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ABSTRACT

Hydrogen embrittlement (HE) of advanced high-strength steels is a crucial

problem in the automotive industry, which may cause time-delayed failure of

car body components. Practical approaches for evaluating the HE risk are often

partially and contradictive in nature, because of hydrogen desorption during

testing and inhomogenous hydrogen distributions in, e.g., notched samples.

Therefore, the present work aims to provide fully parametrized and validated

bulk diffusion models for three dual phase steels to simulate long-range

chemical diffusion, trapping and hydrogen desorption from the surface. With

one constant set of parameters, the models are able to predict the temperature

dependency of measured Choo-Lee plots as well as the concentration depen-

dency of measured effective diffusion coefficients. Finally, the parametrized and

validated bulk diffusion models are applied for studying the role of the current

density on the permeation time and the role of coatings as effective diffusion

barriers.
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GRAPHICAL ABSTRACT

List of symbols

a, b Constant pre-factors [wppm]

c Total hydrogen concentration [mol/mm3]

cH Total hydrogen content of a sample [wppm]

cH;F Hydrogen content of ferrite [wppm]

cH;M Hydrogen content of martensite [wppm]

cL Lattice hydrogen concentration [mol/mm3]

cT Trapped hydrogen concentration [mol/mm3]

Dchem Chemical diffusion coefficient [mm2/S]

Deff Effective diffusion coefficient [mm2/S]

DL Tracer diffusion coefficient [mm2/S]

DL;0 Jump frequency [mm2/S]

h Heating rate [�C/s]
EB Binding energy [kJ/mol]

ED Desorption energy [kJ/mol]

EM Migration energy [kJ/mol]

fF Ferrite area fraction [%]

fM Martensite area fraction [%]

i Current density [A/dm2]

i1 Stationary current density [A/dm2]

jL Lattice hydrogen diffusion flux [mol/mm2s]

jB Bodyflux [wppm/s]

jS Surface flux [mol/mm2S]

j1S Stationary surface flux [mol/mm2S]

Keq Equilibrium constant [–]

MH Molar mass of hydrogen [g/mol]

NL Density of interstitial lattice sites [mol/mm3]

NT Trap density [mol/mm3]

R Universal gas constant [mJ/molK]

Rm Ultimate tensile stress [MPa]

Rp0:2 Yield strength [MPa]

. Density of the sample [g/mm3]

s Sample thickness [mm]

T Temperature [K]

Tmax TDS peak temperature [K]

t Time [s]

tlag Time-lag [s]

yL Site fraction of lattice hydrogen [–]

yT Site fraction of trapped hydrogen [–]

Introduction

Dual phase (DP) steels play an important role in the

automotive industry. They are among the first

advanced high-strength steels (AHSS) [1] developed

for cold-forming applications [2]. The beneficial

mechanical properties of DP steels, including high

strength paired with high ductility and toughness,

can be directly linked to the composite-like

microstructure consisting of martensite and ferrite

[3–8]. However, with increasing strength DP steels

become susceptible to hydrogen embrittlement

[9–11], which can cause time-delayed fracture of

4790 J Mater Sci (2022) 57:4789–4805



industrial components. Critical hydrogen sources are

present during materials processing as well as during

service [12, 13]. Hydrogen can be absorbed at the

surface, resulting in an inhomogenous hydrogen

distribution [14–17] in the steels, which is strongly

influenced by plastic deformation [18], residual

stresses and edge conditions [19–22]. Hydrogen des-

orption at room temperature is a crucial problem

during testing of hydrogen embrittlement [23], which

makes determining the hydrogen embrittlement

threshold for a given hydrogen content difficult.

According to the ASTM F1624 standard, the so-called

threshold stress is ‘‘the combined residual and

applied stress above which time-delayed fracture will

occur (finite life) or below which fracture will never

occur (infinite life)’’. In addition to the hydrogen

content, the threshold is sensitive to the applied

loading rate [24]. The slower the loading rate, the

longer is the total test duration. Typical hydrogen

embrittlement tests may run for days to weeks

[13, 20, 21, 25]. During this time, hydrogen is des-

orbing from the surface of charged samples, which

causes hydrogen diffusion-related difficulties in

experimental testing and evaluation of internal

hydrogen embrittlement.

Therefore, the present work aims to study hydro-

gen bulk diffusion in three industrially produced DP

steels with ultimate tensile strengths of 659 MPa,

834 MPa and 1087 MPa. Nowadays in-depth under-

standing of hydrogen losses during testing, hydrogen

uptake or hydrogen permeability, enables optimizing

hydrogen embrittlement testing. The required testing

time can be minimized and information can be

obtained from a test under defined hydrogen charg-

ing conditions. For that purpose, physically reason-

able bulk diffusion models were developed,

parametrized and validated for each investigated DP

steel. The models can predict the hydrogen contents

after exposure of hydrogen charged samples at room

temperature. Furthermore, effective diffusion coeffi-

cients were calculated as a function of sub-surface

hydrogen coverage at the cathodic side. The com-

parison of the results with literature data revealed

very good understanding of the influence of charging

conditions on the stationary anodic currents and the

effective diffusion coefficients. Finally, the role of

coatings on the hydrogen desorption was simulated

and critically discussed with respect to their effective

diffusion coefficients.

Experimental methods

Materials and sample manufacturing

The investigations were carried out on sheets of three

industrially produced DP steels. The as-delivered

sheets were zinc-galvanized and had a thickness of

1.2 mm. The steels were designated as DP600, DP800

and DP1000 according to their tensile strengths of

659 MPa, 834 MPa and 1087 MPa, respectively. The

chemical composition is given in Table 1. The tensile

properties of the materials were measured according

to the DIN EN ISO 6892–1 standard using a Zwick/

Roell Z100 uniaxial testing machine. For that pur-

pose, smooth tensile samples were machined

according to DIN 50,125–H. The samples were ori-

ented parallel to the rolling direction (RD) of the

sheets. In addition, rectangular-shaped samples of

10 mm 9 100 mm (RD) were machined out of the as-

delivered sheets for performing thermal desorption

spectroscopy (TDS).

Microstructure characterization

The microstructures consisting of ferrite and

martensite were characterized with a light optical

microscope (LOM). For that purpose, samples were

ground, polished and etched in a 3 vol. % Nital

solution for 5 s. The samples were immediately

cleaned using ethanol and acetone. For each steel, the

martensite area fraction was determined in the mid-

dle of the sheet thickness using the digital image

analysis software ImageJ. The viewing direction is

normal to the rolling direction (RD).

Electrochemical charging

Electrochemical hydrogen charging of the samples

was performed by using a Rhode & Schwarz HMC

8042 power supply at the current density i of 0.1 A/

dm2 (1.0 mA/cm2). For that purpose, the rectangular-

shaped samples were ultrasonically cleaned for 2 min

in alkaline fat-dissolving solution, pickled and acti-

vated in a 20% solution of HCl with 5 g/l hexam-

ethylenetetramine (C6H12N4) before they were

directly immersed into aqueous solution containing

0.5 mol/l H2SO4 and 1 g/l thiourea (CH4N2S). Five

samples were charged in parallel using a cylindri-

cally shaped platinum counter electrode with diam-

eter of 40 mm and height of 50 mm. After 2 h, the
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homogenously charged samples [26] were gradually

removed from the electrolyte, immediately cleaned

with water and ethanol and dried with compressed

air. The laboratories, in which the measurements

were performed, were air conditioned with an aver-

age room temperature of 22 ± 3 �C.

Thermal desorption spectroscopy

TDS was performed by using a Bruker G8 Galileo

analyser equipped with an infrared furnace and a

thermal conductivity detector (TCD). Three different

heating rates were applied, namely 0.3 K/s, 0.6 K/s

and 1.0 K/s. All samples were heated up to 400 �C to

desorb diffusible hydrogen from the sample surface.

The actual temperature of each sample was measured

using an additional thermocouple placed next to the

sample in the infrared furnace [27]. After each mea-

surement, the furnace was cooled to room tempera-

ture. The hydrogen content was determined by

integrating the measured TDS spectrum. The des-

orption energy ED was calculated from the measured

TDS spectrum according to Kissinger’s theory

[28–30]:

ED ¼ �R
dðln h=T2

max

� �

d 1=Tmaxð Þ ð1Þ

where h is the heating rate, Tmax is the TDS peak

temperature, and R is the universal gas constant. As

shown in a previous work, Eq. (1) is only applicable

in case of single TDS speaks or well separated TDS

peaks [31]. The TDS peak temperatures were deter-

mined in a rather straightforward manner without

fitting of Gaussian curves.

Numerical methods

Bulk diffusion modelling

Chemical bulk diffusion of hydrogen in DP steels is

described by Fick’s second law of diffusion

[30, 32, 33] as

dc

dt
¼ r Dchemrcð Þ ð2Þ

where c is the total molar hydrogen concentration

and Dchem is the concentration-dependent chemical

diffusion coefficient [34]. The total molar hydrogen

concentration c can be written as the sum of the lat-

tice hydrogen concentration cL and the trapped

hydrogen concentration cT as

c ¼ cL þ cT ð3Þ

The corresponding total hydrogen content cH is

calculated from the molar total hydrogen concentra-

tion c as follows:

cH ¼ c � 106 �MH

.
ð4Þ

where MH is the molar mass of hydrogen and . is the

density of the sample. Lattice hydrogen occupies two

different types of interstitial lattice sites in body-

centred cubic (bcc) iron, namely tetrahedral and

octahedral sites [35]. According to Kholtobina et al.

[36], the solution energies ES of tetrahedral and of

octahedral sites are 0.23 eV and 0.37 eV, respectively.

Due to the difference of 0.14 eV, tetrahedral sites are

favored to be occupied by hydrogen at room tem-

perature, but it is likely that also octahedral sites get

thermally activated during temperature ramping

[37]. Trapped hydrogen can be regarded as reversibly

trapped, whenever hydrogen absorption and/or

desorption occur without significant microstructural

changes at the sample surface. Typical reversible

hydrogen trapping sites are directly accessible from

the lattice sites, such as vacancies [25, 36, 38, 39],

dislocations [25, 38, 40], grain boundaries [36, 38, 41]

Table 1 Chemical composition of the investigated cold-rolled DP steels in weight percent (wt%)

Steel C Si Mn P S Al Ti ? Nb Cr ? Mo B Cu

DP600 \ 0.15 \ 0.80 \ 2.50 \ 0.050 \ 0.010 0.015–1.5 \ 0.15 \ 1.40 \ 0.005 \ 0.20

DP800 \ 0.18 \ 0.80 \ 2.50 \ 0.050 \ 0.010 0.015–1.0 \ 0.15 \ 1.40 \ 0.005 \ 0.20

DP1000 \ 0.20 \ 1.00 \ 2.50 \ 0.050 \ 0.010 0.015–1.0 \ 0.15 \ 1.40 \ 0.005 \ 0.20
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or carbide interfaces [42–46]. According to McNabb

and Foster [47], lattice hydrogen diffuses freely

through the crystal structure, but trapped hydrogen

exchanges only locally with lattice hydrogen. The

lattice hydrogen diffusion flux jL [48] is given as

jL ¼ �DLrcL ¼ �DL;0exp �EM=RTð ÞrcL ð5Þ

where DL is the lattice diffusion coefficient, DL;0 is the

jump frequency, EM is the migration energy, and T is

the absolute temperature. DL;0 was 0.133 mm2/s

[37, 49–52]. In bcc iron, the local hydrogen exchange

between lattice sites and trapping sites is magnitudes

faster than the long-range chemical diffusion

[19, 32, 53]. That fulfils the local equilibrium

assumption according to Oriani’s theory [32], which

is

yL 1� yTð Þ
yT 1� yLð Þ ¼ Keq ¼ exp � EB

RT

� �
ð6Þ

Keq is the equilibrium constant, yL ¼ cL=NL is the

site fraction of freely diffusing lattice hydrogen, NL is

the density of interstitial lattice sites, yT ¼ cT=NT is

the site fraction of trapped hydrogen, and NT is the

density of trapping sites. The density of lattice sites

NL was 2.04•10–4 mol/mm3 [48]. The binding energy

EB depends on the dominant type of hydrogen

trapping sites [36, 44, 54, 55] in the microstructure.

According to Oriani’s theory, the concentration-de-

pendent chemical diffusion coefficient in Eq. (2)

yields

Dchem ¼ DL

2
1þ

c 1�Keqð Þ
NL

� NT

NL
þ Keq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c 1�Keqð Þ

NL
� K

eq
� NT

NL

� �2

þ 4cKeq 1�Keqð Þ
NL

s

0

BBBB@

1

CCCCA

ð7Þ

Fitting the predictions of the bulk diffusion model

to the measured TDS spectrum enables determining

the binding energy, the trap density and the migra-

tion energy [20, 25, 38, 42, 43]. For that purpose, the

bulk diffusion as given in Eq. (2) was numerically

calculated using an implicit solution algorithm with

equidistant nodes. The distance between each node

was 1 lm. The timestep was 1 s, which was sufficient

for time convergence. Dirichlet boundary conditions

were applied with constant sub-surface lattice

hydrogen concentration cL;S. The initial lattice

hydrogen concentration, and thus the trapped

hydrogen concentration, were assumed as homoge-

neously distributed inside the sample after charging.

Transportation time of 2 min (120 s) between charg-

ing and TDS was considered in the model. During

this time, hydrogen was allowed to desorb from the

surface at room temperature, causing a cosinusoidal

profile of hydrogen concentration before temperature

ramping. The routine for parameter optimization was

developed in former works by the authors, and it

uses the least square minimization method available

in Python [38, 42, 43].

Results and discussion

Material characterization

Figure 1 shows representative LOM images of the

microstructures of the investigated DP steels. The

images were taken from central positions of the

samples, and the viewing direction is normal to the

rolling direction (RD), as indicated in Fig. 1. The dark

areas represent martensite, while ferrite appears as

white in the micrographs. DP600 and DP1000 have a

more equiaxed microstructure with small martensite

islands surrounding the ferrite grains. DP800 has a

more banded microstructure [56]. DP600, DP800 and

DP1000 contain martensite area fractions fM of 25%,

44% and 59%, respectively. It is obvious that the

ferrite grain sizes are significantly different and they

decrease with increasing martensite area fraction.

Figure 2a shows the measured engineering stress–

strain curves of the investigated DP steels. The cor-

responding tensile properties are summarized in

Table 2. DP600 has lowest yield strength and ultimate

tensile strength of 366 MPa and 659 MPa, respec-

tively, but largest fracture strain of 25%. DP1000 has

the highest yield strength and ultimate tensile

strength of 732 MPa and 1087 MPa, respectively, but

the smallest fracture strain of 13%. DP800 has inter-

mediate tensile properties with yield strength of

518 MPa, ultimate tensile strength of 834 MPa and

fracture strain of 19%. As shown in Fig. 2b, the ulti-

mate tensile strength increases almost linearly with

increasing martensite area fraction. The linear corre-

lation agrees with literature data between 20 and 70%

of martensite area fraction. Beside the martensite area

fraction, the carbon content of martensite affects the

ultimate tensile strength of DP steels [57]. The latter

was not considered in the present work. That might

J Mater Sci (2022) 57:4789–4805 4793



be the reason for the difference of almost 200 MPa to

the data provided by Wang [58]. With increasing

ultimate tensile strength also work hardening

increased, which can significantly affect the hydrogen

embrittlement susceptibility of the investigated DP

steels [19].

Characterization of hydrogen content
and desorption energy

Figure 3 shows the measured TDS spectra of the

investigated DP steels. The maxima of the spectra are

located between 107 and 175 �C. With increasing

Figure 1 LOM images of the

microstructures of the

investigated DP steels:

a DP600, b DP800 and

c DP1000..

Figure 2 a Measured engineering stress–strain curves and b correlation of the ultimate tensile strength with the martensite area fraction.

Table 2 Mechanical

properties of the investigated

DP steels

Steel Yield strength Rp0:2 [MPa] Ultimate tensile strength Rm [MPa] Fracture strain A50 [–]

DP600 366 659 25%

DP800 518 834 19%

DP1000 732 1087 13%

4794 J Mater Sci (2022) 57:4789–4805



heating rate, the maxima shift to higher temperatures

and the areas under the curves increase. Each TDS

measurement was repeated several times with good

reproducibility, as shown in Fig. 3. The TDS peak

temperatures were determined within ± 5 �C. The

corresponding hydrogen contents were 2.07 ± 0.31

wppm, 2.20 ± 0.12 wppm and 2.67 ± 0.19 wppm for

DP600, DP800 and DP1000, respectively. The rela-

tionship between hydrogen content and martensite

area fraction is shown in Fig. 4a. For the given

charging conditions, the measured hydrogen con-

tents increase linearly with increasing martensite area

fraction, which could be due to hydrogen trapping at

dislocations [38, 41] in martensite, the lath martensite

boundaries [20, 42, 43] or at ferrite/martensite inter-

faces [59, 60]. This is in accordance with the experi-

mental observations of Rudomilova et al. [61], who

estimated trap densities and effective diffusion coef-

ficients of AHSS steel sheets as a function of the

interface area between ferrite and martensite.

By considering the well-known rule of mixture as

cH ffi a � fF þ b � fM ¼ a � 1� fMð Þ þ b � fM ð8Þ

and by using the measured total hydrogen contents

cH as function of martensite area fraction fM (as

shown in Fig. 4a), one can directly estimate the

hydrogen content of ferrite phases as

cH;F ¼ a � fF ¼ a � 1� fMð Þ ¼ 1:41 � 1� fMð Þ ð9Þ

and of martensite phases as

cH;M ¼ b � fM ¼ 3:35 � fM ð10Þ

a and b are 1.41 and 3.35 wppm, representing the

hydrogen contents of ferrite and martensite for the

given charging conditions. fF and fM are the ferrite

and martensite area fractions, respectively, and were

measured by using metallographic characterization.

Thus, martensite with higher defect densities stores

almost twice as much hydrogen than ferrite.

For identifying dominating hydrogen trapping

sites acting on the diffusion process and solubility,

the desorption energies ED according to Kissinger’s

Figure 3 Measured TDS spectra of the investigated DP steels: a DP600, b DP800 and c DP1000.

Figure 4 a Measured hydrogen content of investigated DP steels as a function of area fraction of martensite b Choo-Lee plot of

investigated DP steels to evaluate desorption energies according to Kissinger’s theory..
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theory were evaluated. Therefore, the TDS peak

temperatures were used to generate Choo-Lee plots

for each DP steel, as shown in Fig. 4b. Linear fits

according to Eq. (1) revealed R2-values of almost 1

[31] and corresponding desorption energies of

24.3 kJ/mol, 23.9 kJ/mol and 26.9 kJ/mol for DP600,

DP800 and DP1000, respectively. This is in very good

agreement with desorption energies published in

literature [20, 62]. Table 3 summarizes desorption

energies ED and corresponding R2-values. For exam-

ple, Schaffner et al. [62] performed TDS measure-

ments on a DP steel with ultimate tensile strength of

1200 MPa and lower hydrogen content of 0.68 wppm.

The corresponding Choo-Lee plot was added to

Fig. 4b. The linear extrapolation to lower heating

rates in Fig. 4b is reasonable with respect to the

results of the present work.

The desorption energy ED according to Kissinger’s

theory [31] can be used to calculate the rate-deter-

mining step during thermal desorption of hydrogen.

In the case of bulk diffusion, the rate-determining

step is the thermal activation of long-range chemical

diffusion. The Kirchheim criterium [30, 31, 63]

applies, which links the desorption energy ED and the

binding energy EB:

EB ¼ ED � EM ð11Þ

EM is the migration energy of lattice hydrogen

diffusion, which was 5.63 kJ/mol [37, 49–52]. The

estimation according to the Kirchheim criterium gave

binding energies between 18.3 and 30.7 kJ/mol.

Hence, compared to micro-alloyed AHSS [42, 43] DP

steels contain mainly shallow hydrogen trapping

sites, e.g., trapping sites at dislocations [36, 38], lath

martensite boundaries [42, 43] or in volumes under

micro-residual stress [53]. Although the titanium and

niobium content in the chemical compositions of the

investigated DP steels were not low, deep trapping

sites, as they were found in literature for Titanium

carbides and Niobium carbides [44, 46, 64], could not

be observed in the measured TDS spectra. Linear

heating to 900 �C did not reveal additional hydrogen

peaks, which could be related hydrogen desorption

from bulk. Basically, hydrogen desorption peaks at

high temperatures in measured TDS spectra have to

be treated carefully, because of the intensifying

changes in the microstructure with rising tempera-

tures. To the authors knowledge, microstructural

evolution and phase transformation are currently not

considered in an any TDS interpretation. Lin et al.

[64] argued that TDS peaks at higher temperatures

may superpose with hydrogen from dissociation of

water molecules at the surface. In addition, Hitzi-

grath [65] studied the influence of the carrier gas on

high temperature peaks and found an influence the

high temperature peaks.

Parametrization of the bulk diffusion
models

As shown in Fig. 5, the bulk diffusion models were

fitted to the measured TDS spectra by means of a

least-square optimization algorithm. The fittings

were performed independently for each of the three

DP steels and considered all three heating rates. The

fitted sets of constant model parameters, as binding

energy, migration energy and trap density, are sum-

marized in Table 4. While the binding energies were

between 33.5 and 39.6 kJ/mol, the migration energies

were between 8.4 and 12.8 kJ/mol. Migration ener-

gies for well-annealed pure iron are typically ranging

from 6.0 to 12.9 kJ/mol [37, 49–52]. Differences in the

migration energy may arise compared to well-an-

nealed pure iron from.

• higher dislocation density in ferrite phases of up

to 1012 m/m3 [56, 66, 67],

• the higher density of interfaces and

• tetragonal distortion of the martensite islands.

The fitted binding energies are slightly higher than

the estimations according to the Kirchheim criterium

[30, 31, 63], as given in Table 3, but they are in

Table 3 Measured desorption

energies according to

Kissinger’s theory and

corresponding R2-values of the

linear fits in the Choo-Lee plot

Steel Desorption energy ED [kJ/mol] R2-value [-] Binding energy EB [kJ/mol]

DP600 24.3 0.970 18.7

DP800 23.9 0.988 18.3

DP1000 26.9 1.000 21.3

DP1200 [62] 29.8 0.968 24.2

DP1200 [20] 40.6 – 35.0
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reasonable agreement with the binding energies

given in the literature for DP steels [20].

Validation of model parametrizations

To validate the parametrized bulk diffusion models,

additional hydrogen desorption curves were recor-

ded at room temperature. For that purpose, the

samples were cleaned after electrochemical charging

and dried with compressed air before the charged

samples were stored under atmospheric conditions at

room temperature to enable hydrogen desorption.

The remaining hydrogen contents in the samples

were gradually measured by means of TDS. The

heating rate was 1.0 K/s. As shown in Fig. 6a–c, the

measured hydrogen content decreased parabolically

with increasing desorption time in each of the three

investigated DP steels. The calculated desorption

curves agree (± 0.3 wppm) with the results of the

measurements for each of the investigated DP steels.

In addition, the parametrized diffusion models

were applied to simulate TDS spectra for heating

between 0.05 and 5.0 K/s [31]. Extrapolating the

almost linear curves beyond the measured heating

rates allowed for comparing with measurement data

of Schaffner et al. [62], as shown in Fig. 7. Note that

Schaffner et al. used also the Bruker G8 Galileo

analyser, but equipped with a mass spectrometer

instead of a TCD. Even though Schaffner et al.

recorded TDS spectra with lower heating rates and

lower hydrogen contents, the agreement between the

investigated DP steels seems to be reasonable.

Figure 5 Comparison of simulated with measured TDS spectra as function of heating rate: a DP600, b DP800 and c DP1000.

Table 4 Inverse calibrated binding energies, migration energies

and trap densities

Parameter DP600 DP800 DP1000

Binding energy EB [kJ/mol] 36.8 33.5 39.6

Migration energy EM [kJ/mol] 10.8 12.9 6.0

Trap density

NT[mol/mm3] 1.7�10–8 1.7�10–8 3.8�10–8

Figure 6 Validation of the model parametrizations by measuring the remaining hydrogen content after room temperature exposure of

a DP600, b DP800 and c DP1000.

J Mater Sci (2022) 57:4789–4805 4797



Role of current density on the effective
diffusion coefficient

Hydrogen permeation through DP samples was

simulated using the parametrized bulk diffusion

models. For that purpose, the constant sub-surface

lattice hydrogen concentration cL;S was applied on

the cathodic side. cL;S was zero on the anodic side.

This gradient causes lattice hydrogen to steadily

diffuse through the bulk until a stationary surface

flux at the anodic side is reached. Under stationary

conditions, the simulated lattice hydrogen concen-

tration profile is linear in the sample, as shown in

Fig. 8a. That relates the sub-surface lattice hydrogen

concentration cL;S at the cathodic side to the station-

ary surface flux j1S as

cL;S ¼
j1S s

DL

ð12Þ

where s is the sample thickness. As shown in Fig. 8a,

the corresponding profile of the trapped hydrogen

concentration is almost constant throughout the

sample. Due to the limited density of trapping sites

NT compared to the density of lattice sits NL, trap-

ping sites are saturated. Only close to the anodic side,

the trapped hydrogen concentration drops to zero

according to Eq. (6), because of the linear decreasing

lattice hydrogen concentration to zero at the anodic

side. This is in accordance with McNabb and Foster

[47, 68], who stated that only lattice hydrogen diffuse

and that the trapped hydrogen retards the long-range

chemical diffusion. Consequently, the total hydrogen

concentration according to Eq. (3) does not decrease

linearly and is almost constant throughout the

thickness auf the permeation sample.

The subsurface lattice hydrogen concentration at

the cathodic side was increased from 10–20 to

10–1 mol/mm3 for studying the effect of increasing

sub-surface hydrogen coverage [69] on the simulated

permeation transient. As shown in Fig. 8b, the higher

sub-surface hydrogen coverage increases the sta-

tionary surface flux and decreases the hydrogen

permeation time. The latter is related to the concen-

tration dependence of the chemical diffusion coeffi-

cient [34], which is shown for the three investigated

DP steels in Fig. 8c. Due to hydrogen trapping in the

DP steels, the actual chemical diffusion coefficients

vary over three orders of magnitude. At lattice

hydrogen concentrations below 10–12 mol/mm3,

almost all hydrogen, which is absorbed by the

material, is immediately trapped and cannot con-

tribute to the long-range bulk diffusion. In other

words, the chemical diffusion coefficient is limited by

hydrogen trapping at low lattice concentrations.

Between the lattice hydrogen concentrations of

10–12 mol/mm3 and 10–8 mol/mm3, the chemical

diffusion coefficients rise rapidly from around

10–5 mm2/s to their maxima of around 10–3 mm2/s.

In the case of very high lattice hydrogen concentra-

tions above 10–8 mol/mm3, all trapping sites are fully

occupied and the hydrogen bulk diffusion is only

limited by lattice hydrogen diffusion through inter-

stitial positions [36]. Thus, the maximum of the

chemical diffusion coefficient is equal to the lattice

diffusion coefficient DL, as defined by Eq. (5).

Consequently, long-range chemical hydrogen dif-

fusion in DP steels depends on.

• The lattice hydrogen concentration and

• The investigated material, which is represented by

the binding energy, the trap density and the

migration energy.

It cannot be described by a single constant effective

diffusion coefficient Deff [70] as proposed by the

standard DIN EN ISO 17081 for hydrogen perme-

ation measurements as [38, 41]

Deff ¼
s2

6 � tlag
ð13Þ

where tlag is the time needed for reaching 63% of the

stationary current i1. In addition to the concentra-

tion-dependent chemical diffusion coefficients, the

parametrized bulk diffusion models were applied for

Figure 7 Choo-Lee plot of the measured and simulated TDS

spectra.
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simulating the effective diffusion coefficients as

function of the sub-surface lattice hydrogen concen-

tration. Due to the decrease in the permeation time

with increasing sub-surface lattice hydrogen con-

centration, the effective diffusion coefficients increase

according to Eq. (10). That agrees with the experi-

mental results from Rudomilova et al. [61], Liu et al.

[71] or Zafra et al. [72, 73], who observed the mea-

sured diffusion rates to increase with increasing

current density in an electrochemical permeation

experiment. As shown in Fig. 8c, the concentration

dependence of the chemical diffusion coefficients

correlates with the simulated dependency of the

effective diffusion coefficients on the sub-surface

lattice hydrogen concentration.

For validating the simulation results, measured

effective diffusion coefficients of DP steels from lit-

erature [20, 61, 62, 74] were added to Fig. 8c. Note

that only literature data including information of the

stationary current and sample thickness were added.

This allowed for calculating the sub-surface lattice

hydrogen concentration by using Eq. (9). The mea-

sured effective diffusion coefficients from literature

increase with increasing sub-surface lattice hydrogen

concentrations, which is in reasonable agreement

with the predictions of the bulk diffusion models

from the present work. However, even with current

densities of 10 A/dm2 (100 mA/cm2) [61] and thus

with high cathodic sub-surface hydrogen concentra-

tions [69], it was experimentally impossible to reach

the lattice hydrogen diffusion coefficients of the

investigated DP steels. The lattice diffusion coeffi-

cients of hydrogen in DP steels (10–3 mm2/s), which

were found in the present work by fitting TDS

spectra, are slightly lower than those for pure and

well-annealed iron [38, 41]. This observation agrees

Figure 8 a Lattice and trapped hydrogen concentration profile

through a DP1000 sample at stationary conditions. b Simulated

permeation transient of DP1000 as function of surface

concentration. c Simulated effective diffusion coefficient

depending on the sub-surface lattice concentration.
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well with experimental results of Zafra et al. [72, 73],

who recorded successive permeation transients

[74, 75] and a saturation of the apparent diffusion

coefficient of CrMo steels.

According to the simulation results and the com-

parison with literature, effective diffusion coefficients

measured by means of a Devanathan-Stachurski [76]

cell are only feasible if sufficient information about

both the experimental setup and the raw data is

included. A normalization of measured permeation

curves without providing information about the sta-

tionary current density i1 and the sample thickness

makes the comparability with data from literature

impossible. In addition, measuring the effective dif-

fusion coefficient as a function of the applied cathodic

current density enables estimating the curve of the

concentration-dependent chemical diffusion coeffi-

cient of DP steels.

Role of coatings as effective diffusion
barriers for DP steels

Hydrogen desorption during slow strain rate testing

(SSRT) or constant load testing (CLT) [13, 77] of

charged samples is a serious problem. Considering

the decrease of the hydrogen content in the sample

with testing time is crucial for the reliable evaluation

of the hydrogen embrittlement susceptibility. For

preventing hydrogen losses during the experiment,

samples are often coated with zinc, cadmium or

nickel, which possess much lower effective diffusion

coefficients of hydrogen than DP steels and which are

therefore used as active hydrogen diffusion barriers

[78]. However, the coating process itself can intro-

duce hydrogen into the steels as well as into the

coatings. Due to the concentration dependence of the

chemical diffusion coefficient, the additional hydro-

gen could increase the effective diffusion coefficients

by magnitudes, as it was demonstrated for DP steels

in the previous section. That would make the barriers

permeable for hydrogen.

To study the possibility of reducing hydrogen

desorption during testing by coating the samples

after charging, a bulk diffusion model of a coated

DP1000 steel sheet was established. Figure 9a shows

a sketch of the cross section thought the model. The

steel sheet is 1.2 mm and the coating on both surfaces

is 10 lm thick. Hydrogen diffusion in the coating

layer was simplified by applying classical Fick’s law

of diffusion with constant effective diffusion

coefficient and does not consider either oxide layers

at the interface between coating and bulk nor inter-

mediate layers. The lattice hydrogen concentration

was assumed as homogenous in the initial state.

Hydrogen desorption is simulated by setting the sub-

surface lattice hydrogen concentration to zero. Fig-

ure 10 shows the simulated decrease in the total

hydrogen content in the DP1000 sample as a function

of the desorption time and the effective hydrogen

diffusion coefficient in the coating.

According to the simulations, the highest hydrogen

desorption rate occurred for uncoated DP samples

and a permanent hydrogen loss has to be considered

during hydrogen embrittlement testing. However,

adding coatings with an effective diffusion coefficient

of 10–10 mm2/s can decrease the hydrogen desorp-

tion rate dramatically, which enables up to 10 h of

testing without any hydrogen loss in the sample. A

Figure 9 a Schematic of the profile of lattice hydrogen

concentration in the coated sample used in the simulation.

Figure 10 Influence of coatings on the hydrogen desorption of a

DP1000 sample at room temperature.
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further decrease in the effective diffusion coefficient

to 10–15 mm2/s would extend the testing time to

more than three days.

Cao et al. [79] measured hydrogen diffusion

through pure zinc-coated steels by means of electro-

chemical techniques. The effective diffusion coeffi-

cient of pure zinc layers was estimated to be in the

order of 10–9 mm2/s (10–11 cm2/s). Surprisingly, this

value is in a very sensitive range according to the

simulations. The decrease to 10–10 mm2/s or the

increase by one order of magnitude to 10–9 mm2/s

can either cause rapid hydrogen desorption or a still

homogenously charged sample after 10 h of testing,

respectively.

If coated samples are used for preventing hydro-

gen desorption of charged samples during embrit-

tlement testing and for extending the testing time, the

hydrogen ingress into the coating layer, the role of

oxides or other intermediate layers should be further

investigated experimentally and numerically. For

example, this could be done by electrochemical per-

meation with a step-wise increase in the current

density. As shown for DP steels, a higher hydrogen

concentration results in an increase in the chemical

diffusion coefficient by orders of magnitude. Further

investigations are necessary for fully understanding

the role of coatings.

Conclusion

The present work models hydrogen bulk diffusion in

three industrial produced dual phase (DP) steels. The

parametrization of the models was based on fitting of

thermal desorption spectroscopy measurements

(TDS). The bulk diffusion models were validated by

performing additional desorption experiments under

atmospheric conditions. The overall accuracy of the

models is ± 0.3 wppm with respect to the measured

hydrogen contents. Thus, the bulk diffusion model,

which considers the McNabb and Foster postulate of

lattice hydrogen diffusion and Oriani’s trapping

theory, is perfectly suited for describing hydrogen

diffusion, trapping and desorption in DP steels.

Furthermore, the parametrized and validated diffu-

sion models are able to predict the linear curves in

the Choo-Lee plots and to predict effective diffusion

coefficients as a function of the stationary current.

The calculated diffusion coefficients agree well with

measured effective diffusion coefficients found in the

literature. A measurement procedure is proposed for

estimating qualitatively the concentration depen-

dency of the chemical diffusion coefficient of DP

steels by means of a Devanathan-Stachurski perme-

ation cell and using the concept of the effective dif-

fusion coefficient. It is found that only the triple of

effective diffusion coefficient, sample thickness and

stationary current density allows to compare per-

meation experiments from literature.

In addition, the role of metal coatings as possible

hydrogen diffusion barriers for DP steels was

numerically studied and compared with experimen-

tal data from the literature for pure zinc. Based on the

simulation results, the effective diffusion coefficient

of around 10–9 mm2/s does not fully prevent

hydrogen desorption of the underlying steel sheets.

Further, experimental investigations are necessary to

fully understand the role of coatings and to improve

the bulk diffusion model.
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