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Abstract. The presence of hydrogen in steel decreases ight@ss and formability leading to
hydrogen embrittlement. To understand the failurecimanisms of steel due to the presence of
hydrogen, a profound insight in the hydrogen hoakebf the steel is needed. This includes a study
of the solubility, the diffusion and the trappinglo/drogen. Next, the absorption and desorption
behavior during and after electrolytic charging s well determined. This was investigated in
this research for steels with various types ofdra. dislocations, microcracks, grain boundaries
and precipitates such as TiC andCkE,. The samples were cathodically charged at thriéerelnt
current densities: 0.8mA/cdin8.3mA/cnf and 62.5mA/crh It was noticed that the cathodic current
density used for hydrogen loading had a great émide on the results. Observation of the samples
by scanning electron microscopy (SEM) showed th#tehighest current density major damage of
the surface had occurred. Hence it was decidedudy smore systematically the influence of
charging current density on the resulting surfespeat and on hydrogen absorption and desorption.
The hydrogen charging kinetics, maximum hydrogdnlslity and hydrogen desorption behavior
have also been evaluated for the different cuensities during charging.

| ntroduction

The presence of hydrogen in steel is reported tddtemental for its toughness and formability.
This phenomenon is called hydrogen embrittlemerit, 814]. Many studies were conducted on the
diffusion and trapping of hydrogen in steel [4,3,8,9,10] and other metals [10]. Hydrogen can be
introduced in the steel through cathodic chargite influence of the thickness and the roughness
of the sample, the promoters in the electrolyte, ¢hrrent density and a heat treatment on the
permeation curves in Armco-Fe and AF1410 steelstiazdied by Mamani [9].

The current density during hydrogen charging wamdbto have a great influence on the absorption
and desorption of hydrogen in steel [9]. Howeverstudy hydrogen-induced phenomena in steel a
wide range of current densities are used varyingif0.02mA/cm to 40mA/cnf [8,10]. From the
results of hydrogen absorption obtained during @egbrption obtained after cathodic charging, the
influence of the presence of H-traps of varyingmsfjths was investigated.

Experimental

Materials
A selection of cold rolled steels was made in otdanvestigate the influence of different kinds of
hydrogen traps. Annealed ultra low carbon steelGUlwvas used as reference material. Table 1
gives an overview of the materials used with thespective hydrogen trapping sites.



Overview of the materials, used for the optimization of the equipment, with their different trapping sites

C(ppm) | Mn (%) | S(ppm)| Ti(ppm)| Trapping sites

ULC annealed 26 0.15 - - Grain boundaries,
Dislocations

ULC 75% cold rolled| 26 0.15 - - Dislocations
DCO3ED 30 0.1-0.3 <200 - Cracks, voids
DCO4EK 200-400 | 0.2-0.3 <200 - Cracks, cementite
DCO6EK 50-100 0.1-0.2 100-300 0.08-0.12  PrecipstéfeéC, MnS)
Tablel

An overview of the microstructure of the materi@l g able 1 is given through Fig. 1.
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Fig. 1. Initial microstructure of the materials used: (a) ED, (b) D
observation of TiC precipitatesin DCO6EK, (d) ULC 75% cold rolled, (€) ULC annealed

All samples, with a thickness of 1 mm, were cub iatrectangular shape of 6mm x 10mm and were
stored in isopropanol to avoid hydrogen uptake ftbm environment and corrosion. The samples
were used as received because preliminary expetsmsowed that no hydrogen uptake,
absorption or adsorption occurred during mechanpdishing. Before each measurement the
samples were ultrasonically cleaned in acetonatfteast 15 minutes.

Methods
All samples were cathodically charged, at a setectnstant current, in an aqueous solution with
the same composition as the one which is usedeirstdndardized Strohlein test EN10209 (6vol%
H,SQO,, 0.25¢g/l HgC} and 0.5g/l AgO3). The anode was a Pt wire. The amount of hydragehe
sample was measured as a function of charging #trdifferent current densities: 62.5mAfgm
8.3mA/cnf and 0.8mA/crh This was done by combustion of the sample inr@h8tin H-Mat 2500
analyzer. The same apparatus was used to analyltegen after different discharge times. The
samples were kept in isopropanol during dischaifjee damage of the samples has been
characterised by means of SEM (Carl Zeiss DSM 962).



Results and discussion.

The influence of the current density on the absor ption kinetics and damage of the material
The influence of the current density on hydrogeargimg characteristics of the samples mentioned
in Table 1 is shown in Fig. 2. It can be seen thaull materials higher current densities resnlt i
faster initial absorption kinetics and a higher amtoof hydrogen after charging until steady state.
The latter can be related to the increasing dansfighe material when higher current densities
during charging are used, as shown in Fig. 3 foOBED. Because hydrogen tends to be attracted
by regions of high triaxial tensile stress where thetal structure is dilated, cracks will act as
hydrogen traps. Due to this, the accumulation afrbgen occurs at those sites which results in an
increased internal pressure on the crack and pesntst propagation. Hence, a high current density
results in an increased damage leading to additiapping sites (cracks) and higher hydrogen
content. It should be noticed that in most casesdst state is reached after a certain time of eharg
This suggests that from this moment on no furthemalge takes place in the sample. Further
investigation of this phenomenon will be undertaken
Because the hydrogen absorption of DCO3ED was feamtoceed in a similar way as DCO4EK,
only the latter is shown in Fig. 2.
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Fig. 2 Absorption kinetic for the steel grades as a function of the charge current density.
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Fig. 3 SEM observation of the increasing damage at the surface of DCO3ED with increasing current densities: (a)
not charged, (b) i=0.8mA/cm? and (c) i=62.5mA/cm?.

Also depending on the charge current density idithe of charge needed to reach steady state. In
Fig. 2, it can be seen that the time needed tdhreteady state is inversely proportional to charge
current density for all materials.

Fig. 4 shows the absorption kinetics for the défégrmaterials at a low current density and at & hig
current density. For the high as well as for the turrent density, the lowest content of hydrogen
after charging until steady state and the slowesbiption rate is found in the annealed ULC
material, where no traps are present and almosgfnge occurred. It is worth to notice that after
cold rolling, the steady state value of hydrogesoaption increases from 1.8ppm to 10ppm at a
current density of 0.8mA/chrand from 5ppm to 17ppm at a current density of BA&n7. This
indicates that the presence of dislocations indteel enhances the sensibility to damage during
hydrogen charging. Fig. 4 also shows that DCOGEK ha intermediate level of hydrogen
absorption for the high as well for the low currelgnsity. This suggests that the sensitivity to
damage during hydrogen charging depends on thedfitrdpping sites in the material.

On the other hand, from the same figure it is als@ous that no distinction related to the trapping
capacities between the studied materials can be maghgesting that the current densities used are
too high to study the trapping phenomena in stgk is also confirmed in Fig. 3 for DCO3ED and
in Fig. 5 for the other materials, where blistersha surface are observed. The presence of lister
at the surface can be related to an increasedchaiteressure, due to hydrogen recombination or
hydrogen accumulation, in the bulk of the material.
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Fig. 4 Overview of the absor ption kineticsfor the materials used at a constant current density



Desor ption kinetics

Fig. 6 shows the kinetics of hydrogen desorptiarttie materials under investigation after charging
for 6 minutes at a current density of 62.5mA7cihcan be seen that cold rolled ULC shows a high
initial desorption rate indicating that hydrogencases from the dislocations very fast. This
corresponds with the fact that dislocations arensible, weak hydrogen trapping sites. After two
hours, however, the desorption kinetics of the colted ULC steel become slower showing that
the hydrogen is irreversibly trapped in the craakthe damaged material.
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Fig. 6 Desor ption kinetics of the materials used after charging for 6 minutes and i.=62.5mA/cm?

Fig. 5: SEM -observations of the surface of the materi used (a) DCO4EK, (b) DCO6EK, (c)ULC cold rolled and
(d) ULC annealed, after cathodically charging for 6 minutesat a current density of 62.5mA/cm?.
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Conclusions

The charging kinetics differ strongly depending thre current density used during cathodic
hydrogen charging and on the microstructure of riteerial. As seen in Fig. 3 increasing the
current density results in an increasing damagéesurface. The mechanism can be described by
the recombination of hydrogen at the trapping ifethe material generating blisters at the surface
of the charged material. This change of the suréspect of the material influences the absorption
kinetics.

Higher hydrogen absorption kinetics and a highadrbgen content after charging are expected
when dislocations are present after cold rollinguofiealed ULC. The presence of TiC angCT$s,
shows intermediate absorption kinetics and hydragmrtent. This suggests that the resistance of
the material to damage during cathodic hydrogemngih@ depends on the kind of its trapping sites.
To study the trapping capacity of steel, lower entrdensities than 0.8mA/émhould be applied to
avoid damage of the material. Under this conditithhe, maximum hydrogen level after charging
until steady state can be an indication of the arhotitrapping sites in the steel.

Charging to steady state at a current density wiieranaterial is not damaged will enable us to
calculate then the strength of the trapping sitesfthe desorption kinetics of the material.

In later studies, a more profound study of the dgemaill be established. Charging at a certain
current density during varying charge times wilable us to characterize the damage. We expect
that at the same moment, when steady state occuttseiabsorption curve, the damage of the
material will stop. On the other hand, a critichhge current density has to be defined where no
damage will occur.
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