact that the binding energy is
greater at grain boundaries might be expected because of their more open
structure relative to line defects.

• The binding energies were obtained by fitting to just one desorption curve,
and were able to predict another five sets of data. However, unexplained
discrepancies have been noted with published data [32] which show much
smaller desorption rates in spite of greater trap densities and thicker sam-
ples.

• Functions have been derived to represent the number density of traps at
grain boundaries and dislocations. The functions are physically based and
the method in principle removes two fitting parameters common in TDS
analysis.

• It has been possible to deal simultaneously with two traps, and to calculate
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the contributions of each of these traps to the total hydrogen evolved. The
method is in principle not limited to just two traps and will be extended
in the future to include carbides and other phases such as retained austenite.

• Finally, there are significant, unresolved discrepancies in published obser-
vations of hydrogen desorption from pure iron as compared with that from
interstitial-free iron. In particular, it is not clear why the trapping seems to
be much stronger in the former case, when assessed from the elevation of
desorption rate peaks to higher temperatures.
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Fig. 1. Trap occupancy as a function of hydrogen content at 300K.

Fig. 2. Flow chart illustrating the numerical calculation process.
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Fig. 3. The results using both
local equilibrium and kinetic
models.

(a) (b)

Fig. 4. (a) Sample after heat treatment at 950#C for 10min, (b) strain–stress curves.

Table 1
Parameters used to calculate the TDS results with di!erent plastic strain. Two kinds
of traps, grain boundary and dislocation were assumed to exist. The di!usivity data
are from [28].

0% 10% 20%

NS
t (1024m!3) 2.49 2.49 2.49

ES (kJmol!1) 49 49 49

N#
t (1024m!3) 0.0007 2.37 4.25

E# (kJmol!1) 44 44 44

D0 (10!8m2 s!1) 5.8 5.8 5.8

QD (kJmol!1) 4.5 4.5 4.5
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(a)

(b)

Fig. 5. Measured TDS data for heating rates of (a) 100 #Ch!1 and (b) 200 #Ch!1

Fig. 6. Total hydrogen con-
tent as a function of the dis-
location density.
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(a)

(b)

Fig. 7. Comparisons between experimental (points) and calculated (curves) results
for the heating rates (a) 100 #Ch!1 and (b) 200 #Ch!1

Fig. 8. Calculated TDS
curves for hydrogen emanat-
ing from individual traps for
a heating rate of 100 #Ch!1.
The solid and dashed line
indicate the H desorption
rate from grain boundary
and dislocation respectively.
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Fig. 9. Reported TDS data
for interstitial-free steel [32].

(a) (b)

(c) (d)

(e)

Fig. 10. Calculated TDS curves as a function of (a) sample thickness, (b) binding
energy and (c) trap density (d) heating rate and (e) room temperature aging time.
Note that the area under each curve, divided by the heating rate represents the
total hydrogen content e!used for the relevant temperature interval.

20



(a)

(b)

Fig. 11. Calculated (a) Total hydrogen content (lattice and traps) following 72 h of
charging and (b) calculated TDS results.

21



(a)

(b)

Fig. 12. Calculated TDS results when two di!erent trapping sites are present; case 1
is when binding energy di!erence is large, whereas the other case involves binding
energies with smaller di!erence. (b) Calculated profile for case 1. The vertical scale
on the left hand side refers to lattice hydrogen and that on the right to trapped
hydrogen.
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