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ABSTRACT

Knowing the hydrogen distribution c(x,t) and local hydrogen concentration gradients
grad(c) in ferritic steel components is crucial with respect to hydrogen embrittlement.
Basically, hydrogen is absorbed from corrosive or gaseous environments via the surface
and diffuses through interstitial lattice sites into bulk. Although, the lattice diffusion
coefficient Dy ~ 0.01 mm?/s is in the order of magnitude of those for well-annealed
pure iron, trapping sites in the microstructure retard the long-range chemical diffusion
j. = — Denem(c)grad(c), causing local hydrogen accumulation in near surface regions in
limited time. Considering pure ferritic crystals without trapping sites in the microstructure,
the limited characteristic diffusion depth x. ~ /Degst is proportional to the square root of
the effective diffusion coefficient D¢ and of time t. Effective diffusion coefficients are
measured independently for hydrogen using the electrochemical permeation technique.
For pure crystals, the effective diffusion coefficient is constant at given temperature and
allows accurate calculations of the diffusion depths. However, with trapping sites in the
microstructure the effective diffusion coefficient is not a material property anymore and
becomes dependent on the hydrogen charging conditions. In the present work, the theory
of hydrogen bulk diffusion is used to verify the concept of effective diffusion. For that
purpose, the generalized bulk diffusion equation was solved numerically by using the finite
difference method (FDM). The implementation was checked using analytical solutions and
a comprehensive convergence study was done to avoid mesh and time dependency of the
results. It is shown that effective diffusion coefficients can vary by magnitudes depending
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on the sub-surface lattice concentration. This limits the application of the effective

diffusion concept and also the calculation of the characteristic diffusion depth.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Understanding hydrogen diffusion in metals is crucial to
develop improved mitigation strategies for hydrogen embrit-
tlement (HE) [1]. For example, micrometre thick coatings [2]
can repel hydrogen atoms by making hydrogen absorption
strongly endothermic and lower permeation rates to bulk
[3-5]. Another example is beneficial trapping sites in the
microstructure, like titanium or vanadium carbides [6], which
are known to reduce bulk diffusivity [6—8] causing limited
hydrogen diffusion depths and thus hydrogen concentration
gradients grad(c) in final components [9]. Polyanskiy et al.
[10,11] studied the role of local hydrogen accumulation in
surface-near regions and named this phenomenon “skin-
effect”.

Itis believed that hydrogen diffusion from the bulk to crack
tips [12—14] is one of the main driving forces of hydrogen
assisted crack (HAC) growth. Critical hydrogen sources are
available in corrosive or gaseous environments [15] all along
the production lines of steel components and during service.
Once absorption occurred, atomic hydrogen [16] diffuses in-
side the components until a stationary distribution is reached.
The absorbed hydrogen content can be measured by thermal
desorption analysis (TDA) methods. However, TDA only al-
lows measurement of the total hydrogen content as a function
of the sample weight. Inhomogeneous hydrogen distributions,
which result from inhomogeneous strain distributions in the
components [17,18] or limited diffusion time, are not repre-
sented by using the TDA method.

Other interstitial elements in ferritic steels, such as carbon
or nitrogen, allow a more direct experimental observation of
the element distribution. Case hardening of gears is a well-
known example, where the diffusion depth profile of carbon
in steels can be measured directly in the cross-section of the
component usingindentation techniques. Itis well known that
diffusion depth of carbon atoms scales with the square root of
time 4/t. Different to carbon, the increase of hardness by
hydrogen [19] in ferritic steels is not large enough to prove the
time dependency directly in the cross-section of a component.
Furthermore, the fugacity of hydrogen is very high and makes
indentation measurements under atmospheric conditions
very difficult. Therefore, numerical or analytical methods are
necessary to predict local hydrogen distributions and diffusion
depths from independent measurements, such as electro-
chemical permeation or TDA [20,21].

For determining the characteristic diffusion depth x., the
generalized diffusion equation [22,23] must be solved either
analytically or numerically. An analytical solution exists for
semi-infinite volumes in case of pure metals without trapping
sites. In this case the characteristic diffusion depth xc ~ /Degst
is much less than the thickness of the plate and increases

linearly with the square root of the effective diffusion coeffi-
cient Dess and the diffusion time t. The method of choice to
measure hydrogen diffusion coefficients in steels is electro-
chemical permeation [20,24—27]. Devanathan and Stachurski
[28] suggested to place a thin sample between two electro-
chemical cells, namely reduction and oxidation cell. On the
reduction side, the sample surface is cathodically polarized to
produce adsorbed hydrogen atoms according to the Volmer
reaction. After absorption, hydrogen permeates bulk and is
oxidized on the other side of the sample. The permeation
time, which is a measure for hydrogen bulk diffusivity, de-
pends not only on the investigated microstructure, but also on
the hydrogen charging conditions and the sample thickness.
According to Wipf [16], the hydrogen permeation rate is
generally more influenced by trapping than by the value of the
diffusion coefficient Dy, of interstitial lattice hydrogen. Drexler
et al. [2] proved experimentally and numerically for dual
phase (DP) steels that the permeation time strongly depends
on the sub-surface lattice concentration at the reduction side.
In other words, the permeation time decreases with
increasing stationary current density, as it was experimen-
tally shown by Darken and Smith [29] in 1949 or later by Zafra
et al. [26]. However, this dependencies of the effective diffu-
sion coefficients are not considered in nowadays standards,
such as ASTM [30] or EN ISO [31], and hence, measured
effective diffusion coefficients D¢s have been used extensively
in literature

e for calculating the hydrogen diffusion distances in the
microstructure during hydrogen assisted crack (HAC)
growth [32—34],

o for correlating HE susceptibility indices with the diffusion
distance [35,36],

e for estimating the minimum hydrogen charging time
t ~ L2/2Des to reach hydrogen saturation before testing the
HE susceptibility [37], with L/2 being the halve sample
thickness or

o to study the effect of trapping sites on the bulk hydrogen
diffusion [25,38,39].

Recently, M. Rhode et al. [40] applied the same equation to
calculate the minimum waiting time t of as-welded plates to
desorb hydrogen and to avoid hydrogen induced cracking
(HIC).

The present work is dedicated to the critical verification of
the effective diffusion concept and the characteristic diffusion
depth in the presence of trapping sites in the microstructure.
For that purpose, the theory of effective diffusion was
compared with the more advanced theory of bulk hydrogen
diffusion [23]. The generalized bulk diffusion equation [41]
was solved numerically using the finite difference method
(FDM). The numerical implementation was checked by
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comparing with analytical solutions and a comprehensive
convergence study was applied to guarantee simulation re-
sults independent of the chosen node density and time
increment. Effective diffusion coefficients were simulated as
function of the sub-surface lattice concentration and thick-
ness and were compared with measured values from litera-
ture. Finally, hydrogen diffusion profiles in semi-infinite
volumes were simulated and the characteristic diffusion
depth was evaluated with respect to the effective diffusion
coefficients and time.

Theory

The following section summarizes the theoretical background
of hydrogen bulk diffusion and effective diffusion in ferritic
crystal structures. Analytical solutions are provided for
diffusion in semi-infinite volumes and plane sheets.

Basic equation for bulk diffusion

Hydrogen atoms occupy either interstitial lattice sites or trap
at microstructural defect sites in ferritic crystal structures.
Therefore, the total hydrogen concentration ¢ can be sepa-
rated as

c=cy +Cr. @]

where ¢ is the lattice concentration and cr is the trapped
hydrogen concentration, respectively. At room temperature
the lattice site fraction y;, which is the ratio of lattice con-
centration c¢;, and lattice site density Ny, is

yL=c/Ny<<1 2

and most of the total hydrogen concentration is trapped at
microstructural defect sites [42]. Hydrogen trapping sites are
classified according to their binding energy E, [43] and trap
density Nt. The binding energy arises from both the elastic
expansion of the crystal lattice around microstructural de-
fects [12,13] and the atomic bond between hydrogen and the
iron atoms of the host metal [44,45]. Typical binding energies
in ferritic iron range up to around 100 kJ/mol with binding
energies below 50 kJ/mol being named “shallow” trapping
sites and above 50 kJ/mol being named “deep” trapping sites
[46]. In thermodynamic equilibrium binding energies of 60 kJ/
mol or higher cause a full occupation of the trapping sites at
room temperature [44] and an increase of the binding energy
would not change the trap site fraction yr=1. The difference
in binding energy becomes visible during linear heating, as it
is used in the thermal desorption spectroscopy (TDS) mea-
surements [47]. Typical trap densities Ny range from 10 *? to
10~® mol/mm? [7,8,24] and seem to be lower the higher the
binding energy Ey,. Nevertheless, a detailed characterization of
the available trapping sites with respect to their binding en-
ergy and trap density makes model-based evaluation of TDS
spectra [2,7,8,48] or permeation curves [24,49] necessary.
Along lasting discussion in literature on the calculation of
trapped hydrogen concentrations ranges back to McNabb and
Foster [50] or Oriani [51] in the early 60ies and 70ies. Since

then, several more generalized bulk diffusion models have
been derived [7,22,41,46]. While McNabb and Foster assumed
the trapping kinetics as one of the main retardation mecha-
nisms during bulk diffusion, the local equilibrium theory,
which was first suggested by Oriani [41] and later generalized
by Svoboda and Fischer [41], assumes local equilibrium be-
tween lattice and trapped hydrogen atoms as following

YNt

TR y(1-K)

3
where K = exp (—Ey, /R,T) is the equilibrium constant, R, is the
universal gas constant and T is the temperature. Care must be
taken on the distribution of trapping sites in the microstruc-
ture whenever kinetic theories instead of equilibrium theories
are applied. Raina et al. [48,49] were one of the first showing
that Oriani's trapping approach gives reasonable agreement
between simulation and measurements for permeation as
well as TDS. Drexler et al. [2,7] validate Oriani's theory twice by
comparing measurements and simulations and showed
recently [2] that it is possible to describe measured TDS
spectra as well as permeation transients of the same class of
material with one constant set of trapping parameters. Ac-
cording to Toribio and Kharin [22] local equilibrium is reached,
whenever long range chemical diffusion last much longer
than reaching local equilibrium by microstructural relaxation
between lattice and trapped hydrogen. For example,
comparing the permeation times of well-annealed iron sam-
ples of around 10 s [25] with the permeation times of typical
advanced high-strength steels of several hours [26,27], sup-
ports Oriani's theory of trapped hydrogen concentration.
Furthermore, Kissinger's theory for the evaluation of single or
well-separated TDS peaks [52] can be derived from Oriani's
trapping theory [23,52]. Kirchheim [23] showed that the acti-
vation energy according to Kissinger's theory is more likely the
activation energy of hydrogen bulk diffusion [52] rather than
the desorption energy of individual trapping sites.

According to Fick's first law of diffusion, the lattice flux j; is
proportional to the gradient in lattice hydrogen concentration
as

ju= —Digrad(c.) @)

where grad is the gradient operator in the actual configura-
tion. Dy = Do exp (Em /RgT ) is the lattice diffusion coefficient
and Dy is the jump frequency. E, is the migration energy of
lattice hydrogen, which is around 5 kJ/mol for ferritic iron
[53—55]. Other driving forces were not considered in the pre-
sent work, like mechanical, thermal, electrical or trap mobility
[16,56]. Regarding hydrogen diffusion along interconnected
trapping sites, Siegl et al. [25] could not measure any increase
of the effective diffusion coefficient Dess by altering grain size
dc and dislocation density p, in pure iron, performing
permeation measurements. In addition, the migration en-
ergies for hydrogen diffusion along grain boundaries were
calculated to range from 8 to 31 kJ/mol [57]. Both the rather
high migration energy E,,r with respect to the migration en-
ergy of lattice diffusion and the experimental observation let
the authors assume that the trap flux along grain boundaries
and dislocation can be neglected [24,25].
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The mass balance for hydrogen must be reformulated
concerning lattice sites, trapping sites and the lattice flux js
[22,41] as
e () ©)
where div is the divergence operator in the actual configura-
tion and t is time. By considering Eq. (3) for trapped hydrogen
concentration, Eq. (5) can be regarded as the generalized bulk
diffusion equation for hydrogen. The rather complicated
structure of Eq. (5) prompted the introduction of the chemical
diffusion coefficient concept [41], which relates the diffusion
flux with the gradient of the total hydrogen concentration c
instead of the lattice hydrogen concentration ¢, as following

. dc

jL= fDLd—CL grad(c) = —Dchem(c)grad(c) (6)
The chemical diffusion coefficient Dehem differs form the

lattice diffusion coefficient D; in Eq. (4) being concentration

dependent. According to Svoboda and Fischer [41,58] an

analytical equation exists for single trapping sites:

F(1-K)-F+K

?)
\/(NLL(1—K)—K—%§)2+%(1—K)

D
Dchem :7L 1+

Inserting this relation, yields the generalized bulk diffusion
equation expressed in the actual local value of c:

%: div(Dchemgrad(c)) 8)

Basic equation for effective diffusion

The effective diffusion concept, which is widely used in the
field of electrochemical hydrogen permeation, bases on the
generalized bulk diffusion equation given in Eqg. (5) as
following

dCL dCT - ocy dCL o
P T (1 E) T div(Drgrad(cy)) 9)

d,
act

Based on the assumption that
(9) can be reformulated as

is space independent, Eq.

d, 1
at 1+%

div(Drgrad(cy)) =div grad(cL) (10)

D,
1+
act

With j, = —Degrgrad(c,) the space independent effective
diffusion coefficient can be set as
Dy L2

Deff =—5 =
da,
1 + acr nDtlag

(11)

Different procedure exists in literature [59,60] to determine
the effective diffusion coefficient from recorded permeation
transients ji (t), with L being the sample thickness and np being
a constant factor. They are all based on the effective diffusion
concept and differ in the definition of the timelag and thus of
the constant factor. According to the EN ISO standard [31] for
electrochemical permeation measurements, the timelag ti,g is

defined as the time necessary to reach 63% of the stationary
flux js and n = 6.

Analytical solutions

Analytical solutions of the diffusion equation exist for semi-
infinite volumes and plane sheets made out of pure crystals
[61], which do not contain hydrogen trapping sites Nr.
Dirichlet boundary conditions are considered as follows

CL (X = O7 t> 0) =CLo (12)

and the initial hydrogen concentration ¢, (x >0,t=0,) =0
is assumed to be zero in bulk.

Diffusion in a semi-infinite volume

The solution of classical Fick's law of diffusion yields the lat-
tice hydrogen concentration as a function of space x and time t
as

x
2 /Dt

a(x,t)=cLo <17% / e’x’zdx’>. (13)

Using the complementary error function known as
erfc(z) = 1— \%f; eV’ dy, Eq. (13) can be reformulated to the
well-known solution of the lattice hydrogen concentration

profile as

cu(x,t) =cpoerfc < (14)

X
2\/DLt> '

For defining the characteristic diffusion depth x., Eq. (14) is
derived with respect to space, yielding

dCL 2 _x2 1 CrLo
——(x=0,t)= —— Dt = 15
ax X=00 N W on o 7Dt (15)

With the introduction of the tangent equation as

CLo
x.t) = 1
y(x,t) ___Dth +CLo (16)

the characteristic diffusion depth x. for pure crystals at
y = 0 follows as

X = wDt (17)

A graphical interpretation of Eq. (16) and x, is presented as
dotted red line in Fig. 2b. According to Eq. (17), x., in pure
crystals at a given temperature is

e independent on the boundary condition c,o,
e increases by the square root of the diffusion time v/t and
e depends on the constant lattice diffusion coefficient Dy..

Diffusion in a plane sheet

In the case of hydrogen permeation through a thin sheet with
a thickness of L, the lattice concentration changes according
to

c(x,t)=cro (1 — %) +%Z::1 — CL7‘°sin (?) exp( - DLY;WZt>

(18)
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Fig. 1 — Sketch of the one-dimensional diffusion models: a) plane sheet model and b) semi-infinite volume model.

With increasing time, the solution of Eq. (18) approaches
the stationary solution with a linear lattice concentration
distribution, as illustrated in Fig. 1.

Hydrogen bulk diffusion modelling

In the following, all details are presented, which are required
for setting up a finite difference model (FDM) implementation
of the proposed bulk diffusion equation, which is given in Eq.
(5). The models are formulated on the macroscale based on
thermodynamic expressions [22,23,41] reassembling the
mechanisms on the microscale.

Numerical solutions

The generalized bulk diffusion equation in one dimensional
form is given in Cartesian coordinates as

ocr dCL_ 62CL
(1 +6_CL> qa DLW (19)
with x being the local coordinate. Eq. (19) can be solved

numerically using FDM. For that purpose, the factor & for
L
constant temperature T is derived as

ocr KN+t
F N (20)
L Ny(K+y.(1-K))
Discretization in time gives for
dop _ Acy _ Crijn — Crij (21)

dt At At
with At being the time increment and the indices i and j

represent the node number and the number of the time step,
respectively. Discretization in space yields

2
0°CL_Crivijiar — 2CLijen + CLis1jia

— 22
ox? AXx2 (22)
or

o’ _CLittjen — 2¢Lijr1 +CLis1ji1 (23)

or? AXx?2

with Ax being the distance between two neighbouring
nodes. Nodes were equidistantly distributed in the models.
Dirichlet boundary conditions were prescribed by setting
CLi-oj = CLo. Inserting the FD formulations into Eq. (19) and
resolving for ci;; yields an implicit system of equations of
the form

Kcpjia =0y (24)

Bold letters K indicate second order tensors. ¢ ; and Cpj;1
are vectors collecting the nodal lattice concentrations c;; at
the beginning j and the end of the current time increment
j + 1, respectively. The implicit system of equation was solved
by computing the inverse of the matrix K" using an in-house
python-based routine. This routine has already been used
several times and the interested reader is referenced to pre-
vious works of the authors, such as [2,52].

Model description and parametrization

Numerical diffusion models were established to simulate the
concentration profiles, effective diffusion coefficients and to
evaluate diffusion depths. As illustrated in Fig. 1a, a plane
sheet model was used for simulating permeation transients in
the presents of trapping sites. Dirichlet boundary conditions
were applied on both sides by setting the sub-surface lattice
concentrations ¢ o and c;, constant. The boundary condition
cLo at the reduction halve cell side ranged from 107** to
107° mol/mm?, while the boundary condition c.; was set to
zero at the oxidation halve cell side. This causes a gradient of
the lattice hydrogen concentration within the plane sheet.

The corresponding diffusion flux j.| _, was recorded at the

x=L
oxidation side as a function of sub-surface lattice concentra-
tion crp and trapping parameters. Under stationary condi-
tions, the lattice concentration profile is linear in the plane
sheet and the sub-surface lattice concentration c,o can be
calculated from the stationary flux j.s using the following

equation

s
CLo= D, (2 5)
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Fig. 2 — a) ¢, profile in a plane sheet with L = 1 mm. b) ¢, profile in a semi-finite volume and c) corresponding characteristic

diffusion depth as a function of time.

For a better comparison of the simulated diffusion flux,
which is normally given in mol/mm?s, with experiments, a
current density i can be calculated by applying Faraday's law
as
i=j.F, (26)
where F is Faraday constant given as 96485.3329 sA/mol. The
sample thickness L was chosen to be 1 mm.

As illustrated in Fig. 1b, the lattice hydrogen concentration
profile ¢ (x, t) and the characteristic hydrogen diffusion depth
Xc(t) in ferritic steels were simulated for a semi-infinite model
extending from x =0 to x = +o0. The total simulation time
tiotas Was set to 20,000 s, which corresponds to 5.6 h of
hydrogen charging. The semi-infinite volume was, different to
the others, implemented by choosing a very large thickness
compared to the diffusion depth L = 120 mm>>x. Further-
more, the sub-surface lattice concentration c;. . at the opposite
side was set to zero to guarantee that the hydrogen diffusion
into the semi-infinite volume was not affected by any
constraint. The characteristic diffusion depth x.(t) was eval-
uated as a function of diffusion time t from the simulated total
concentration profiles c(x,t) instead of the lattice concentra-
tion profile. The shape of the total concentration profile differs
significantly from the lattice concentration profile c(x,t), by
considering also the trapped hydrogen concentration cr(x, t).
The characteristic diffusion depth x. for a given time is

defined as the necessary depth to reach 42% of the sub-surface
total concentration co(x=0) as

c(Xc,t) =0.42-co. (27)

For studying the role of trapping sites on the effective
diffusion coefficient and achievable diffusion depth, three
different cases are compared with each other:

e pure ferritic crystals without any trapping sites in the
microstructure,

e with shallow trapping sites (E, = 30 kJ/mol) and

o with deep trapping sites (E, = 60 kJ/mol).

For pure crystals, we assumed an interstitial lattice site
density Ny, of 2-10~* mm?/s and a lattice diffusion coefficient
Dy, of 0.01 mm?/s, which represent well-annealed ferritic iron
[24,25]. A classification into shallow and deep trapping sites is
based on the works of Legrand [46]. Therefore, the binding
energies of shallow trapping sites and of deep trapping sites
were set to 30 kJ/mol and 60 kjJ/mol, respectively. While
binding energies of 30 kJ/mol are representative for disloca-
tions [62,63] and some grain boundaries [64,65], 60 kJ/mol can
be related to titanium of vanadium carbide interfaces [7,8].

Applying Eq. (3) with binding energies above 60 kjJ/mol
behave quasi-irreversible and lead to remaining TDS peaks
even after longlasting vacuum treatments, as it was shown by
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Table 1 — Parametrization of the bulk diffusion models.

Model Parameter and symbol Value Unit Source
General Temperature T 20 °C -
parametrization Lattice diffusion coefficient Dy, 0.01 mm?s  Assumption made on ferritic iron [25]

Lattice site density Ny, 2.-107*

Sub-surface lattice concentration ¢y o 102, 10~ %, 10~* or 10~ *?

mol/mm? Assumption made on ferritic iron [41]
mol/mm? Assumption made in this work

Pure crystals Binding energy Ey 0.0 kJ/mol  Assumption made in this work
Trap density Nt 0.0 mol/mm?

Shallow trapping Binding energy Ey, 30 kJ/mol
Trap density Nt 107°,107%,1077,10 % 0or 10°  mol/mm?

Deep trapping Binding energy Ey, 60 kJ/mol

Trap density Nt

107,107, 10°°, 107 %° or 10~** mol/mm?

Drexler et al. [7]. Different trap densities Nt of shallow trap-
ping sites were considered in the simulations, as given in
Table 1. Based on a previous work of Drexler et al. [24], trap
densities in the range from 10~° to 10~ mol/mm? correspond
to dislocation densities in deformed iron of about 10*°, 10%**
and 10" m/m?, respectively. The trap density of deep trapping
sites was less, as given in Table 1. The lower trap density of
deep trapping sites corresponds to the observation that
shallow trapping sites are more likely to occur in the micro-
structure than deep trapping sites [66,67]. Dirichlet boundary
conditions were applied by setting the sub-surface lattice
concentration ¢ to 1079, 107%°, 107! or 10~** mol/mm?®. The
total hydrogen concentration at the surface is calculated by
using Egs. (1) and (3) and thus the total hydrogen concentra-
tion varies with the chosen trapping parameters E, and Nr.
The initially applied hydrogen concentration in bulk was zero.

Results and discussion

Verification of the FDM implementation was performed using
the analytical solutions for lattice hydrogen diffusion in plane
sheets and infinite volumes. A comprehensive convergence
study was established that the mesh and time increments
were adequate to calculate permeation transients and con-
centration profiles in the presence of trapping sites. Effective
diffusion coefficients were simulated as function of sub-
surface lattice concentration, sample thickness and trapping
parameters. Finally, the diffusion depth was evaluated from
simulated total concentration profiles and discussed with
respect to validity of the effective diffusion concept.

Verification of the numerical implementation

The implementation of the FDM was checked by comparing
with the analytical solutions for plane sheets and semi-infinite
volumes, which are given in Eq. (18) and Eq. (14), respectively.
In Fig. 2a, simulated lattice concentration profiles cy(x,t) are
presented in a plane sheet model after 1, 10 and 100 s. For pure
crystals, the lattice concentration increases rapidly with time
and reaches a stationary state after 100 s. The stationary state
is characterized by a linear lattice concentration profile and
constant flux along the sheet thickness. The numerical solu-
tions are in perfect agreement with the analytical solutions.
In Fig. 2b, simulated lattice concentration profiles ci(x,t)
are given in a semi-infinite volume after 100, 1000 and 10,000 s.

With increasing time, hydrogen diffuses from the surface
deeper into bulk. This causes a steady decrease of the con-
centration gradient beneath the surface with increasing
diffusion time. The simulated curves agree perfectly well with
the analytic expressions for pure crystals. Therefore, also the
corresponding characteristic diffusion depths x (t) of the
numerical and analytical solutions are in perfect agreement,
as shown in Fig. 2c. For both solutions, the characteristic
diffusion depth x (t) increases with the square root of the
diffusion time t and of the effective diffusion coefficient Dygs =
Dy. The square root dependency relates to the decrease in the
concentration gradient with time.

Convergence study

In modelling, it is always difficult to choose automatically the
time increment and node density that ensures convergence of
the simulation results. For that purpose, a convergence study
was established that allows to use of adequate time in-
crements and node densities with respect to the chosen
trapping parameters.

Fig. 3a shows permeation transients simulated for pure
crystals as a function of time increment dt. 100 nodes were
considered for a sheet thickness L of 1 mm. With decreasing
time increment the permeation transients become smoother
and converge with a time increment of 0.1 s to a sigmoidal
shaped curve with a timelag t;,g of 16.67 s. As shown in Fig. 3b,
this corresponds to an effective diffusion coefficient of
0.010 mm?/s. The relative error with respect to the exact so-
lution D;, was less than 2% and choosing lower time in-
crements does not improve the accuracy significantly.
Furthermore, increasing the number of nodes from 10 to 1000
affected the simulation results and thus the accuracy only
minor. For pure crystals without trapping sites, a node density
of 0.01 mm* and a time increment of 0.1 s are suggested to
ensure convergence of the numerical simulations.

Studying the influence of the chosen time increment dt and
node distance dx on the simulated permeation transients of
real crystals with trapping sites, revealed a strong correlation
between accuracy of the effective diffusion coefficient and the
chosen binding energy. Basically, with increasing binding en-
ergy, the time increment needs to be smaller and also the node
density has to be increased. Fig. 3c and d shows the simulated
effective diffusion coefficients for shallow trapping and deep
trapping, respectively, as a function of inverse time increment
and number of nodes. Based on the present results, a minimum
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mm?® and d) deep trapping with Nr = 10~2 mol/mm?®.

time increment of 0.1 s and a node density of 0.005 mm ~* are

suggested for shallow trapping, while a minimum time incre-
ment of 0.005 and a node density of 0.003 have to be applied for
deep trapping. Table 2 summarizes the necessary discretization
parameters to ensure adequate numerical solutions of perme-
ation transients and effective diffusion coefficients for pure
crystals and in the presence of trapping sites.

The numerical parameters, which were found for the plane
sheet model, were also checked for the semi-infinite volume
model. For that purpose, the influence of the chosen time
increment dt was studied on the simulated lattice concen-
tration profiles in the presence of shallow and deep trapping
sites, as shown in Fig. 4a and b, respectively. The node density
was 0.003 mm ™. In case of shallow trapping sites with a trap
density of 1077 mol/mm? the lattice concentration decreases
almost parabolically, while deep trapping sites with a trap

Table 2 — Necessary discretization parameters to reach
convergence of D..

Model Min. time  Node density Residual
parametrization increment [s] [mm™] error E
Pure crystal 0.1 0.01 <2%
Shallow trapping 0.1 0.005

Deep trapping 0.05 0.003

density of 10~° mol/mm? cause a linear decrease of the lattice
concentration from the surface into the volume. The numer-
ical parameters necessary to reach time and mesh conver-
gence are equal in the plane sheet model and the semi-infinite
volume model.

Effective diffusion coefficient D¢

Fig. 5a and b shows representative permeation transients
simulated for shallow trapping sites with a trap density of
1077 mol/mm? and deep trapping sites with a trap density of
10° mol/mm?, respectively. The shapes of the recorded
permeation transients change from a sigmoidal to almost a
step function course with increasing binding energy. The sub-
surface lattice concentration c; g increases the stationary flux
js according to Eq. (26) and shifts the permeation transients
to shorter times. For a better comparability of the time shift
with respect to the lattice concentration, the corresponding
normalized permeation transients are shown in Fig. 5c and d.
Hence, an increase in the sub-surface lattice concentration on
the reduction halve cell side causes a decrease in the timelag
for given trapping parameters.

The effective diffusion coefficients were evaluated from
the simulated permeation transients, according to Eq. (11).
The effect of the sub-surface lattice concentration on the
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effective diffusion coefficient is shown in Fig. 6. Apparently,
the effective diffusion coefficients depend not only on the
binding energy and trap density, but also on the sub-surface
lattice concentration. Obviously, the effective diffusion coef-
ficient becomes constant at very low or very high lattice
concentrations. The maximum of the effective diffusion co-
efficient at high lattice concentrations equals the lattice
diffusion coefficient Dy = Dp. However, to reach the
maximum in the lattice-diffusion controlled regime a mini-
mum sub-surface lattice concentration of 10~° mol/mm?

would be necessary. According to Eq. (26), this corresponds to
a current density of 97.5 pA/cm?, which is much larger than
typical stationary current densities measured in literature by
electrochemical permeation ranging between 1 and 25 pA/cm?
[68]. In other words, even with this highest current density the
real lattice hydrogen diffusion coefficient of 0.01 mm?s
cannot be evaluated from simulated permeation transients.
The effective diffusion concept was criticised in literature
to be in contradiction to the concept of chemical bulk diffusion
[38]. To that purpose, the corresponding chemical diffusion
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coefficients for shallow and deep trapping sites were added to
Fig. 6a and b, respectively. For simplification the chemical
diffusion coefficient was calculated for the sub-surface lattice
concentration c; o at the reduction halve cell side according to
Eqg. (11) taking account Eq. (20). The maximum of the chemical
diffusion coefficient is always limited by the lattice diffusion
coefficient Dy, which was set to 0.01 mm?/s. That value corre-
sponds to hydrogen bulk diffusion, when all the trapping sites
have been completely filled and the trap site fractionis yr = 1.
The minimum of the chemical diffusion coefficient is magni-
tudes lower and corresponds to the trap-controlled bulk
diffusion regime. For intermediate lattice concentrations, the
effective diffusion coefficients underestimate the chemical
diffusion coefficients and the difference between the chemical
diffusion coefficient and the effective diffusion coefficient is
greater for deep trapping sites than for shallow trapping sites.
Anyway, a qualitative agreement for single trapping sites was
observed between the simulated effective diffusion co-
efficients and the concentration dependency of chemical
diffusion coefficient. However, this presupposes that the
effective diffusion coefficient is measured or simulated as
function of the sub-surface lattice concentration.
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Fig. 7 — Concentration dependency of simulated and
measured effective diffusion coefficients: iron [25], dual
phase steels [69—-71], 42CrMo4 [26], Low carbon Mn steels
[72], High carbon V steels [73] and pearlitic steels [38].

In Fig. 7, measured effective diffusion coefficients for
different materials and heat treatments were collected as
function of sub-surface lattice concentration from literature.
The corresponding sub-surface lattice concentration ¢ o was
calculated from the measured stationary flux j.s using Eq.
(25). Hence, only those literature values could be used, which
provide full information of the measured data, especially the
thickness and the value of stationary flux. Furthermore, the
thicknesses of the measured values were all around 1 mm
and thus comparable with the thickness used in the plane
sheet model. Obviously, the measured effective diffusion
coefficients follow an increasing trend with the sub-surface
lattice concentration. This concentration dependency of
the effective diffusion coefficient is a clear indication of the
influence of trapping sites on hydrogen diffusion in steels.
Hence, it is recommended that the effective diffusion coef-
ficient should always be measured as function of lattice
concentration instead of performing single measurements.
For example, Zafra et al. [26] demonstrated experimentally
that this is possible by using the permeation technique
employing the stepped build-up transient procedure.

Due to the concentration dependency of simulated
permeation transients, also the influence of the sheet thick-
ness L on the effective diffusion coefficient was studied
numerically, shown in Fig. 8a and b. Typical sample thick-
nesses used to measure the effective diffusion coefficients in
literature range from 0.5 to 2 mm [20,70,74]. Obviously, a sheet
thickness of more than 1 mm, lead to unaffected effective
diffusion coefficients. However, with smaller sheet thick-
nesses L<1 mm a slight decrease was observed of the simu-
lated effective diffusion coefficients.

The basic assumption of space and time independency of
the effective diffusion concept can be verified by replacing dcr/
dcy in Eq. (11) with Eq. (20). This allows to calculate the ther-
modynamic factor 1/(1+dcr /dcy) as function of lattice con-
centration for shallow and deep trapping sites, as shown in
Fig. 9a and b, respectively. In both trapping scenarios the
thermodynamic factor depends on the local lattice concen-
tration. Since the lattice concentration decreases through the
thickness (cf. Fig. 2a) and increases steadily during the
permeation test, the space and time independency are never
given. This would also agree with the measured effective
diffusion coefficients found in literature, which follow an
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increasing trend with increasing sub-surface lattice concen-
tration (cf. Fig. 7).

Generally, the basic assumption of space and time inde-
pendency of the effective diffusion coefficient seems to be
violated in many experimental situations. Therefore, the
concept of effective diffusion is not physically based and
simulations of the hydrogen distributions using Eq. (10) must
be treated with utmost care. Anyway, the effective diffusion
coefficient can be treated as a semi-empirical measure of the
chemical diffusion coefficient. For this, the effective diffusion
coefficient must be measured as function of sub-surface lattice
concentration. Based on the present observation, it is strongly
recommended to always plot measured effective diffusion
coefficients as function of sub-surface lattice concentrations,
as done in Fig. 7, instead of comparing single values.

Characteristic diffusion depth x.

As the basic assumption of a space and time independency of
the effective diffusion coefficient is not fulfilled, also the
square root dependency of the diffusion depth with the
effective diffusion coefficient and time needs additional
attention. For that purpose, three different microstructural
scenarios were considered to study the effect of

microstructural trapping sites on the evolution of the char-
acteristic diffusion depth in the semi-infinite volume model:

e pure crystals without hydrogen trapping sites,
o with shallow hydrogen trapping sites and
e with deep hydrogen trapping sites.

The trap densities Ny were varied to intensify the effect of
the hydrogen trapping on the long-range chemical diffusion.
During bulk diffusion, trapping sites are progressively filled
from the surface side into bulk. Assuming that the kinetics of
hydrogen motion are governed by diffusion through the
crystal lattice, trapping sites retard chemical diffusion and
reduce the characteristic diffusion depth with respect to pure
crystals. The influence of the hydrogen ingress by varying the
sub-surface lattice concentration was considered as well in
the present investigations.

Fig. 10 shows simulated profiles of the total hydrogen
concentration ¢ and corresponding trapped hydrogen con-
centration cr as a function of time. The corresponding lattice
concentration profiles were shown earlier in Fig. 4. The lat-
tice hydrogen concentration is only a small part of the total
concentration and most of the hydrogen is trapped at
microstructural defect sites. Therefore, the characteristic
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diffusion depth is in the presence of trapping sites related to
the total hydrogen concentration profile instead to the lattice
concentration profile. The trap site fraction yr correlates with
the binding energy and becomes almost one above 60 kJ/mol.
The larger trap concentration cr in the presence of shallow
trapping sites instead of deep trapping sites results from the
larger trap densities of 10~” mol/mm?® compared to 10~° mol/
mm?>. As shown in Fig. 10a and b, trapping sites have two
effects:

1. the shape of the concentration profile changes from
smooth to an almost step function like course.

2. With increasing binding energy and trap density, the
diffusion depth is drastically reduced compared to pure
crystals (cf. Fig. 2c).

Fig. 11 shows the evolution of the squared characteristic
diffusion depth x? as a function of time considering shallow
trapping sites and deep trapping sites. The step-like course
relates to diffusion and the discretization in space. Only two
of four considered hydrogen charging scenarios are shown
in Fig. 11, namely a lattice concentration of 107*? and
10~° mol/mm?® The characteristic diffusion depth was
related to the total hydrogen concentration and not to the
lattice hydrogen concentration profile. Although, the trap
density decreased the characteristic diffusion depth signifi-
cantly, microstructural trapping sites do not change the
linearity of the characteristic diffusion depth with the
square root of time x. ~ /.

In addition, the role of hydrogen charging was simulated
by altering the sub-surface lattice concentration from 10 ~*2 to
107° mol/mm?. As shown in Fig. 11a, trapping causes a con-
centration dependency of the chemical diffusion coefficient
Dchem(c) and thus, a decrease of the sub-surface lattice con-
centration also decreases the chemical diffusivity (cf. Fig. 6).
At the first glance, this trend is also visible in the simulated
characteristic diffusion depth:

o the effect of shallow trapping sites is shown in Fig. 11a and
b. A sub-surface lattice concentration of 10~*? mol/mm?
and a trap density of 107 mol/mm? (bold blue line) resulted

in a diffusion depth of 1.55 mm after 20,000 s, while an
increase of the sub-surface concentration to 10~° mol/mm?
increased the diffusion depth to 2.65 mm after 20,000 s.

e The effect of deep trapping sites is shown in Fig. 11c and d.
An increase of the sub-surface concentration of 107 to
10~° mol/mm? results for a trap density of 10 ° mol/mm?
(bold blue line) in an increase of the characteristic diffusion
depth from 0.65 to 16 mm.

Additional attention has to be drawn to the simulation
results shown in Fig. 11d. Due the high sub-surface lattice
concentration of 10~° mol/mm? and the deep trapping sites
with yr = 1, the chemical diffusion coefficient is equal the
lattice diffusion coefficient Depery, = Dy (cf. Fig. 6b) and thus,
the diffusion depth is insensitive to hydrogen trapping.
Hydrogen diffusion in this concentration range is named lat-
tice diffusion-controlled throughout this work.

Hydrogen diffusion in pure crystals without trapping sites,
follows classical Fick's law with the highest possible charac-
teristic diffusion depth for hydrogen of 16 mm after 20,000 s
and no concentration dependency was observed. While in the
presence of trapping sites a correlation of the characteristic
diffusion depth with the square root of time is physical based,
a dependency on the effective diffusion coefficient does not
seem apparent. According to Eqg. (27), a constant pre-factor
vnDgsf can be applied for pure crystals with the scale factor
n =1.26 independent of the applied sub-surface concentra-
tion. As shown in Fig. 11, linear fitting of x. = \/nDegst to the
simulated curves, revealed scale factors n ranging from 1.30 to
6.04. Thus, in the presence of trapping sites and dependent on
the sub-surface lattice concentration, the scale factor is not a
constant anymore. Obviously, in case of deep trapping the
scale factors are much larger than in the case of shallow
trapping. This difference can be explained by the difference
between the chemical diffusion coefficient and the corre-
sponding effective diffusion coefficient, as shown in Fig. 6.
The greater the difference the larger is the scale factor n.

Using the well-known correlation x. = \/nDesst for experi-
mental analysis for given materials, as outlined in the intro-
duction, it is strongly recommended to choose the scale factor
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Fig. 11 — Representative x2(t) for shallow trapping sites with c; ¢ of a) 10-*? and b) 10~° mol/mm? and for deep trapping sites

with co of ¢) 107*? and d) 10~° mol/mm?®.

n wisely. According to the theoretical results from the present
work,

e the real characteristic diffusion depth may be under-
estimated by a factor of six or

o the real hydrogen charging time t=x2/nDes could be
chosen shorter and much more efficient.

Conclusions

Based on the bulk diffusion theory the effective diffusion
concept was critically discussed. Permeation transients ji(t)
and diffusion depth profiles c(x,t) were simulated for shallow
and deep trapping sites by numerically solving the generalized
bulk diffusion equation. To guarantee adequate solutions, the
implementation of the FDM was checked with analytical so-
lutions and a comprehensive convergence study was per-
formed. Evaluations of the effective diffusion coefficients De¢t
and characteristic diffusion depths x. revealed the following
conclusions:

e the basic assumption of space and time independency of
the effective diffusion coefficient fails in a broad

concentration range. This leads to pronounced concen-
tration dependency of the effective diffusion coefficient.
The effective diffusion coefficient cannot be regarded as a
material constant. Therefore, the constant effective diffu-
sion coefficient should not be used for diffusion
simulations.

A correlation of the characteristic diffusion depth x. with
the square root of the effective diffusion coefficient /Dest
was not found. Nevertheless, progressively filling of
microstructural trapping sites from the surface into bulk
does not alter the well-known square root dependency of
the characteristic diffusion depth x. ~ v/t on time.
Although the effective diffusion concept is not physical
based, the effective diffusion coefficient was found to
qualitatively correlate with the concentration dependent
chemical diffusion coefficient.

Effective diffusion coefficients should be measured as
function of sub-surface lattice concentration using the
permeation technique, for example, employing the step-
ped build-up transient procedure. For comparing
measured effective diffusion coefficients resulting from
different materials or heat treatments, the effective diffu-
sion coefficients should be plotted as function of the sub-
surface lattice concentration, like shown in Fig. 7.
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e Based on the present results, a revision of the corre-
sponding ASTM and EN ISO standards for electrochemical
permeation measurements is recommended.
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c Total hydrogen concentration [mol/mm?]
Co Sub-surface total hydrogen concentration [mol/
mm?]
L Lattice hydrogen concentration [mol/mm?]
Lo Lattice boundary condition at x = 0 mm [mol/mm?|
cLL Lattice boundary condition atx =L [mol/mm3]
cr Trap hydrogen concentration [mol/mm?]
Do Jump frequency [mm?s]
Dehem  Chemical diffusion coefficient [mm?%/s]
Dett Effective diffusion coefficient [mm?/s]
Dy Lattice diffusion coefficient [mm?/s]
Dt Trap diffusion coefficient [mm?/s]
E Residual error [—]
Ep Binding energy [kJ/mol]
Em Migration energy of lattice hydrogen [kJ/mol]
EmT Migration energy of trapped hydrogen [kJ/mol]
F Faraday constant [As/mol]
i Current density [uA/cm?]
jL Hydrogen lattice flux [mol/mm?s]
jLs Stationary diffusion flux [mol/mm?s]
K Equilibrium constant [—]
L Sheet thickness [mm)]
NL Lattice site density [mol/mm?|
Nr Trap density [mol/mm?]
n Scale factor [-]
np Timelag factor [-]
Rg Universal gas constant [J/Kmol]
T Temperature [K]
t Time [s]
tag Timelag [s]
trotal Total simulation time [s]
dt Time increment [s]
Diffusion speed [mm?/s]
X Local coordinate [mm]
Xc Characteristic diffusion depth [mm]
dx Node distance [mm]

YL Lattice site fraction [—]

yr

Trap site fraction [—]

List of abbreviations

DP
FD

Dual phase
Finite difference

FDM Finite difference method
HAC Hydrogen assisted cracking

HE Hydrogen embrittlement
TDA Thermal desorption analysis
TDS Thermal desorption spectroscopy
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