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A B S T R A C T

We quantified systematically the H trap density in martensite resulting from the presence of dislocations, grain
boundaries and retained austenite through a combination of detailed microstructural characterisation, H perme-
ation, thermal desorption and diffusionmodelling. This thorough analysis allowed for the first time to deconvolve
key microstructural constituents affecting H diffusion in multi-trap martensite. Three microstructures were
investigated� as-quenched, tempered at 300 °C and tempered at 450 °C. The first two microstructures had iden-
tical dislocation densities and grain size, while the as-quenched one also contained 3.5 vol.% of retained austenite.
The two tempered microstructures showed a large difference in dislocation density with few other microstruc-
tural differences. The as-quenched microstructure exhibited over an order of magnitude lower H diffusivity and
increased H trapping due to retained austenite, while the tempered samples exhibited very similar diffusivities,
indicating that dislocations have a limited effect on H trapping. Trap density scaling lawswere successfully identi-
fied and validated through diffusion simulations and experiments. It was also shown that in martensite and
heavily deformed ferrite, where the average grain size is small, grain boundaries are more effective trapping sites
than dislocations. Our results also show that retained austenite cannot be effectively modelled as a point trap
under the local equilibrium assumption, which is frequently used to model its effect on H diffusion, and that bulk
trapping must be considered at least in two dimensions, which is addressed in part II of this series.
© 2020 The Authors. Published by Elsevier Ltd on behalf of ActaMaterialia Inc. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

H diffusion in steels is known to be very sensitive to microstructure
[1,2], but while numerous experimental studies of H diffusivity and
absorption properties of a variety of different microstructures have
been performed to date (e.g. [3�6]), there have been few rigorous
attempts at correlating the size and/or density of defects/constituent
phases to the density of H trapping sites Nt and their average binding
energy DEt. This knowledge is key in designing alloys resistant to
hydrogen embrittlement (HE). Current research shows that HE suscepti-
bility is correlated to the concentration of freely diffusing H, or lattice
hydrogen cl; and its effective diffusivity in the material Deff [7], both of
which are functions of microstructure. HE is of particular concern in
high-strength steels, which possess complex multi-phase microstruc-
tures generally based onmixtures of martensite and austenite. The large
solubility and low diffusivity of H in the latter relative to martensite and
ferrite means that the presence of even small amounts of austenite in a
given steel may have a significant impact on the H diffusion rate. The
effect is poorly understood, particularly from a modelling point of view,
and only a handful of modelling studies on this topic exist, none of
which have been tested against experimental data. One of the two main
aims of this series of papers is to investigate the effect of austenite, its
volume fraction and morphology on diffusion by a combination of
experiments and simulations, partly discussed here but elaborated on in
part II. The second main aim is to quantify the relationship between the
most prominent defects in martensite, grain boundaries and disloca-
tions, and their effect on H diffusion. The quantification of nano-scale
precipitates has been examined in a previous work [8].

The ubiquity of martensite and its generally high susceptibility to
HE has resulted in a vast body of literature on H diffusion and
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embrittlement. However, most studies have tended to focus on spe-
cific alloys, their diffusion properties and the severity of HE under
particular service conditions [9�12]. The effect of microstructure has
received less attention in comparison �while there are still a number
of studies on the topic, they are fewer and often not particularly
quantitative. They either present a limited characterisation of the
microstructures studied or focus on the effect of only one particular
microstructural constituent while disregarding the concurrent effect
of the rest [5,13,14]. While this is understandable given the complex-
ity of martensitic steels, it is nevertheless necessary to quantify all
types of defects present to gain a complete understanding of their
effect on H diffusion and embrittlement. Avoiding the complicating
effect of transition metal carbides and focusing only on near-binary
Fe-C martensites, dislocations, grain boundaries (GBs), retained aus-
tenite (RA) and vacancies can all have a significant effect on H diffu-
sion. This is due to high dislocation density, small effective grain size
due to the presence of martensitic subunits, and the fact that H diffu-
sion properties of austenite are very different frommartensite/ferrite,
respectively. All three types of defects have been investigated,
although we have found no studies attempting to deconvolve their
effect in a systematic manner.

In an early study, Sakamoto and Mantani [15] tempered
quenched Fe-C-Si-Mn steels of various C contents at different tem-
peratures. They found that H diffusivity is inversely proportional to
the C content and increases with tempering temperature. They
ascribed the reduction in diffusivity at lower temperatures to a com-
bination of higher dislocation and vacancy density but did not
investigate the contributions from individual defects. Wei and Tsu-
zaki [13] investigated the effect of tempering temperature on H dif-
fusion in a 0.2C Fe-C steel by means of thermal desorption. They
found that the concentration of trapped H steadily decreased with
increasing tempering temperature with a small increase near
650 °C. They suggested that this was a result of simultaneous recov-
ery and recrystallisation which temporarily increases the trap den-
sity before grain growth reduces it again at higher temperatures �
while this mechanism seems plausible, the observed increase in
absorption was low and could well have been attributed to experi-
mental scatter. Chan et al. [16] performed a thorough study of the
effect of RA. They investigated a range of as-quenched martensitic
steels with different C concentrations and correspondingly different
RA volume fractions measured by XRD while keeping the grain size
constant. They measured their H diffusivity and the H concentration
after cathodic charging. They also compared the as-quenched condi-
tions to cryogenically treated conditions with reduced RA content.
Their results showed that cryogenic treatment reduced the H con-
centration after charging relative to the microstructures that were
only quenched, implying this was due to the loss of RA, although its
volume fraction before and after the cryogenic treatment was not
compared. Their conclusion was that H is trapped at the RA interface
and has a high associated binding energy. While the grain size in all
their samples was the same, the dislocation density was not mea-
sured and its impact on diffusion therefore not evaluated. Disloca-
tion density likely varied appreciably due to the varying carbon
content of the steels [17]. Mine et al. [18,19] studied near-pure fer-
ritic iron heavily deformed by high-pressure torsion. While not
martensitic, the microstructures had a dislocation density on the
order of 1015 m-2 and a grain size of 100 nm - values sufficiently
close to most martensitic steels. No austenite was present and the
dislocation density was measured using the Williamson-Hall
method. They showed that both GBs as well as dislocations have a
Table 1
Chemical composition of DP800-GI in wt%.

C Si Mn P S Al N

0.127 0.260 2.054 0.014 0.001 0.036 0.0041
significant impact on H diffusion. Yang et. al. [19] looked at the effect
of varying grain size while keeping the RA volume fraction constant.
They found a notable decrease in diffusivity by decreasing the prior
austenite grain size from 29mm to 8mm in tempered martensite
without RA. The reduction in grain size only led to a small reduction
in diffusivity when RA was present, showing that the latter had a
much stronger impact on H diffusion.

While the studies reviewed above attempt to isolate the effect of
individual defect types in martensite on H diffusion, they are based
on a somewhat incomplete characterisation of the materials investi-
gated. In particular, dislocation density is either not addressed or is
calculated with the Williamson-Hall method, which has been shown
to be inadequate for characterising martensitic steels [20,21]. It is a
crucial missing piece of the puzzle given that it is expected to have a
significant effect on H diffusion and that it scales with the carbon
content [17], which varied in some of the studies cited. In this work
we examine the H diffusion properties of several lath-martensitic
microstructures by means of thermal desorption analysis (TDA) and
electrochemical permeation. The microstructures are characterised
more thoroughly than in the existing literature, including the grain
size, RA volume fraction and dislocation density. These microstruc-
tural parameters are then used as a basis for H diffusion modelling,
which serves as a tool to estimate the relative effect of each of the
three defect types on H diffusion. Discussion and analysis is pre-
sented on why RA cannot be effectively treated as a point trap and
why it needs to be accounted for at the very least in 2D.

2. Material and methods

The material used to produce model martensitic microstructures
was DP800, received in the form of 1.5 mm thick cold-rolled and
zinc-plated sheets. Its composition is shown in Table 1.

To prepare permeation, thermal desorption, and synchrotron
samples, the material was cut into 8-by-4 cm plates which were
wrapped in stainless foil and solutionised in a furnace for 15 min at
1100 °C. All were directly quenched into ice water, after which two
sets of samples were tempered for one hour � one at 300 °C and the
other 450 °C. These microstructures are referred to as AQ (as-
quenched), 300T and 450T, respectively. The permeation samples
were ground on an automatic grinder down in two different batches
to a thickness of 821 § 14 mm and 699 § 10 mm, respectively. The
samples were ground from both sides evenly and given a 1200 grit
finish. Note that all the grinding routes completely removed the Zn-
plated layer. To make synchrotron XRD samples, sticks with a square
cross-section with a side length of »0.7 mm were cut widthwise
from these plates for each of the three conditions. For the thermal
desorption samples, the heat-treated plates were cut into smaller
4 cm-by-1.5cm pieces and given a 1200 grit finish, retaining an aver-
age thickness of 1.425 § 0.01 mm.

2.1. Synchrotron XRD

The experiments were carried out at the beamline I11 of the Dia-
mond Light Source, Oxford, whose characteristics are described in
detail in [22]. The energy of the incoming radiation was 15 keV and
the scans lasted 45 min at a step size of 0.001°.

2.1.1. Dislocation density determination
The dislocation density was evaluated with the convolutional

multiple whole profile CMWP analysis procedure [21,23,24]. The
Nb V Ti B Ca Fe

0.001 0.007 0.016 0.0002 0.0026 bal.
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method is based on physically well-established profile functions of
strain, size and planar-fault broadening of diffraction peaks. Strain
anisotropy is handled by the use of dislocation contrast factors. The
strain profile function is given by the mean square strain h �2g;L i in
the Fourier transform of strain profiles [25], where h �2g;L i is given by
the Krivoglaz�Wilkens theory for dislocated crystals [26,27]

h �2g;L i � rCb2

4p
f ðhÞ ð1Þ

where g is the length of the diffraction vector, L is the Fourier variable,
r and b are the density and the Burgers vector of dislocations, C is the
average dislocation contrast factor and f(h) is the strain function. f(h)
describes the L-dependence of the mean-square-strain with h ¼ L=Re;

where Re is the effective outer cut-off radius of dislocations. The disloca-
tion contrast factors can be averaged over the permutations of indices
hkl if the sample is polycrystalline or if all possible Burgers vectors are
activated. For cubic crystals the average contrast factor can be given as

C ¼ Ch00ð1�qH2Þ ð2Þ
where Ch00 is the average contrast factor of the h00 reflections and
H2 ¼ ðh2k2 þ h2l2 þ k2l2Þ=ðh2 þ k2 þ l2Þ2. The parameter q depends
on the elastic constants of the crystal and the edge or screw type of dis-
locations, and can be evaluated numerically [21,28]. Apart from the dis-
location density, the technique also yields an error estimate, derived
from the difference of the fitted profiles and experimental data points.

2.1.2. Austenite volume fraction measurement
For the calculation of austenite volume fraction the XRD patterns

were fitted in HighScore+ software using pseudo-Voigt functions to
fit individual peaks. Dickson’s method was then used to derive the
austenite volume fraction [29]. It was developed specifically for this
purpose in the case of near-binary mixtures of austenite and ferrite/
martensite. The method was used as an alternative to the more com-
monly used Rietveld refinement method because it is straightforward
to apply in the case of heavily textured samples such as those studied
here. The volume fraction ratio is defined as

vfg
vfa

¼na
ng

Png
i¼1

Iig
RigPna

j¼1

Ija
Rja

ð3Þ

where vf ; Ii and n stand for volume fraction, integrated peak intensity
of peak i and number of measured peaks, respectively. The indices g
and a stand for austenite and ferrite, respectively, while R stands for
the theoretical peak intensity and is a product of the scattering fac-
tors of the unit cell, peak multiplicity, temperature, absorption and
the Lorentz-polarisation factor [30].

The ratio will tend to converge to a constant value as n approaches
infinity, although in practice only several peaks are needed for satisfac-
tory convergence. This is convenient as it is experimentally difficult to
obtain more than a few austenite peaks that are distinguishable from
the background noise when the volume fraction of austenite is on the
order of a few percent. Because of this, only the range between 20° and
55° was used for the calculation of the volume fraction of austenite.

2.2. Microscopy

Optical microscopy of the as-quenched microstrucure was per-
formed to measure the size of prior austenite grains (PAG). The mate-
rial was embedded into bakelite and ground to a 4000 grit finish, after
which the sample was rinsed with deionised water and immediately
dipped into Marshall’s reagent, composed of a solution of 8 g of oxalic
acid and 5 ml of 95% H2SO4 in 100 ml water, mixed with 100 ml of 35%
H2O2. The sample was etched for 10 s to 15 s and imaged on an Olym-
pus BHmicroscope using a Leica DFC295 camera.
TEM was performed on all three microstructures. To make the
TEM samples, the material was cut into small plates, ground down to
100-150 mm and small disks 3 mm in diameter were punched out of
the plates. The disks were then ground further to a final thickness of
50 mm and electropolished in a solution consisting of 70% ethanol,
25% glycerol and 5% perchloric acid by volume using a Struers Tenu-
Pol-5 electropolisher. The imaging of the tempered microstructures
was performed on a Tecnai F20 transmission electron microscope
while the as-quenched condition was imaged on a Tecnai Osiris
80�200, both at 200 keV. Principal component analysis (PCA) using
HyperSpy [31] was performed on the STEM EDX datasets to denoise
the spectra. HyperSpy is an open source analysis tool-kit, where mul-
tivariate statistical analysis algorithms are implemented. PCA can be
used for noise reduction in chemical maps and identification of struc-
tural features with specific chemical compositions � the details of
the method can be found in the literature, e.g. [32].
2.3. Electrochemical permeation

Hydrogen permeation experiments were carried out using the stan-
dard Devanathan-Starchurski double cell kept at a constant temperature
of 30 °C. The oxidation (exit) side of the cell (800 ml) was filled with
nitrogen-deaerated 0.1 M NaOH and a polarisation of 200 mV vs a Hg/
HgO reference electrode was applied. This was sufficiently low to ensure
H oxidation at the exit surface was not rate-limiting. A passivation back-
ground current lower than 10�3  A m�2 was attained after 18 h of anodic
polarisation to prepare the H exit surface for the oxidation of permeating
hydrogen. To achieve permeation, a constant current density of
0:22 A m�2 was applied to the reduction (entry) side of the cell. A solu-
tion of 1 M NaCl, adjusted to pH 9 to avoid spurious surface reactions on
the entry side sometimes observed in NaCl solutions using 0.1 M NaOH,
was deaerated for a period of 18 h (to an oxygen concentration of < 50
wppb) using high-purity nitrogen in a 5 l aspirator during the acquisition
of the oxidation background current. This continuously deaerated charg-
ing solution was then circulated to the charging side of the cell and the
cathodic current was applied. A saturated calomel electrode was used as
the reference electrode for the charging cell and a Cl-free, Hg/HgO refer-
ence electrode was used on the exit side in order to avoid crevice corro-
sion. Graphite counter electrodes were used on both sides and all the
measurements were conducted on a PARmultistat in floatingmode.

Two sets of experiments were performed, one on a thinner batch of
samples, one on a thicker batch with the average values of 821§ 14mm
and 699 § 10 mm respectively. This was to ensure reproducibility and
that the diffusion trends were independent of the sample thickness and
that the data gathered showed that diffusion through the samples � and
not surface reactions � was the rate-limiting step. To obtain the average
thickness values, five measurements were taken per sample with a
micrometer � four measurements around the perimeter and one from
the centre of the permeation area of the samples.

For the evaulation of the permeation data, the time lag was
defined as the time tt at which the permeation current reaches 63% of
the steady-state value. Time lag was used to extract the effective H
diffusivity Deff ; respectively, as [33]

Deff ¼
l2

6tt
ð4Þ

where l is the thickness of the sample. Time lag was also used to eval-
uate H trap site density Nt from the following equations for strong (i.
e. near saturation) and weak traps, respectively [34]

tt ¼ l2

6Dl
1þ 3Nt

cl;BC

� �
ð5Þ

tt ¼ l2

6Dl
1þ Nt

Nl
exp

DEt
RT

� �� �
ð6Þ
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where Dl is the lattice diffusivity of pure iron taken as 4:2� 10�8 exp
ð�3850=R=TÞ m2   s�1 [35], Nl is the density of interstitial sites in the
lattice that may accommodate H atoms, cl;BC is the H lattice concen-
tration at the entry surface and DEt is the binding energy of the trap.
Eqs. (5) and (6) are limiting cases of a more general analytical solu-
tion of the McNabb-Foster diffusion model derived elsewhere [36].
2.4. Hydrogen charging and thermal desorption

The solution of 3 wt% NaCl and 3  g l�1  NH4SCN in deionised
water was used, following Akiyama and Li [37]. By conducting a
series of galvanostatic permeation experiments they mapped the
corresponding steady-state permeation current from which the
boundary condition for H charging can be derived with the follow-
ing equation

i1 ¼ FDl
cl;BC
l

ð7Þ

where i1 is the steady-state permeation current and F is the Faraday
constant. It is simply Fick’s first law under the assumptions of a linear
concentration gradient and null concentration on the exit side. The
concentration and the diffusion coefficient from Eq. (7) are some-
times interpreted in the literature as the total H concentration
(including traps) and the effective diffusion coefficient, respectively.
Given that trapping effects are transient and that Eq. (7) assumes
steady-state diffusion, this interpretation should be avoided. Note
also that while the diffusion coefficient in the equation is that of the
lattice when dealing with ferrite/martensite where GBs and other
defects are not fast pathways for H diffusion [38], this may not be
true of some FCC alloys, such as Ni alloys. There, the grain size should
be sufficiently large to eliminate the effect of GB diffusion [39].

Thermal desorption samples were spot-welded onto a stainless
steel wire. The plate edges and the wire itself were coated with a
layer of non-conducting varnish to restrict H ingress to plate faces.
The charging was performed in 150 ml of the above solution with a
Gamry Interface 1000E galvanostat under a current density of
0:3 mA cm�2 for 24 h using a platinum coil counter electrode. The
current density and charging duration were sufficient to fully satu-
rate the samples. After charging, they were rinsed with deionised
water and immediately stored in liquid nitrogen to prevent hydrogen
effusion. TDA was performed in an Agilent 7890B gas chromatograph
� the samples were removed from liquid nitrogen and given an ultra-
sonic acetone bath for 1 min. They were transferred to the rig which
was purged for 20 min before the start of the experiment. The heating
rate used for all experiments was 100 °C h-1.
2.5. Diffusion modelling

The multi-trap diffusion model used here was described in previ-
ous studies [8,39]. Note that in the diffusion equation there the trap-
ping term on the right hand side was erroneously missing the
trapping factor Kt in the numerator. The diffusion equation reads

@cl
@t

¼ 1þ
Xm
k¼1

Vl

Vtk

Ktk�
Ktk þ Vlclð1�KtkÞ

�2
0
B@

1
CA

�1

@

@x
Dl
@cl
@x

� �
�
Xm
k¼1

1
Vtk

c2l V
2
l �clVl�

Ktk þ Vlclð1�KtkÞ
�2 KtkDEtkf

RT2

0
B@

1
CA

0
B@

1
CA

ð8Þ

where lattice and trap site density Nl and Nt have been substituted with
their inverses Vl and Vt for clarity. Index k stands for the type of trap,
DEtk is the trap binding energy, Ktk is its equilibrium constant defined
below, T is the temperature and f is the heating rate. The basis for this
model is the notion that the total hydrogen concentration can be split
into lattice hydrogen cl and hydrogen bound to trap k, ctk and that the
two populations are in thermodynamic equilibrium [40]

ctk ¼ Vl

Vtk

1
Ktk þ Vlclð1�KtkÞ cl ; Ktk ¼ exp

�DEtk
RT

� �
ð9Þ

This allows expressing the time derivative of the ordinary diffu-
sion equation as a sum of cl and ctk time derivatives. Using Eq. (9), the
derivatives can be recast in terms of cl and trapping parameters. The
spatial derivatives of concentration remain the same under the
assumption that traps are not hydrogen diffusion paths � the total
concentration in this term can thus be substituted for cl . The second
sum term in Eq. (8) comes from taking the total rather than partial
time derivative of ctk, as both Ktk and T are time-dependent in TDA.
The first term on the right-hand side of the first line of Eq. (8) repre-
sents the reduction diffusivity due to the effect of traps, while the last
sum term on the second line represents the change in the equilibrium
between H in lattice and trap sites due to temperature. Note that in
the formulation upon which Eq. (8) is built [41] allows the possibility
of H diffusing along trapping sites as done in a previous study of grain
boundary diffusion effects in an austenitic steel [39]. This may also be
of some relevance in martensite where defects such as dislocations
and grain boundaries are arranged in a hierarchical way as lath
boundaries and various other subunit boundaries. If future atomistic
studies reveal that H diffusivity along these structures is significantly
different from the lattice, the analysis from this study is worth revisit-
ing. However, current literature suggests that in BCC iron that is not
the case either for grain boundaries or dislocation cores [38,42]. We
can therefore assume that the structured arrangements of subunit
boundaries and dislocations in martensite can be approximated as
point traps reasonably well, which is the approach used in this study.
The effect of regions of material with different H diffusivity is exam-
ined in part II of this series where we focus on the effect of retained
austenite morphology. The strategy we applied to modelling the
effect of austenite could in principle also be applied to studying H dif-
fusion along defect structures in martensite.

Eq. (8) was implemented as a finite difference scheme in Matlab
and was used to simulate the experimental permeation and thermal
desorption experiments. The boundary condition assumptions for
permeation were a constant value on the ingress side derived from
the experimental value of the steady state current and a constant
zero concentration on the exit side assuming rapid H oxidation kinet-
ics. Note that in the experiments the current density, the potential
and the ph at the ingress side did not vary throughout the duration of
the experiments, giving additional confidence to the boundary condi-
tion assumption of a constant H concentration. For thermal desorp-
tion, the simulation steps were similar, except that the charging step
was simplified by assuming uniform initial cl equal to the charging
boundary condition. The time elapsed between the charging and
thermal desorption steps was 1200 s, the same as in experiments. Up
to three trapping terms were considered, corresponding to disloca-
tions, GBs and RA.
3. Experimental results

3.1. Synchrotron XRD � fraction of retained austenite and calculation of
dislocation density

The patterns obtained showed significant texture, likely due to the
rolling process used in the manufacturing of the material. They also
lacked any traces of peak splitting associated with a tetragonal BCC
unit cell characteristic of higher-carbon martensite. This was
expected since tetragonality in martensite is known to be appreciable
only when the carbon concentration exceeds 0.18 wt% C [43]. The
binned raw data along with the fits obtained with the dislocation
density model are shown in Fig. 1. Fig. 1b�d show the patterns and



Fig. 1. a) comparison of the first martensite peak between the three microstructures normalised by peak area. b), c) and d) XRD patterns and the fits used for the determination of
dislocation density. The circles are experimental data points, the black lines show the model fits while the coloured lines at the bottom show the difference between the two. The y-
axis units in b-d) are detector counts. Martensite peak indices are (110), (200), (211), (220), (310), (222), (321), (400), (330), (420), (332), (422) and (431) at positions 23.4, 33.4,
41.2, 47.9, 54.0, 59.7, 65.0, 70.0, 75.0, 79.9, 84.7, 89.4 and 94.1, respectively.

Table 2
Density of dislocations and volume frac-
tion of RA in the investigated samples.

Sample RA /vol.% r=1015  m�2

AQ 3.5 § 0.6 8.6 § 1.0
300T »0 7.4 § 1.0
450T »0 3.3 § 0.4
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the fits from the procedure for the calculation of dislocation density.
Fig. 1a shows that the peak shapes of the AQ and 300T samples are
nearly identical, indicating that the dislocation density and crystallite
size values are very similar. The 450T peak, however, is noticeably
sharper, indicating a lower associated dislocation density.

To obtain the volume fraction of austenite, the XRD patterns were
binned such as to keep approximately 10 data points above the full
width at half maximum of the narrowest peak, i.e. peak 1. The data
were then truncated, taking only the range from 22° to 50° as this is
where the austenite peaks are still discernible. The XRD profiles were
then fitted in HighScore+ software using a background polynomial
and pseudo-Voigt functions to fit individual peak profiles. The areas
of ferrite and austenite peaks obtained this way were used in Dick-
son’s method to derive the volume fraction of austenite. Using values
of the first four ferrite and the first four austenite peaks, the austenite
volume obtained was 3.5 § 0.6 vol.%. Rietveld refinement was also
attempted, but led to relatively poor pattern fits due to the presence
of strong texture, despite using the March-Dolasse factors that are
supposed to account for these effects. Regardless, the obtained aus-
tenite volume via Rietveld refinement was around 3 vol.% � similar
to that obtained via Dickson’s method, providing further confidence
in the value obtained.

The values of RA volume fraction and the dislocation density are
collected in Table 2. The dislocation densities in the AQ and 300T
samples are very close, while the density in the 450T sample is nota-
bly lower, by about a factor of 2.5.
3.2. Microscopy

Fig. 2 a shows one of the optical micrographs used to measure the
average PAG size. A total of 39 grains in two images were manually
outlined with the polygon tool in ImageJ, as illustrated in Fig. 2b.
Assuming circular shape, their average area was converted to average
diameter with a final value of 25.8 § 0.4 mm. This value was used as
input for permeation simulations.

To examine the presence of carbides, cementite and RA, bright field
(BF) TEM was performed on all three conditions and the results are dis-
played in Fig. 2c�e. The martensitic microstructure does not appear to
change much between conditions, apart from some cementite coarsen-
ing, particularly in the 450T case. However, the AQ condition should
contain films of austenite based on the XRD analysis, while the tem-
pered conditions should be austenite-free. Sparse Ti-V-based carbides of
blocky morphology could also be detected in all three conditions.



Fig. 2. a) Optical micrograph of the as-quenched (AQ) microstructure etched to reveal prior austenite GBs. b) Example of the grain size measurement procedure. c)-e) BF TEMmicro-
graphs of the three microstructures, AQ, 300T and 450T, respectively.

Fig. 3. a) TEM image of the AQmicrostructure showing austenite films; b) the corresponding diffraction pattern with overlapping martensite and austenite reflections both with the
zone axis [110].
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Austenite was identified in the AQ sample in diffraction mode
from the bottom right area shown in Fig. 3a. A diffraction pattern
shown in Fig. 3b clearly contains two distinct patterns, identified as
the reflections of martensite and austenite.

Additional STEM-EDX mapping was performed on the AQ condi-
tion to identify the carbide composition and the results after PCA are
shown in Fig. 4. Most mapped precipitates appear to be cementite,
while a few are Ti-V-based carbonitrides. There is a noticeable nitro-
gen content in all the precipitates scanned. Assuming that the sam-
ples have an isotropic precipitate distribution and assuming that the
EDX spectra represent a two-dimensional section of the microstruc-
ture, 6 particles per 5002 nm2 yield a number density of »1020  m�3.
Note that this is an overestimate as other areas of the AQ sample
scanned by STEM-EDX showed much lower carbide counts and were
often even carbide-free. The resulting H trap density, estimating the
average diameter to be » 10 nm is on the order of 5 mol�3 based on
a scaling law from [8], which is low given their relatively weak bind-
ing energy (»35  kJ mol�1 [8]). We can conclude that their effect on
the overall diffusion behaviour is therefore negligible given the high
density of other defects.

STEM-EDX and PCA were also performed on lath boundaries,
where the presence of RA was expected to be linked to elemental
segregation, particularly of carbon. Fig. 4b shows that is indeed the
case as one of the primary components derived from PCA shows



Fig. 4. a) Drift-corrected HAADF STEM image of a carbide-rich area of the AQmicrostructure. The orange box represents the area of the EDX scan. In the EDXmaps on the right some of the pre-
cipitates are clearly cementite while others are Ti-V-based carbonitrides. The scale bars represent the number of detector counts within the energy window defined for the K peaks of the ele-
ments shown. b) Drift-corrected HAADF STEM image of the AQ microstructure showing numerous laths. The insets are the are PCA-denoised signals of C and Mn Ka radiation. Next to it are
images of the two principal components resulting from PCA, the first of which is associated to signals of Fe, Mn and C and the second of which is associated to Fe and carbide-forming elements.

1 The conversion factor from wppm to mol m�3 is 7.84 mol m�3 wppm�1.
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that the boundary is enriched in C and Mn which normally segre-
gate to austenite. This is also evident from denoised EDX maps of C
and Mn, shown as insets. While C is located exclusively at interfa-
ces, the Mn signal, while strongest at the interface, is also strong in
the top part of the image. This likely results from the greater thick-
ness of the sample.

3.3. Permeation and thermal desorption � experimental

Fig. 5 shows the permeation and thermal desorption results. In per-
meation, both batches (Fig. 5a�c) show very similar behaviour,
highlighting the reproducibility of the experiments. The small variations
observed are likely a result of differences in sample thickness and slight
variations in charging conditions. The AQ samples in Fig. 5a show a dra-
matic increase in time lag compared to the tempered samples.

A number of trapping parameters were estimated from the per-
meation curves and are listed in Table 3. Eqs. (4)�(6) were used to
extract the effective diffusivity Deff ; the density of strong traps and
the density of weak traps, respectively. For the lattice diffusivity Dl

of ferrite, the relationship 4:2� 10�8 expð�3850=R=TÞ m2 s�1 was
used [35], yielding 9:1� 10�9  m2   s�1 at 30 °C. The steady state per-
meation current i1 and as a consequence the H lattice concentra-
tion at the ingress surface cl;BC are very low in all cases. This is
partly due to the fact that no H recombination poisons were used
on the entry side; in addition, NaCl solutions intrinsically seem to
produce lower surface concentrations compared to e.g. NaOH or
H2SO4 [44�46]. Note also that plating the oxidation side of the sam-
ple with Pd, common in the literature, also increases the steady
state current [47], but was not done in our case to prevent H entry
which takes place during electrochemical plating. More impor-
tantly, however, the cl;BC values are reasonably consistent, as
expected from the theory and given the tight control over the
experimental parameters. The values are used in the next sections
for the modelling of permeation curves.

Based on the permeation data and microstructural characterisa-
tion, the 300T and 450T conditions were expected to contain similar
trap densities of relatively weak traps, while the AQ condition
should in addition contain a low density of strong traps that cause
the permeation transient rise to stay steep while increasing the
time lag dramatically. Why only the presence of strong traps can
explain the permeation transients of the AQ samples is discussed
later.

Fig. 5 d�f show the thermal desorption curves of the three micro-
structures. The experiments were repeated up to three times per condi-
tion to evaluate the scatter, which was negligible for the 450T samples
but more evident for the 300T and AQ ones. The average total H concen-
trations of 1.23 § 0.07 wppm,1 0.79 § 0.09 wppm and 0.56 § 0.01
wppm, for AQ, 300T and 450T samples, respectively. This is in line with
the trends observed in permeation � the AQ microstructure evidently



Fig. 5. Permeation curves from three microstructures in a-c) and the corresponding thermal desorption curves in d-f). The average H concentrations measured in TDA were
1.23 § 0.07 wppm, 0.79 § 0.09 wppm and 0.56 § 0.01 wppm for the AQ, 300T and 450T conditions, respectively.

Table 3
Parameters extracted from permeation experiments using Eqs. (5) and (6). * signi-
fies strong traps (Eq. (5)) which are expected only in the AQ samples, while ** signi-
fies weak traps (Eq. (6)) (assumed 30  kJ mol�1) which are present in both but have
a lower impact compared to the strong traps in the AQ samples.

Parameter Thick samples Thin samples

AQ 300T 450T AQ 300T 450T

i1 /10�3  A m�2 4.36 4.09 4.15 4.32 4.28 3.68
cl;BC /10�3  mol m�3 4.10 4.19 3.64 3.70 3.28 2.95
tt /103 s 15.6 3.25 3.20 13.7 2.15 2.25
Deff /10�12  m2   s�1 7.08 40.3 30.1 6.68 34.0 35.5
Nt* /10�3  mol m�3 1.76 � � 1.86 � �
Nt** /mol m�3 � 309 415 � 367 350
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contains additional traps and therefore absorbs more H than the other
two. Permeation results suggest that 300T and 450T have similar H trap-
ping properties. While thermal desorption data show that the 300T sam-
ples trap more H than 450T, the difference is small and is likely a result of
the difference in dislocation densities between the two conditions as
shown by synchrotron XRD peak analysis and as further discussed in the
next section.
3.3.1. Quantification of trapping parameters
Before attempting to model thermal desorption and permeation,

the effect of the main microstructural constituents � dislocations,
GBs, RA, cementite and possibly vacancies � must be evaluated and
deconvolved. The binding energy DEt and trap density Nt for each
defect type need to be found in order to perform any meaningful
modelling. The analysis of the permeation transients are shown in
Table 3. A slight discrepancy to note is the lower measured Deff value
of the thick 450T sample compared to the 300T sample. Because the
former was tempered at a higher temperature, a somewhat lower
trap density and therefore higher Deff value would have been
expected. This discrepancy can be due to experimental error or
uncertainty in sample thickness. It could also be due to a higher initial
dislocation density of the 450T sample; either due to a higher cooling
rate during quenching or a different thickness of the surface layer
removed by grinding during sample preparation. The table lists rough
estimates of Nt assuming some range of DEt values. However, it only
yields an average value which is not applicable to systems with multiple
distinct traps. We therefore perform a parametric analysis of the diffusion
model in Eq. (8) to examine the effect ofDEt and Nt on the shape of per-
meation transients as it will be helpful in discussing the relative contribu-
tions of different defects to H permeation behaviour.



Fig. 6. Illustration of the effect of DEt and Nt on the shape of permeation curves. The boundary condition applied on the ingress side was 3:7� 10�3  mol m�3; similar to the values
obtained from experiments. The thickness used was 741 mm and the Dl was 8:97� 10�9  m2   s�1. a) and b) show the effect of Nt at DEt 20  kJ mol�1 and 30  kJ mol�1; respectively. c)
and d) show the effect of DEt at the Nt=Nl ratio of 10�5 and 10�3; respectively.
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Fig. 6 highlights the effect of these trapping parameters. Two fea-
tures are worth noting �while both DEt and Nt affect the permeation
time lag and breakthrough time, increasing Nt always results in a
slower, shallower rise. On the other hand, increasing DEt initially has
the same effect but increasing it further leads to a progressively
steeper curve as shown in Fig. 6c. This stems from the fact that strong
traps absorb a large fraction of lattice hydrogen at every time step. As
a result, the H lattice concentration will be extremely low in the
regions where traps have not yet reached saturation while staying
relatively high in the regions where traps have already saturated.
This leads to high gradients in cl where these two regions meet,
which results in a much higher rise in permeation flux compared to
the case of weak trapping where the gradients in cl are not as large.

This effect on the steepness of the transient is important as it
implies that to have both a large time lag and a steep transient, as
experimentally observed in the AQ microstructure, a high binding
energy DEt is needed. The second feature is that at low DEt; the trap
density needs to be extremely high to result in any significant time
lag. For example, in Fig. 6a the Nt=Nl ratio of 5� 10�2 means a Nt

value of »104  mol m�3 produces a time lag of only a few hundred
seconds taking the value of Nl as 2:04� 105  mol m�3 [41].

Let us now discuss the microstructural differences between the
conditions and their implications for H diffusion. All the microstruc-
tures studied have a high effective surface area associated with mar-
tensite subunits which is constant across all samples as the
tempering temperature for 300T and 450T samples was insufficient
to cause recrystallisation. The trap density due to GBs is therefore
also expected to be the same in all the microstructure. Furthermore,
the size of martensite subunits, i.e. packets and blocks, is a simple
function of the PAG size [17]

dpack ¼ 0:4dPAG
dblock ¼ 0:067dPAG

ð10Þ

where dpack and dblock are packet and block diameters, respectively.
The trap density due to packet and block boundaries can be

derived by dividing the number of H trapping sites at the GB with the
average grain volume. Note that the smallest martensite subunits,
laths, are defined by low angle GBs which are essentially dislocation
walls [17] � these sites will therefore be treated as dislocations.
The number of trapping sites at the GB is obtained on the assumption
of one trapping site per every Burgers vector squared (DFT calcula-
tions show that this is a good approximation [48]) which is
divided by a factor of 2 since every GB is shared by two grains and
multiplied by the average surface area of a grain. The resulting num-
ber of trapping sites per grain is divided by the average grain volume
to yield

Npack ¼ 3
dpackb2NA

; Nblock ¼ 3
dblockb2NA

ð11Þ

where NA is the Avogadro constant and b is the magnitude of the Bur-
gers vector, taken as 2:5� 10�10  m. Next, the DEt for GBs must be
identified. The values reported for GBs in ferrite vary significantly
due to the limitations of TDA from which most were derived. In TDA,
peaks resulting from different traps frequently overlap and it is
nearly impossible to tell which defect type they are associated to.
Furthermore, their position, a measure of DEt; is also affected by the



2 Only when treating it under the hypothesis of local equilibrium which only
accounts for the trap density and energy difference relative to the lattice but disregards
any energy barriers. Given the high activation energy for lattice diffusion of H in aus-
tenite » 50 kJ mol �1 one could argue it is a strong trap but that is beyond the local
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sample geometry and trap density Nt � something that is rarely
accounted for. Because of these limitations, DEt values derived from
density functional theory (DFT) are considered more reliable. Despite
the fundamental nature of the DFT method however, the values of D
Et for different GBs vary from 30 to 45  kJ mol�1

; and depend not only
on the GB structure but to some degree also on the simulation setup
(compare e.g. [49�51]), making the choice of DEt somewhat compli-
cated. However, since Eq. (11) gives a good estimate of the trap den-
sity, we can use it to model permeation curves while adjusting the
binding energy. As discussed in the next paragraphs, the effect of dis-
locations on the permeation curves of 300T and 450T is small and so
any reduction of diffusivity relative to pure ferrite must primarily be
a consequence of GB trapping. Because Npack and Nblock are known,
the corresponding DEt must be chosen such as to result in a good fit
to the experimental permeation curves for the 300T and 450T cases
where GB trapping should be the primary trapping mechanism. We
assumed that DEblock and DEpack are equal and it was found that the
value of DEt around 30  kJ mol�1 resulted in a good fit.

Next is the effect of dislocations. The trap density due to disloca-
tions scales with dislocation density, which was measured with syn-
chrotron XRD. However, the choice of the average Nt and DEt
associated to dislocations can be somewhat arbitrary since there are
a number of sites with different DEt values [42,52] within several
Burgers vectors of the dislocation core. To tackle this, Bomba�c
et al. [52] recently used a combination of DFT and kinetic Monte Carlo
calculations to obtain equilibrium lattice and trap site concentrations
in the vicinity of a single dislocation accounting for all the different
sites. They fitted the values to Eq. (9) to obtain an average trapping
energy. They considered all H sites to about 5 Burgers vectors from
the dislocation core to be trapping sites and obtained a DEt of 20 
kJ mol�1 for screw dislocations. Their averaging procedure therefore
yields both the average DEt as well as Nt; leading to the following
scaling law for dislocation density r

Ndis ¼ Nlpð5bÞ2r ð12Þ
assuming that the density of H sites in the trapping region is the same as
in the lattice (Nl) and that the trapping is unaffected by dislocation-dis-
location interactions. Note that a similar scaling law was applied by
other authors [18], but only considered trapping at dislocation cores
assuming a high binding energy. Based on the arguments above, how-
ever, we consider Eq. (12) a much better approximation. At a dislocation
density of 6� 1015m�2 using the average DEt value of 20  kJ mol�1; the
Ndis=Nl ratio is about 3� 10�2 which produces only a modest time lag
as seen from Fig. 6a. Unlike previous studies, this suggests that disloca-
tions have a minimal effect on H diffusion � in itself certainly not
enough to explain the experimental data shown in Fig. 5. This is in line
with the permeation and TDA results, where the 300T samples have
»2.5 times higher r values compared to the 450T ones and yet the H
diffusion and trapping behaviour is very similar in both.

Finally, the presence of RA in the AQ condition must be discussed.
The main question is the nature of the sites related to H trapping,
whether that is primarily the bulk of the austenite islands or their inter-
face � the literature is replete with contradicting conclusions [53�56].
It must be emphasised that bulk trapping should be possible � while H
diffusivity in austenite is low, it is not as prohibitively low as in carbides.
Assuming a Dl of 10

�16  m2   s�1 in austenite, a grain with a diameter of
100 nm will saturate in »25 s. In order for the interface trapping
hypothesis to hold there must be some large energy barrier associated
with the transition of H from the a-g interface into the g bulk. There
are indeed thermal desorption and permeation studies suggesting that
RA islands have a high associatedDEt [54,57], but no DFT studies of this
interface have been performed to date. The experimental results men-
tioned may be consistent with the interface energy barrier hypothesis,
but may also result from bulk trapping and the fact that H takes a longer
time to effuse because of its low diffusivity in austenite islands.
Let us assume that trapping occurs in the bulk of austenite and
that the lag mentioned above is negligible and austenite can be
treated with the local equilibrium approach. The energy difference D
Et between lattice sites in pure ferrite and pure austenite is less than
20  kJ mol�1 [48], making it a weak trap.2 However, bulk trapping
would have a large associated Nt � assuming it has the same intersti-
tial site density Nl as ferrite, 3 vol.% of austenite yields a Nt of
6000 mol m�3. These parameters would result in permeation transi-
ents much shallower than the ones actually observed for the AQ con-
dition. This could mean that whatever trapping is associated with RA
is linked to its interface with the matrix rather than the bulk and that
the interface has a much higher associated binding energy in order to
explain the sharp permeation transient. However, it is then unclear
how to justify the low Nt implied from the TDA and permeation simu-
lations discussed below, which is on the order of only 1 mol m�3.
Assuming that the interface traps one H atom per every Burgers vec-
tor squared, as in the case of GBs, leads to a large overestimate of Nt.

These contradictions imply that the point-trap approximation is
insufficient and that bulk trapping may indeed, depending on the mor-
phology of austenite, produce the effect observed in experiments. If the
absorption kinetics are sufficiently rapid and the austenite is film-like as
it generally is in low-C martensite, this seems plausible. In part II of this
paper, an extension of the diffusion model to 2D is introduced along
with the means of accounting for the effect of austenite explicitly and
bulk trapping in austenite films is investigated further. The results there
show that a fine dispersion of austenite may indeed result in a relatively
large time lag and steep permeation rise � much steeper compared to a
point trap with equivalent DEt and Nt values � which may explain the
AQ permeation curve sufficiently. Note however, that without a better
understanding of its morphology, the effect of austenite can only be
studied qualitatively. While austenite was indeed observed in TEM
(Fig. 3), the image is unlikely to be representative of the whole micro-
structure and therefore cannot be taken as a sufficiently accurate input
for 2D diffusion simulations. 3D imaging of RA over larger length scales
would ideally be needed and is suggested as one of the avenues for
potential future work.

A third possibility is that the strong sparse traps suggested by the
simulations are in fact vacancies. The AQ condition was likely to have
inherited some vacancies from direct quenching from a high temper-
ature � assuming no annihilation, the atomic fraction of vacancies at
the solutionising temperature of 1100 °C is in the range of 5:8� 10�7

based on the vacancy formation energy of 164  kJ mol�1 [58]. This is
equivalent to 0:12 mol m�3 and is too low on its own to explain the
implied Nt. Numerous vacancies and other debris could also form
during the intense plastic deformation resulting from the phase
transformation to martensite. If their total concentration were indeed
close to the observed Nt; they could be an explanation for the behav-
iour observed in the AQ microstructure � even low-temperature
tempering in the case of 300T and 450T would lead to vacancies
either saturating with C atoms or to their annihilation. The vacancy
hypothesis, however, is difficult to test and to the best of our knowl-
edge no quantification of vacancy concentration in martensite has
been performed to date. We attempted to deconvolve the effect of
vacancies and RA by immersing the AQ samples in liquid nitrogen for
several days as this was expected to eliminate RA and preserve the
existing vacancy concentration. XRD analysis revealed, however, that
austenite peaks were still present and their intensity was unaffected.
Furthermore, while the dislocation motion during the formation of
martensite may generate vacancies and dislocation debris, it may
also annihilate them through dislocation recombination and climb. It
equilibrium approximation.



Table 4
Parameters used in permeation simulations.

Parameter Value Ref. Comment

cl;BC varies � see Table 3
DEGB 30  kJ mol�1 � within the range reported
DEdis 20  kJ mol�1 [52] averaged over different trap sites near

dis. core
DERA 55  kJ mol�1 yields best steepness fit for AQ
NGB 56 mol m�3 Eq. (11) sum of all grain subunits,

with dPAG 26mm
Ndis � Eq. (12) r values from Table 2
NRA 1:7 mol m�3 � see Table 3
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is therefore unclear whether the as-quenched martensite would in
fact retain a high vacancy concentration.

Based on the observations and discussion so far, however, it is
most likely that the large time lag and the steep permeation transient
in the AQ samples are caused by RA. However, the model used here is
limited to 1D and cannot describe the effect of H trapping in the bulk
of austenite. It is therefore treated as a strong sparse trap site despite
the problems discussed above.

Finally, the role of cementite must be discussed. Cementite has
experimentally been shown to have a very low binding energy of
»15  kJ mol�1 [59,60] and a negligible effect on trapping � even in
pearlitic steels where the effective surface area available for trapping
is very high [61,62]. The same conclusion was also reached by authors
who studied simple Fe-C martensitic steels � the effect of cementite
was negligible regardless of the tempering temperature and the cor-
responding variation in morphology [13]. Its role in H trapping can
therefore be neglected.

Based on the discussion above it seems reasonable that the only
relevant trapping sites in the samples investigated were GBs, dislo-
cations and RA, which were subsequently modelled under the
assumption of local equilibrium as point traps with a single value of
the binding energy. In reality, the H-trap interactions are likely
more complicated. Just as with dislocations, GBs and various car-
bides also possess a number of sites with different H binding ener-
gies [50,63,63], and some average value must be taken to perform
continuum-scale simulations. Since it was previously shown that
trapping at dislocations can be approximated using the local equil-
brium equation and a single binding energy value [52], the same
approximation should be applicable to other defects. At this stage,
however, similar averaging simulations have not been performed
for GBs in BCC iron.
Fig. 7. Experimental and modelled permeation curves using parameters in Table 4. Markers
are marked with open circles and broken lines in blue, while thinner samples are marked
figure legend, the reader is referred to the web version of this article.)
3.4. Permeation and thermal desorption �modelling

Accounting for the observations in the previous section, the per-
meation curves were modelled using three distinct trapping sites,
dislocations, GBs and RA. All the model parameters are listed in
Table 4. Note that Nt values are close to those obtained by analysing
the experimental permeation curves listed in Table 3, providing addi-
tional confidence in the scaling laws proposed in Eqs. (11) and (12).
Note that the density of weak traps in Table 3 is larger by a factor of
»5, which means that Eq. (11) somewhat underestimates the trap
site density due to GBs, although note that in the simulations some of
the time lag is due to dislocations, meaning that a lower Nt value for
GBs is sensible.

A note on the choice of cl in TDA simulations in Section 3.4: the
combination of the charging solution and current density used for
charging our TDA samples was investigated before in a permeation
study [37] � the reason this combination was chosen was because in
[37] the authors reported the steady-state current density for it. This
allowed us to derive the corresponding H surface concentration to be
used as the boundary condition cl;BC for TDA simulations. However,
using the cl;BC value derived from [37], 0:33 mol m�3; led to total H
concentrations in excess of 5 wppm, much higher than in our experi-
ments. It is not entirely clear what led to the discrepancy. The value
of cl;BC used here was 0:082 mol m�3 instead.

The results of permeation simulations and their comparison to the
experimental data are displayed in Fig. 7. The agreement is fairly
good for the AQ and 300T conditions � any discrepancies in the time
lag are within the experimental scatter. There is, however, some dis-
crepancy beyond about 0.5i1 where the rise in i in the experimental
curves slows down, while the modelled curves remain quite steep. As
this effect could not be reproduced for the 300T and 450T conditions
regardless of the combination of trapping parameters used, this is
likely an artefact of the permeation method itself. The most likely
possibilities are a decrease in oxidation kinetics on the exit side or
the thickening of the local oxide film, both of which have been shown
to have a significant effect on the transient [47,64]. The transients
of the 450T samples are reproduced somewhat less well because of
a simulated decrease in dislocation trapping due to the scaling
law for Ndis.

We then used the same set of parameters, except cl as discussed
below, to simulate the experimental thermal desorption curves. The
results are shown in Fig. 8. The trend of decreasing total H concentra-
tion from the AQ to the 300T to the 450T sample is reproduced suc-
cessfully and the correspondence between the experimental and
simulated curves is overall satisfactory. Notably, the peak position,
denote experimental data while lines correspond to modelled curves. Thicker samples
with crosses and lines in orange. (For interpretation of the references to colour in this



Fig. 8. Experimental and modelled thermal desorption curves using the same trapping parameters as in permeation simulations (see Table 4� the NRA value was assumed to be 1:7 
mol m�3; the same as in the thick AQ permeation sample). Also shown are total measured H concentration values.
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which is sensitive to Nt and DEt values and independent of the H lat-
tice concentration, i.e. H charging conditions [65], is quite close to
experiments. An interesting observation is that the modelled AQ
curve, unlike the experimental one, has a shoulder at around 150 °C.
This is a reflection of strong traps assumed in the simulations and at
odds with experiments. However, based on permeation results we
demonstrated that when assuming point trapping and local equilib-
rium, a strong trapping site is necessary to explain the H permeation
behaviour in the AQ condition. A possible explanation for the lack of
a high-temperature shoulder in the experimental curves in Fig. 8a
could be that the retained austenite starts decomposing and releasing
the hydrogen trapped in it. While no measurements of the austenite
decomposition kinetics were performed, its effect on H diffusion is an
interesting problem that can be modelled. The derivation of the diffu-
sion model extension, along with modelling results using different RA
decomposition kinetics, are described in the appendix. Our simula-
tions in Fig. 10 indicate that austenite decomposition at moderate
dissolution rates produces small changes in the height of the peak
and slightly flattens the shoulder in the curve; it does not however
cause a shift in the peak position. A handful of existing studies sug-
gests that decomposition only starts above some 200 °C [66,67],
which would require a decomposition a constant smaller than 0:0035
  BC�1; although the steels studied were different and the starting tem-
perature may vary significantly with composition. A more likely
explanation is that the point trap assumption for RA is not appropri-
ate and the H is contained in the bulk. In this case, barring the pres-
ence of a large energy barrier at the austenite-ferrite interface, H
would likely start effusing at relatively low temperatures and there-
fore not generate a high-temperature peak. It is also worth noting
that, although austenite decomposition could have changed the TDA
behaviour somewhat, our finding of austenite lowering the effective
H diffusivity in martensite is based on permeation results. These
were conducted at room temperature � therefore the RA fraction
was unlikely to change.
Table 5
Dislocation density r and grain size dg in micro-
structures studied by Mine et al. [18]. HPT stands
for high-presssure torsion.

r /m�2 dg/nm

HPT 2:65� 1015 125
HPT + 573K anneal 1:69� 1014 167
HPT + 673K anneal 2:89� 1013 239
HPT + 773K anneal 1:12� 1011 395
3.5. Comparison to the literature

It is also worth drawing a comparison to some previous work on
the effect of dislocations and GBs to evaluate the robustness of the
trap density scaling laws proposed as well as the choice of DEt for the
different traps. While a number of authors investigated the effect of
strain on H absorption and the shape of thermal desorption curves
[68�73], little information on the microstructure was given in these
studies and any changes in H absorption are likely due to a combined
effect of vacancies, dislocations and grain refinement. The only thor-
ough study found was by Mine et al. [18,74] who studied ferrite
deformed using high-pressure torsion. They characterised both the
grain size as well as the dislocation density and studied the H trap-
ping behaviour by gas charging and TDA. The defect densities of the
microstructures studied are reported in Table 5.

The samples used by Mine et al. were rectangular, 0.6 mm thick
and charged at 358 K in a H atmosphere of 100 MPa, resulting in an
equilibrium lattice concentration cl of 0:55 mol m�3 [75]. They were
degassed at room temperature for 0.42 h prior to the start of TDA
which was conducted under a heating rate of 0:5 K  s�1.

We simulated the TDA experiments from [74] with two different
sets of parameters � those used for the diffusion simulations in the
previous section and those proposed in [74]. Both sets of trap densi-
ties together with the corresponding grain size and dislocation den-
sity are displayed in Table 6. Note that Mine et al. used binding
energy values of 26:0  kJ mol�1 and 19:7  kJ mol�1 for dislocations and
GBs, respectively as well as a somewhat higher value of Nl �
8:64� 105  mol m�3. The results of both simulations are shown in
Fig. 9. Our parameters, despite somewhat overestimating the H con-
centration, produced a reasonable fit, particularly for their more
heavily deformed samples. This is obvious when compared to the H
concentrations resulting from the trapping parameters reported by
Mine et al. which underestimate the total H concentration by several
orders of magnitude. Note that Mine et al. [74] estimated the quality
Table 6
Dislocation density, grain size and the corresponding trap densities in microstruc-
tures studied by Mine et al. [18]. HPT stands for high-presssure torsion.

Condition r /m�2 dg/nm Ndis /mol m�3 NGB /mol m�3

Mine
et al.

Ours Mine
et al.

Ours

HPT 2.65 £ 1015 125 457 2700 6120 638
HPT + 573K anneal 1.69 £ 1014 167 28.8 170 4780 477
HPT + 673K anneal 2.89 £ 1013 239 4.91 29 3320 334
HPT + 773K anneal 1.12 £ 1011 395 0.02 0.10 1660 202



Fig. 9. Comparison of experimental and modelled H concentrations resulting from
TDA based on the microstructural data from [18,74]. Note that using the trapping
parameters from the latter results in H concentrations too low to be visible in the
figure.
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of their parameters using the equation for local equilibrium (Eq. (9))
and did not consider the loss of H during the transfer time of 0.42 h
which must have been significant given the size of their samples � in
our simulations cl decreased by a factor of 2�10 during this time,
depending on the trap density. It is not entirely clear why the dis-
crepancy between the experiments and simulation increases with
tempering temperature � the method for estimating dislocation den-
sity used in [18] is somewhat simplistic and perhaps underestimates
the density at higher tempering temperatures due to dislocation
reconfiguration and recovery.

4. Discussion

In this study we integrated microstructural characterisation and H
diffusion measurements together with diffusion modelling in a sys-
tematic manner in order to identify the variation in H trap density as
a function of defect density (GBs and dislocations). One distinct
advantage of this approach over the standard single-trap permeation
curve analysis using Eqs. (4)�(6), used in numerous studies to date, is
that by carefully quantifying the microstructure and varying one
parameter (dislocation density) while keeping others (GB area) con-
stant, is that it allows for the identification of scaling laws (trap den-
sity as a function of defect density). Moreover, a multi-trap rather
than single-trap model is needed to subtract the effect of grain
boundaries from other trapping effects. The diffusion parameters
identified this way were shown to be valid for martensitic steels and
heavily deformed ferrite. Modelling also provides a means of cross-
validating experimental data to ensure the inferred trapping parame-
ters are consistent. This way, any phenomena not matching the initial
assumptions in the analysis can be identified and studied in more
detail. In this paper, that was the effect of RA on H trapping which
seems to be inconsistent with the local equilibrium assumption; it
was only possible to identify this behaviour by carefully quantifying
the trapping contribution of other defects present in martensite.

We should note that the analysis used a number of assumptions,
but the validity of each one was carefully assessed. For example, one
is the assumption that defects in martensite are point traps. This is
justified in Section 2.5 and validated in Section 3.4. Another example
is the choice of binding energy of GBs. Since the scatter in reported
values in atomistic literature is appreciable, the choice is bound to be
somewhat arbitrary. However, 30  kJ mol�1 was chosen as it was the
average of the reported values analysed. Finally, the choice of bound-
ary condition for the H charging prior to the TDA simulation was cho-
sen to correspond to the total H concentration measured. We initially
attempted to calibrate it using information from the literature but
the correspondence was poor. Future studies would benefit from a
more accurate determination of the above parameters. The average
GB binding energy could probably be determined with a combination
of DFT and kinetic Monte Carlo methods as previously done for dislo-
cations [52] and more care should be taken to ensure that charging
conditions for different experiments (thermal desorption and perme-
ation) are identical. This could be explored in future work.

Having derived a set of scaling laws related to the trapping
parameters of GBs and dislocations, we were able to reproduce our
experimental results with the H diffusion model, along with addi-
tional experimental data from the literature. While there are some
discrepancies between the data and the model, the overall trends are
reproduced quite well. While some MX carbides were present in the
steel studied, they were too sparse to have a notable effect on diffu-
sion. Regardless, adding the effect of carbides is straightforward as
the model can accomodate an arbitrary number of distinct traps and
we have previously calibrated a trap density correlation for vanadium
carbides [8] which could be used for this purpose.

Microstructural characterisation revealed that the dislocation den-
sity was nearly identical in the AQ and 300T samples, but was lower
by about a factor of 2.5 in the 450T samples. Apart from the limited
coarsening of cementite in the two tempered conditions, the only
other significant microstructural difference between tempered and AQ
samples was the presence of a small amount of RA in the AQ condition.
These results imply that the large relative decrease in effective diffu-
sivity in the AQ condition cannot be ascribed to the effect of disloca-
tions. In addition, given the negligible difference in permeation
behaviour between the two tempered conditions and an observable,
but small difference in H absorption measured by TDA imply that the
impact of dislocations on the overall diffusion behaviour is in fact low.
This runs somewhat contrary to the received wisdom, but is not sur-
prising given the low binding energy of dislocations recently demon-
strated elsewhere [52]. Furthermore, the effect of dislocations was also
demonstrated to be low by using the diffusion model to simulate both
the experimental permeation curves as well as TDA data. The model
was further used to demonstrate that, assuming point traps under
local equilibrium, the reduction in diffusivity in the AQ condition could
only be ascribed to the presence of a strong and sparse trap. Based on
microstructural characterisation, this is most likely RA. The reduction
in effective diffusivity in the tempered conditions relative to pure fer-
rite can be ascribed largely to the presence of GBs. Thermal desorption
experiments support these findings � the two tempered conditions
were shown to absorb similar H concentrations while the as-quenched
microstructure absorbed significantly more.

Microstructural observations and the diffusion behaviour indicate
that the RA cannot be approximated as a point trap � to do so results
in inconsistencies when attempting to simulate TDA and permeation
experiments. This is likely a consequence of bulk trapping in RA � given
its volume fraction in the AQ samples and its H solubility ratio with
respect to ferrite are such that the resulting trapped hydrogen should
be close to the values measured by TDA. The solubility ratio of H
between austenite and ferrite is on the order of 103 � this is supported
by experimental data (see solubility data collected in [76]), and also by
recent DFT calculations which show that the energy of H segregation in
austenite relative to ferrite is in the range of 10�20  kJ mol�1 [48,77].
This means that austenite cannot be anywhere close to saturation given
the low H lattice concentration in the ferrite matrix. Using, for example, a
value of 19  kJ mol�1 in the Arrhenius expression yields a similar solubil-
ity ratio as the one used here, »2000. In our TDA simulations, the H lat-
tice concentration cl was in the range of 0:08 mol m�3. The
corresponding equilibriumH concentration in RA is a product of the solu-
bility ratio, taken as 2 £ 103, the volume fraction of austenite, 0.035, and
the cl of ferrite. The resulting value is in the range of 5:6 mol m�3 or 0.72
wppm. This is only slightly higher than the measured differences in H
concentration between the AQ samples containing RA and the RA-free
tempered samples. These considerations demonstrate the need for a 2D
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diffusionmodel, in which bulk trapping in austenite can be accounted for
and is presented in part II of this series.

5. Conclusions

� We quantified the hydrogen trap density and H diffusion behav-
iour in martensite resulting from the presence of dislocations,
grain boundaries and retained austenite. Detailed information of
the microstructure and its trapping behaviour allowed us to
deconvolve for the first time key microstructural features affect-
ing H diffusion in martensite, which contains multiple traps of
different densities.

� A set of scaling laws for H trap density based on grain size and
dislocation density were proposed and verified by a combination
of thermal desorption and permeation experiments coupled
with diffusion simulations. The laws are in good agreement with
the data presented in the paper as well as data from other sour-
ces. The scaling laws are a means towards more accurate model-
ling of H diffusion and embrittlement susceptibility in steels in
the future.

� It was demonstrated that in martensite and heavily deformed
ferrite, where the average grain size is small, grain boundaries
are more potent trapping sites than dislocations, even at disloca-
tion density values beyond 1015  m�2; which is somewhat at odds
with previous work.

� Retained austenite has a large impact on H diffusivity and the total
absorbed H concentration. Furthermore, the discrepancy between
the observed microstructure and the permeation and thermal
desorption results shows that retained austenite is unlikely to act
as a point trap despite the relative thinness of austenite films. This
indicates that a more accurate diffusion model in at least 2D is
needed where austenite is treated explicitly and the effect of its
morphology on diffusion can be studied in more detail.
Fig. 10. Effect of RA decomposition on the simulated TDA curves of the AQ condition.
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Appendix

Model extension to retained austenite decomposition

To account for the thermal decomposition of austenite, the diffu-
sion model used in the study needs to be slightly modified. We shall
assume that the loss of trap density corresponding to RA follows an
exponential function of the form

NRA ¼ NRA;0 expð�ADTÞ ð13Þ
where NRA;0 is the initial RA trap density, A is decomposition a con-
stant and DT ¼ ðT0 þ ftÞ�T0 ¼ ft. Since trap molar volume VRA is 1=
NRA; this can be rewritten as

VRA ¼ VRA;0 expðADTÞ ð14Þ
Eqs. (13) and (14) are a simplified form of the JMAK equation using
temperature instead of time in the exponential function.

Let us first recall that the total concentration of H in the metal can
be split into the lattice H and H trapped at various defects

c ¼ cl þ
Xm
k¼1

ctk ð15Þ

and that the H in the lattice and in all traps are in local equilibrium

ct ¼ Vl

Vt

cl
Kt þ clVlð1�KtÞ ð16Þ

Using Fick’s first law for flux and assuming no diffusion along
traps, the mass conservation equation can be written as

@

@t
cl þ

Xm
k¼1

ctk

 !
¼ @

@x
Dl
@cl
@x

� �
ð17Þ

Previously, ct was substituted using Eq. (16), accounting for the
fact that Kt and cl were time-dependent. Now, the additional depen-
dency of the inverse trap density, Vt; on time must be considered. ct
is therefore a function of three time-dependent parameters (it is
more proper to treat the sum of Vt and Vt as a conserved quantity as
in [41], but since Vt � Vl; this distinction is insignificant)

ct ¼ f Kt

�
TðtÞ

�
; clðtÞ;VtðtÞ

� �
ð18Þ

The total derivative of the ct in time associated to a trap is there-
fore

dct
dt

¼ @ct
@Kt

@Kt

@T
@T
@t

þ @ct
@cl

@cl
@t

þ @ct
@Vt

@Vt

@t
ð19Þ

where the last term is zero for non-decomposing traps.
Inserting Eqs. (16) and (14) into (19) and the combined expression

into (17) the diffusion equation reads
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Eq. (20) can now be used to re-examine the TDA curves of the as-
quenched (AQ) samples containing RA. Since the exact decomposition
kinetics are unknown and no literature was found on steels similar to
the one studied here, a brief parametric analysis is shown in Fig. 10,
where A¼0:007   BC�1 corresponds to the decomposition of 50% of RA at
100 °C. With increasing A, the decomposition rate increases, reducing
the high-temperature tail and increasing the TDA peak, as the overall
effusion rate rises, e.g. A¼0:0035  BC�1 corresponds to the decomposi-
tion of 50% of RA at 200 °C. All the other simulation parameters were
the same as in the study.
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