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Abstract

Steel manufacturing processes can induce high deformation (strain) in the microstructure of high strength
steels, making them more susceptible to hydrogen embrittlement. It is crucial to investigate the impact of
the manufacturing process on the local hydrogen uptake in steel. The microcapillary cell electrochemical
method is capable of evaluating the hydrogen uptake in steel as a function of the deformation which is
induced by various mechanical methods, i.e cold rolling, bending and punching. A clear relation between
the deformation degree and the local hydrogen content is established for a dual phase (DP600) steel. Going
towards microscale investigations of punched samples, the analysis of the deformed zones nearby the
punched edge by a combination of optical microscopy, scanning electron microscopy and micro hardness
measurement provide additional information on the microstructural characteristics of these highly
deformed zones. Furthermore, the magnitude of the deformation nearby the punched edge is
quantitatively determined by means of electron backscatter diffraction technique. A shear affected zone is
identified at the edge of the punched hole, where excessive deformation and a higher dislocation density
are present. The dedicated local electrochemical measurements confirm the presence of a high amount of
local hydrogen in this shear affected zone, which is likely detrimental for hydrogen embrittlement.

1. Introduction
In the last two decades, the increasing demand of the automotive industry to lower the car weight
together with an increase in strength and stiffness of the steel used in the car body has been
fulfilled by the development of advanced high strength steels. However, these high strength
steels are reported to be susceptible to hydrogen embrittlement. [1-4] The possibility for steels
to come into contact with hydrogen containing environments during manufacturing or in use,
opens the path for hydrogen to enter the steel microstructure. After hydrogen entry into the steel
microstructure, it is distributed between interstitial sites in the lattice (lattice mobile hydrogen)
or trapped near microstructural inhomogeneities such as dislocations, grain boundaries,
interfaces, vacancies, etc.. [5] Depending on the activation energy (E) of the trapping sites, traps
can be classified as reversible (E<60 kJ/mol) or irreversible (E>60 klJ/mol) hydrogen traps. [6] In
the literature, there is an additional term, “diffusible hydrogen” defined by Akiyama as the one



which can be determined by heating the sample up 300°C [7-8], which includes lattice mobile
hydrogen and reversibly trapped hydrogen.

Hydrogen trapping at microstructural features has an effect on the diffusion process. During
hydrogen diffusion, hydrogen is distributed between lattice and trap sites; as such an equilibrium
is attained between interstitial hydrogen and trapped hydrogen. [9] To describe the transport of
hydrogen influenced by the traps, an apparent hydrogen diffusion term is commonly used in the
literature. [10] For instance, Zakroczmski et al. [11] studied pure iron subjected to simultaneous
hydrogen charging and straining. He reported that dislocations act as traps for hydrogen, and thus
decrease the apparent hydrogen diffusivity. Dislocations are considered to be reversible traps
with an intermediate binding energy of 20.2 kJ/mol. [12] The dislocation trap density in the steel
microstructure increases with plastic straining. However, it should be pointed out that dislocation
trap densities show variation within the microstructure, depending on the degree of local plastic
strain. [9] Thus, hydrogen accumulates at dislocations where local plastic deformation occurs.
[13] Moreover, Kumnick et al. indicated that increasing the degree of cold-work on iron can result
in an increase of the binding energy of hydrogen to dislocations to hydrogen as well as the
intensity of the dislocation density. [14]

Plastic deformation is reported to induce additional potential reversible traps for hydrogen in the
steel microstructure. [15-16] Therefore, applied strain is considered important in terms of
hydrogen embrittlement. In the mass production of automotive parts and components, sheet
metal forming processes (such as bending, punching etc.) are commonly used. [17] Cold forming
techniques can induce high magnitude of local deformation regions, where hydrogen can be
possibly trapped during in-service condition as a result of the hydrogenation reaction. Once the
hydrogen concentration reaches a critical value inside the steel, it can lead to a strong reduction
of its mechanical properties, i.e. a hydrogen induced ductility loss. [18] In other words, interstitial
mobile and reversibly trapped hydrogen are considered to be detrimental hydrogen sources for
hydrogen induced cracking. [19-24]

To have a better understanding of hydrogen induced cracking phenomena in steel with respect
to hydrogen concentration, various hydrogen measurement methods have been developed.
Hydrogen/trap interactions can be identified by thermal desorption spectroscopy (TDS). This
technique determines the hydrogen desorption flux upon heating a sample and aims at
discriminating between various possible hydrogen traps releasing the hydrogen at different
temperatures corresponding to different trap binding energies.[19-25] In addition, the diffusible
hydrogen content in steel can be determined by hot extraction, [26], while the total hydrogen
content can be measured by melt extraction. [26-28] Apart from these thermal methods, the
electrochemical approaches have recently gained importance to investigate lattice dissolution
and microstructural trapping of hydrogen in iron and its alloys. Electrochemical permeation



methods can provide reliable information on diffusivity and solubility of hydrogen in steel, as first
elaborated by Devanathan,[29] and further explored in various studies.[30-33] Additionally, the
electrochemical potentiostatic oxidation technique has been used in some studies [34-36] to
measure the hydrogen uptake in steel, and also a cyclic voltammetry method was recently
elaborated [37]. It can be summarized that thermal hydrogen measurements as well as the
electrochemical methods are capable of observing and quantifying the hydrogen content within
the sample volume. However, generally speaking, hydrogen is not homogeneously distributed
within a steel microstructure since its local distribution is very much related to local
microstructural features (i.e. strain distribution, phases, etc..).

Local hydrogen concentration measurements in a steel microstructure play a crucial role in
understanding hydrogen embrittlement.[38-39] It is essential to reveal quantitative relationships
between local strain and the corresponding local hydrogen content. With the microcapillary cell
technique [40-43], reliable information concerning the local hydrogen content can be obtained
with high spatial resolution. The microcapillary cell allows electrochemical measurements on
sample surface regions of interest, where specific microstructural features are present, with
dimensions in the micro- or sub micrometer range. [44] This local electrochemical hydrogen
measurement method are claimed to be capable of measuring the trapped hydrogen in steels,
which could be detected quite accurate after days, weeks or even years after hydrogen uptake.
[45-46] Shinozaki et al. [47] used this method to investigate the microstructural distribution of
hydrogen uptake in steel and saw that MnS inclusions can trap hydrogen, causing hydrogen
embrittlement. Further, Fushimi et al. [48] incorporated a microcapillary cell technique into a
Devanathan-Stachurski electrochemical cell for local measurement of hydrogen permeation of a
steel sheet. Kiihn et al. [45] used the microcapillary cell technique with the aim of quantifying the
local hydrogen level in a notched tensile steel sample. In this study, the local hydrogen level was
found to be higher in the regions exposed to high stresses compared to the regions with low/no
stress. Similarly, Manke et al. [46] used the technique to quantify hydrogen uptake and found a
good correlation with the results obtained by conventional hydrogen analysis methods. However,
in this study, no direct link between local strain level and local hydrogen content was established.

Local strain enhancements in steel need to be examined since hydrogen embrittlement is
believed to occur preferably in strain-localized regions in the steel. [49-50] To do so, an
experimental method to measure and map the localized strain distribution is desired. EBSD can
provide a means of determining local strains in combination with having high spatial resolution
and good strain sensitivity. [51-52] By means of this technique, misorientations in polycrystals
can be mapped using several different kinds of metrics to visualize plastic deformation around
cracks, inside deformed grains etc. [53] In this regard, Nakada et al. [54] used this technique to
map the deformation locally distributed in dual phase steel after deformation processes, i.e. cold-
rolling and punching. In this study, the quantification of the local deformation within the punched



zone is also performed based on the change in crystal rotation angle as a result of the applied
deformation.

It is known that dual phase (DP) steels are subjected to heat treatments during their production
process and such treated steel microstructures can have many potential trap sites for hydrogen.
For instance, DP600 steel alloys consist of ferrite and martensite phases, where hydrogen can be
potentially trapped at phase boundaries, in addition to grain boundaries, dislocations, and lattice
vacancies. [55-56] Kozekwa et al. [57] stated that as-received dual phase steel contains low
average dislocation density. It was further reported that with increasing plastic deformation, the
crystal rotation angle, namely the misorientation between the grains, is changed; as such the
average dislocation density in the microstructure increases. Similarly, Ruiz-Andres [58]
demonstrated that the microstructure of as-received DP steel has weak misorientation within the
ferrite grains, implying low dislocation density. More importantly, it was revealed that the
microstructure of the bent specimen exhibit a severe plastic deformation mainly localized within
the ferritic matrix and in the vicinity of the ferrite/martensite grain boundaries. In the study of
Kapp, [59] it was demonstrated that when the magnitude of the applied global deformation
increases, the network-like structure of local strain band appears in the steel microstructure.

In the study of Takagi et al. [18], it was proven that the application of a bending process induces
a high amount of strain in the steel, which increases the trapped hydrogen content. In the study
of Yoshino et al. [60], in-depth microstructural characterization of bended steel is performed in
addition to hydrogen measurement by thermal desorption analysis, proving that the bending
process creates shear affected zones in the steel microstructure, where high amounts of
hydrogen can locally accumulate. In the study of Wu et al. [61], the microstructural
characterization of punched dual phase steel was performed and a shear affected zone in its
microstructure was clearly identified. Additionally, strain distribution measurements confirmed
that the magnitude of shear strain was very high at the edge of the punched hole and that it
decreased rapidly away from the edge. Similarly, Yokoi et al [62] measured very high strain values
near the punched hole edge, where a very fine grain microstructure is observed compared to the
average grain size in the bulk. In the study of Nakada et al., [54] it was also proven that the region
with large strain is localized in the vicinity of the punched edge. Further, Scharf et al., [63]
indicated that the punching process can create shear affected zones around the punched edge,
where grain deformation and a higher dislocation density arise. It was also demonstrated by
means of a constant load test that this zone is highly susceptible to hydrogen embrittlement. In
the further study of Scharf et al., [64] trapped hydrogen concentration of the punched steel bulk
was determined by thermal desorption analysis after being exposed to a corrosive hydrogen
charging environment. However, in this study, the difference between hydrogen uptake capacity
of deformed and non-deformed microstructures was not addressed.



To summarize, various electrochemical and thermal hydrogen measurements are possible to
evaluate the risk of hydrogen embrittlement where the metal is locally deformed to a high extent
in high strength steels after manufacturing processes. Obtaining information concerning local
distribution of trapped hydrogen is of great importance. The microcell technique allows for
performing electrochemical measurements on areas with dimensions in the micrometer range.
Since it is being used in direct combination with optical microscopy of the area to be
electrochemically characterized, it enables to precisely position the microcell on the region of
interest. Moreover, the complementary use of scanning electron microscopy (SEM), provides
additional information regarding the microstructural features, and as such a direct relation can
be established between local strain and the local hydrogen content. Moreover, this method is
non-destructive and does not modify the steel microstructure.

The objective of the present study is to demonstrate the method sensitivity (lateral, hydrogen
concentration) by determining the local hydrogen concentration in deformed steel. The impact
of plastic deformation (cold rolling, bending and punching) on the hydrogen uptake capacity is
evaluated by the micro-cell electrochemical method using conventional capillaries (inner
diameter of 160 um). To obtain specific information regarding the local hydrogen concentration
within a highly deformed region, more local microcell measurements are carried out using smaller
capillaries (inner diameter of 10 um). The procedure involves first electrochemical charging of
hydrogen in the steel samples, followed by local microcell discharging experiments. From the
discharging curves obtained, the amount of charge released is calculated based on Faraday’s law.
This allows determining the amount of trapped hydrogen being oxidized during discharging. Three
types of deformation are introduced: i) macroscopic deformation through cold rolling where the
whole sample experiences deformation; ii) local bending effect; and iii) local punching effect
introducing very high local strain levels around the punch hole. To quantitatively evaluate the
magnitude of strain around the punched hole, electron backscatter diffraction (EBSD) analysis is
carried out. Lastly, to establish a link between the mechanical properties and microstructural
features, micro hardness measurements are conducted nearby the punched hole.

2. Material Characterization
Dual Phase steel (DP600) is used for this study, for which the chemical composition is listed in
Table 1. The steel microstructure comprises approximately 23% of martensite and 77% of ferrite,

with a grain size of about 7 um for the ferritic phase and about 2 um for the martensitic phase.
[65-66]

Table 1. Chemical composition of the material of interest

Materials Composition (wt %, Fe balance)




DP600 0.07 C, 1.5 Mn, 0.25 Si, 0.4-0.8 Cr+Mo

The thickness of the DP steel sheet was 1.1 mm. This thickness was reached after hot and cold
rolling, followed by subsequent annealing using industrial annealing parameters necessary to
obtain the desired dual phase microstructure. The steel is delivered as a sheet and cut into square
samples of 2 cm x 2 cm. The samples are mechanically ground with SiC paper up to 1000 grit
paper. The final thickness of the samples after grinding is 0.9 mm. To remove surface
contamination prior to the electrochemical experiments, the samples are placed in an ultrasonic
bath, cleaned with ethanol for 3 minutes and subsequently dried by gently wiping with a clean
tissue. It has to be further mentioned that after the punching process, the steel sample is
additionally ground with 1000 grit paper to eliminate the burr and the micro cracks on the surface,
which are formed around the punched hole.

The microstructures of the non-deformed as well as punched steel samples are observed by
means of optical microscopy, which is attached to the micro-capillary cell, and by scanning
electron microcopy (SEM). Prior to microstructural characterization, the steel samples are etched
with 2% Nital solution in order to identify the phases present. SEM investigations are performed
with a JEOL JSM-IT300 system; images are collected in secondary electron mode, with an
acceleration voltage of 5 kV.

To determine the magnitude of deformation near the punched edge, EBSD analysis is performed
using a field emission scanning electron microscope. The captured EBSD patterns are analyzed by
the OIM software. EBSD-KAM (kernel average misorientation) was determined by first nearest-
neighbor points under a condition that a misorientation angle larger than 5° is not taken into
account. The change in the KAM values due to the punching process is considered as an indicative
measure for the deformation. To quantify the magnitude of the equivalent strain (deformation)
induced by the punching nearby the punched edge, the following power law determined on a
similar dual phase steel, reported by Nakada. et al., [54] is used:

Oy = 1’:70 1.68 £%4* (rad) (1)

Using this formula, the calculated KAM values 845, can be translated into the equivalent strain
€.

3. Experimental Procedure

3.1 Micro-electrochemical Procedure
The experimental procedure is comprised of three main sections: mechanical deformation,
hydrogen charging and hydrogen discharging. The procedure starts by inducing a certain



mechanical deformation by means of rolling, bending or punching, and is subsequently followed
by an hydrogen charging step. It is important to indicate that the hydrogen charging step is
performed on a macroscopic scale, while hydrogen discharging is characterized on microscopic
scale in relation to different specific microstructures.

3.1.1 Mechanical Deformation
To introduce plastic deformation in the steel samples, three different mechanical deformation

methods are used: rolling, bending and punching.

= Cold-Rolling
Cold deformation of 4 and 11% was applied on the as-received steel to induce macroscopic
averaged scale deformation in the material.

* 3 Point Bending Test

A three point bending cell configuration, consisting of a standardized procedure adopted from
the study of Breimesser et al., [67] is used to plastically deform steel by applying constant stress
(up to 160% of the tensile strength of steel) by means of a screw, as schematically illustrated in
figure 1. On top of the bended steel sheet, an electrochemical cell is placed to carry out hydrogen
charging. The corresponding procedure is explained in the next section.

Bended steel

===—=0

Screw

Figure 1- Schematic representation of bending test

*  Punching Test

A steel sample is punched by means of a punching machine, shown in figure 2.a, and a round-
shaped hole (diameter of 3 mm) is created in the sample at the end of this process, as depicted
in figure 2.b.
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Figure 2- Schematic presentation of a) the punching test and b) the punched steel sample

3.1.2 Hydrogen Charging

The steel specimens are charged with hydrogen in an electrochemical cell filled with 0.2 M NaOH
solution containing 1 g/l thiourea (hydrogen recombination poison) by applying a galvanostatic
cathodic polarization at a current density of 10 mA/cm? for 2 hours.

Depending on the type of sample investigated, hydrogen charging is performed in three different
electrochemical setups. Non-deformed and cold-rolled steel samples are hydrogen charged in a
macroscopic electrochemical cell, as shown in figure 3.a, using a three electrode configuration:
the steel sample as working electrode (W.E.), saturated calomel electrode within luggin capillary
as reference electrode (R.E) and a platinum grid as counter electrode (C.E). For bended steel
samples, as shown in figure 3.b, a polymer based sealing ring is placed on the deformed area and
charging is carried out in an electrolyte using the three electrode configuration with the steel
sample as W.E, a stainless steel wire as R.E. and a stainless steel wire as C.E. In the last
electrochemical setup, as shown in figure 3.c, the punched steel sample is fully immersed in the
electrolyte so that hydrogen charging is performed using again the steel sample as W.E, a
saturated calomel electrode within luggin capillary as R.E and a stainless steel wire as C.E.



(a) (b) (c)

Figure 3- Pictures of the hydrogen charging setups a) macro-cell for non-deformed and 4, 11% cold-
rolled steel samples, b) for bended samples, c) punched samples

After H-charging, the charged specimens are immediately taken out of the cell, flushed with
double distilled water and ethanol and then dried by means of wiping with a clean tissue.
Afterwards, the vicinity of the exposed area to H-charging in the specimen is marked with a blade
so that the exposed area can be recognized during H-discharging measurement. The sample is
stored in a desiccator for 2 hours before the discharging procedure to determine the trapped
hydrogen content.

3.1.3 Hydrogen Discharging and Concentration Quantification

Hydrogen discharging is performed by the micro-cell technique. The micro-cell equipment
consists of a glass tube with a tip sealed by a layer of silicon rubber, a counter electrode with a
0.5 mm thick platinum wire and a saturated calomel electrode as a reference electrode. The
micro-capillary glass is connected to a reference electrode by an electrolyte bridge filled with 0.2
M concentration of NaOH solution.

Prior to H-discharging, the steel specimen is freshly ground with 1000 grit paper for 5 seconds to
minimize oxide layer formation as a result of sample disassembly after hydrogen charging. This is
followed by rinsing with ethanol and subsequent drying with a clean tissue.
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Figure 4- a) lllustration of micro-cell setup for discharging measurements and b) schematic
representation of current-time transient recorded during hydrogen discharging

The capillary cell is mounted on the revolving nosepiece of an optical microscope. This setup
enables the microscope to be used to locate the region of interest in the sample’ microstructure
and also a precise positioning of the micro-cell on that position of interest.

To perform H-discharging measurements, as shown in figure 4.a, the micro-capillary is gently
placed onto the surface of the specimen (working electrode) in such a way that only the inner
area of the capillary opening is exposed to the electrolyte. The sample is then potentiostatically
polarized by applying an anodic potential of +0.3 V vs. saturated calomel electrode (SCE) for 30
minutes. Note that, in this study, two different pulled micro capillary sizes having inner diameters
of 10 um and 160 um are used.

For the H-discharging measurements, a high resolution potentiostat with a current detection limit
of 1 fA is used. To shield the electrochemical setup from electromagnetic and acoustic
interference, the measurements are performed in a Faraday cage. During the measurement, the
change in anodic current with time is recorded, as shown in figure 4.b, so that the integration of
this resulting curve can provide the amount of charge released after H-charging (Qy—cnarg) and
without H-charging (Qnon_g), respectively. One should note that this applied H-discharging
method forces the hydrogen level to be on the zero on the measured spot, so the equilibrium is
reset between the reversibly trapped and lattice hydrogen. Thus, during H-discharging procedure,
the trapped hydrogen is liberated from its trapping site and becomes mobile hydrogen. [45-46]
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According to the Faraday formula (2), the concentration of trapped hydrogen being oxidized
during H-discharging can be calculated, as indicated below:

_ QH—charg_QNon—H
Cn = FV (2)

In formula (2), Cy is the trapped hydrogen concentration in steel, n is the number of electrons
participating in the oxidation reaction of trapped hydrogen; F is the Faraday constant (96485
C/mol), and Vis the effective diffusion volume. According to formula (2), the number of electrons
corresponding to the hydrogen discharging reaction (H>H* +e’) is considered to be 1. Moreover,
the effective diffusion volume is considered to have a half-ellipsoidal shape, which depends on
the radius of the microcapillary used for the measurement and the diffusion distance of hydrogen,
as such it can be calculated according to the formula below:

%4 4
> =2 (@+Lp)?Lp (3)

In formula (3), Lp is the diffusion distance of hydrogen, a is the radius of the microcapillary.
Further, the diffusion distance of hydrogen is calculated according to the Fick’s Law formula
below:

Lp =Dyt (4)

In formula (4), t is the time for hydrogen discharging (1800 seconds), while Dy stands for the
effective diffusion coefficient of hydrogen in steel. Diffusion coefficient of hydrogen for non-
deformed dual phase (DP600) steel is 7.65x107 cm?/s. [65], [68] The diffusion coefficient of
hydrogen in steel is assumed to decrease with increasing amount of plastic deformation, as widely
accepted in the literature. [69-73] Considering the relation of the H-diffusion coefficient to the
degree of cold-rolling reported by Huang et al, [73] the H-diffusion coefficient for 4% and 11%
cold-rolled steels is calculated to be 6.37x107 cm?/s and 5.10x10°7 cm?/s, respectively. Therefore,
using formula (4), for the micro (dinner=160 um) measurements, the effective diffusion distance of
hydrogen for non-deformed, 4% cold-rolled and 11% cold-rolled is calculated to be 370 um, 330
um and 302 um, respectively. Moreover, for the local (dinner=10 um) and micro (dinner=160 um)
measurement of the region nearby the punched hole, the corresponding hydrogen diffusion
coefficients with respect to the magnitude of deformation are considered to be 10® cm?/s and
1.4x1077 cm?/s; as such, the diffusion distances of hydrogen are calculated to be 42 um and 158
um, respectively.
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3.2 Micro-hardness measurement procedure

The micro-hardness measurements were performed on a cross-section of a punched steel with a
load of 30 grams for 20 seconds using a Fischerscope® HM2000 micro hardness tester. The
measurement is initiated from the vicinity of the punched edge towards the interior of the steel
with a distance of 56 um between each measurement point.

4. Results and Discussion

4.1 Influence of various mechanical deformation processes on the H-uptake in
steel

To test the influence of mechanical deformation on H-uptake, steel samples are subjected to
different metal forming processes (rolling, bending and punching) before cathodic hydrogen
charging. Considering the deformation characteristics of each process, the influence of
mechanical deformation on the hydrogen trapping/release is evaluated in two sub-sections:

4.1.1Influence of the degree of cold rolling on the trapped hydrogen content

To establish a relation for the effect of cold-rolling on the concentration of trapped hydrogen in
steel, cold-rolled (4 and 11%) steel sheets have been analyzed by micro-cell (dinner=160 um) after
having been hydrogen charged for 2 hours in 0.2 M NaOH solution containing 1 g/l thiourea .

11% Cold-Rolled ® @ @ ® @

: @ ® ® :
i @
4% Cold-Rolled 000
: @ ®

‘@
Non-Deformed : @
‘@

— 71t - 1 - 1 r 1T - 1T T 1T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Hydrogen Concentration (wppm)

Figure 5- Calculated hydrogen concentrations obtained from the current transient integration in non-
deformed and cold-rolled samples (4%, 11%) as determined from micro-cell analyses (dinner=160 um)

after H-charging for 2 hours in 0.2 M NaOH solution containing 1 g/l thiourea

In figure 5, the calculated hydrogen concentration obtained from the integration of the
discharging current transients and corrected according to the formula 2 are compared for the
non-deformed and cold-rolled samples. The trapped hydrogen concentration clearly increases (on



13

average) with increasing degree of cold rolling, as well as the hydrogen concentration range of
the measured data points. For 11% cold-rolled steel, estimated hydrogen concentration values
are distributed over a larger range [0.1-1.6 wppm] compared to the 4% cold-rolled steel [0.1-0.3
wppm]. This larger variation in hydrogen content can indicate that the strain induced by cold work
is distributed heterogeneously over the steel microstructure, a relation which will be further
addressed in the discussion section.

4.1.2Influence of local metal deformation processes (Bending, Punching) on the trapped
hydrogen content

In table 2, the calculated hydrogen concentration ranges based on the current transients for non-
deformed, bended and punched samples are collected.

Table 2- Overview of absolute hydrogen concentration range (minimum, maximum), measured by
microcapillary cell (dimner=160 um), for non-deformed and plastically deformed steels (by bending and punching),

after H-charging for 2 hours in 0.2 M NaOH solution containing 1 g/I thiourea

H-charging on

Non-Deformed Steel Bended Steel Punched Steel

H (wppm) 0-0.12 0.1-0.2 03-09

It can be seen from table 2 that for non-deformed steel the highest calculated value (based on
current measured) was 0.12 wppm of hydrogen. After the bending of the steel sheet, the average
hydrogen concentration value is significantly higher, with a highest measured H-concentration of
0.2 wppm. For the punched sample, the average is even higher and the highest H-concentration
measured was 0.9 wppm. These analyses suggest that bending and punching processes
significantly increase the hydrogen trapping capacity of the material.

As the dimensions of the shear affected zone in the punched hole region (structure analyses
details are presented in the next section) are smaller than the diameter used in the microcapillary
cell measurements above (dinner=160 um), additional more local measurements using a micro
capillary with an inner diameter of 10 um were performed. This very small capillary can be
positioned precisely at different locations inside the shear affected zone. The corresponding
positions of the capillaries (dinner=160 um, dinner=10 um) are schematically illustrated in figure 6,
where the shear affected zone is delineated with a dashed line.
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dinnel:_: 160 um

Punched Hole

Shear Affected Zone

Figure 6- Schematic of the capillary cell setups with different inner diameters (160 um and 10 um) near
the punched edge of the sample

Local electrochemical measurements with the 10 um micro capillary were first done on various
locations of a non H-charged punched sample, far away from the punched edge as well as inside
the shear affected zone. In figure 7, the results show that the anodic current transients which
define our baseline are not depending significantly on the measurement location.

Local Measurements, Non H-charged

10" —|

0.2 M NaOH

No H-charging, far frompunched hole:
10°

No H-charging, far frompunched hole:

No H-charging, close to punched hole,

No H-charging, close to punched hole,

Current [nA]

exposed area = 1‘0 pm

10-3 1 = . e 1 = e = 1 2 ; = 1 1 =
0 400 800 1200 1600

Time [s]

Figure 7- Overview of the anodic current transient vs. time in semi-log scale during hydrogen
discharging on various locations on a non-charged sample obtained from the measurements performed
by microcapillary cell (dinner=10 um)

The influence of H-charging is shown in figure 8 for various spots in the shear affected zone. It is
clear that a much higher amount of charge is released from the H-charged sample than from the
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non-charged one. This difference can be explained by the oxidation of trapped hydrogen located
nearby the punched hole. Based on all the results of the local measurements shown in figure 7
and 8 and the resulting calculated hydrogen concentrations presented in figure 9, it can be stated
that the obtained hydrogen concentration is distributed between the lowest H-concentration
measured as 1.7 wppm, and the highest at 3.7 wppm. These local electrochemical
characterizations confirm that a significantly increased amount of hydrogen can be located in the
shear affected zones. One should note that for the local H-measurements, shown in Figure 9, the
microcapillary cell (dinner=10 um) is positioned maximum 40 micrometer away of the punched
hole.

Local Measurements, Nearby Punched Hole

0.2 M NaOH

10'] ——— Sample 1: no H-charging, 4 measurements

Sample 2: 10 mA H-charging, 5 measurements

Sample 3: 10 mA H-charging, 2 measurements

Current [nA]

=10 pm

| exposed area

1 043 . | . | 1 . . . .
0 300 600 900 1200 1500 1800

Time [s]

Figure 8- Overview of the anodic current transient vs. time in semi-log scale during hydrogen discharging
obtained by microcapillary cell (dinner=10 um) after w/o having been hydrogen charged galvanostatically at
10mA/cm? for 2 hours in 0.2 M NaOH solution containing 1 g/l thiourea

24
17 2.0 0, 2.8 33 37

0 1 2 3 4
Hydrogen Concentration (wppm)

Figure 9- Estimated hydrogen concentration in the shear affected zone obtained from the measurements

performed by microcapillary cell (dinner=10 um)
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4.2 Microstructure and local strain analyses of a punched sample

It is known from literature that a punching process can highly deform the steel in the punched
region. In figure 10.a, a punched steel sample is schematically illustrated. In figure 10.b, the near
edge of the punched hole is illustrated by high magnification optical microscopy: the grains near
the edge of the punched hole (up to 250 um away from edge) are much finer than in the bulk
steel. In literature, this zone is referred to as “shear affected zone” where the grains are highly
deformed as a result of shear stresses arising from the punching process. [63-64]

2cm
Punched hole

prd
< r

Shear affected zone

(b)

Figure 10- a) Schematic representation of a punched sample with a round hole in the middle, b) optical
microscopy characterization of highly deformed region nearby the punched hole

4.2.1 SEM Analysis

The SEM images in figure 11.a, characterizing the outside of the shear affected zone, show that
the ferrite grains (grey color) have a polynomial shape, and a size of about 8 um. Towards the
punched hole, these grains become elongated and much smaller in size (1-2 um), as depicted in
figure 11.b and 11.c. The martensite grains (white color) are also deformed since they lost their
original shape (oriented to stress direction). However, no remarkable change in their size is
observed.
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Figure 11- SEM images a) near the punched hole, b) at higher magnification outside of the shear
affected region, c) at higher magnification within the shear affected zone

4.2.2 KAM and Strain Analysis on Punched Steel using EBSD
To quantify kernel average misorientation (KAM) and the amount of strain nearby the punched
edge, EBSD analysis is carried out on four different regions (A, B, C, D), as shown in figure 12.
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150 x SE |20.00 kV/14.0 mm| 5.0
Figure 12- lllustration of the EBSD measurement regions (A, B, C and D) at distances of25um, 160um,
310um and 520um away from the punched edge

As a result of these analyses, the kernel average misorientations (KAM) with 5’ threshold angle
for each region are calculated and their corresponding maps are presented in figure 13.

For the region A, as depicted in figure 13.a, low KAM values (represented with blue color) are
dominating. Going towards to the punched edge, the total fraction of low KAM values decreases
in the region B as seenin figure 13.b. The decreasing trend is also continued in region C and region
D, respectively. (Figure 13c-d)
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Color Coded Map Type: Kernel Average Misorientation

(a) Total Partition (b) Total Partition
M

Min Max Fraction Fraction in Max Fraction Fraction
W 0172831 5 095  1.000 W 0197824 5 1.000
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(c) Total Partition (d) Total Partition
Min Max Fraction Fraction Min Max Fraction Fraction

Il 00484566 5 0754  1.000 IE W 00279765 5 0582  1.000

Figure 13- Kernel average misorientation maps with 5 threshold angle for a) region A, b) region B, c)
region C, d) region D

The relationship between the average KAM values and equivalent strain derived based on the
formula (1) is shown in figure 14.a. The main statement is that, as the average KAM values
increase, the resulting equivalent strains increase. The Kernel average misorientation is
considered as a measure of the dislocation density. [53] Consequently, together with the
abovementioned increased grain boundary density, this increase in KAM implies a higher amount
of potential hydrogen traps.
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The corresponding equivalent strain for each region with respect to the distance from the
punched edge is shown in figure 14.b.
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a) b)

Figure 14- a) The relationship between EBSD-KAM values and the equivalent strain, b) the corresponding
equivalent strain vs. the distance from the punched edge

Based on figure 14.b, the highest equivalent strain of 2.38, is localized in the region D, which is
25um away from the punched edge. When going away from the punch border towards the
interior of the steel, the equivalent strain becomes lower. Region A exhibits in fact the lowest
equivalent strain of 0.01.

4.2.3 Micro-hardness Measurement

Figure 15 shows the change in hardness (measured in steps of 0.056 mm) from the edge of the
punched hole to the bulk of the sample. The hardness at the punched edge is 406 HV and goes
down progressively to 215 HV. At approximately a distance of 300 um from the edge, hardness
(measured up to 600 um away from the punch border) remains at this value indicating the border
of the shear affected zone.
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Figure 15- Vickers hardness profile of a punched steel sample as a function of distance from the edge of
the punched hole

5. General Discussion

It was observed that a higher hydrogen amount can be detected in cold rolled samples or in
samples strongly deformed by bending or punching compared to non-deformed steel samples.
This is attributed to the higher number of traps, resulting from the applied deformation, such as
a higher dislocation density and an increased amount of grain boundaries due to the grain
fragmentation in the ferritic zones, where hydrogen can reside even two hours after H-charging.
For instance, it was proven in our previous study on non-deformed DP600 steel that the time lag
between H-charging and H-measurement can cause spontaneous H-effusion (lost for detection)
of absorbed hydrogen from the steel; as such the remaining hydrogen after 100 seconds was
found to be equal to 80% of its initial concentration. [66] Dislocations imposed by applied
deformation can considerably decrease the effusion rate of hydrogen in steel [74] as non-
deformed DP600 steel exhibit very low dislocation density. [57] Similar effects can be assumed
from the increased fraction of grain boundaries. Considerable amount of the absorbed hydrogen
in non-deformed DP600 steel is lost within the waiting period of two hours. Considering these
observations and statements, it is suggested here that increasing the degree of deformation in
steel can increase the amount of trapped hydrogen in the steel; [14] which can be measured in
the regions with higher local strain, while a very low amount of hydrogen in non-deformed steel.

An increased hydrogen amount that can be trapped into a steel sample is observed as a function
of the applied degree of cold deformation. This observation is in good agreement with the
literature that cold-rolling can create strain zones, where hydrogen can be trapped; as such
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hydrogen uptake capacity of the steel can be enhanced. [9],[72-73], [76-77] However, Kapp et al.
[59] reported that increasing the global deformation in dual phase steel can cause a severe
heterogeneity of strain distribution in its microstructure. Similarly, Ornek et al. [78] indicated that
cold rolling can lead to the development of misorientation variations and gradients in the
microstructure of dual phase steel, typically attributed to “strain localization”. In general, it is
accepted that strain localization is caused by the incompatible deformation between the soft
ferrite matrix and the harder martensite phase showing different microstructural characteristics
(shape, crystallography etc.). Considering all these statements, it can be concluded that cold-
rolling can generate local strain fields of different intensity in the steel microstructure. As can be
noticed from figure 5, the trapped hydrogen concentration in the 11% cold-rolled steel is
distributed in the broad range from 0.1 wppm to 1.6 wppm. For 4% cold-rolled sheets, the
hydrogen concentration ranges between 0.1 wppm and 0.3 wppm. This difference can be
explained by the strain localization theory: local strains are more heterogeneously distributed in
the microstructure of 11% cold-rolled steel, and as such there is larger heterogeneity in the local
H-concentration measured by the micro-cell technique.

It is further shown that also the bending process can lead to more hydrogen trapping in the steel
microstructure. This can be attributed to the increase of dislocation and grain boundary density
as a result of bending. It is known from literature that shear forces are generated from bending
and can highly deform the steel microstructure. Microstructural characterization of a punched
sample confirms that ferrite grains become much smaller in the vicinity of the punched hole, and
a shear affected zone, where excessive grain fragmentation takes place, is circumferentially
located around the punched hole with a width of about 300 um. The micro hardness
measurements also showed that the hardness of the steel becomes gradually larger when
crossing the shear affected zone towards the punched edge. These observations confirm that
there is severe grain fragmentation and a higher dislocation density in the shear affected zone as
a result of severe work hardening, as similarly reported by Scharf et al. [63-64].

EBSD analysis showed that EBSD-KAM values and the corresponding equivalent strain becomes
higher when going towards the punched edge. This indicates that very large strain is localized
there. This observation was similarly proven by Nakada et al. [54], and in the study of Yokoi et al.,
[62] it was additionally reported that local strain is heterogeneously distributed within this region
due to different characteristics of ferrite and martensite phases. Considering this statement as
well as our findings, it can be confirmed that very large strain and corresponding microstructural
changes are heterogeneously distributed within the shear affected zone.

As mentioned earlier, the results of the measurement using the larger capillary (dinner=160 pum)
showed that a higher amount of hydrogen (in the range of 0.3 and 0.9 wppm) can be trapped
nearby the punched hole, as compared to the non-deformed sample. However, this measurement
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does not reflect the local trapped hydrogen concentration within the shear affected zone since
this capillary cannot be precisely placed within this zone due to its size limits, as schematically
illustrated in figure 6. As a 160 um large capillary, in most cases, covers the outskirt of the shear
affected zone, the exact hydrogen concentration within this zone cannot be determined.
Conversely, using smaller capillary (dinner=10 um) dimension, the local hydrogen concentration
within the shear affected zone could be determined. These results showed that much higher
amounts of hydrogen (in the range of 1.7-3.7 wppm) can be trapped in this region due to the
microstructural changes that result from a high magnitude of strain. These microstructural
changes, dependent on strain, are considered to be heterogeneously distributed in this region,
which in turn creates a local hydrogen distribution. More importantly, our findings indicate that
the shear affected zone has a higher hydrogen uptake ability, along with the presence of a large
local strain in its microstructure. This can possibly make the steel very susceptible to hydrogen
induced cracking since this phenomenon is believed to occur under critical hydrogen
concentration in combination with a certain strain level in the literature. [79-81]

6. Conclusion

The microcapillary cell measurements allowed us to determine the amount of trapped hydrogen
in steel with respect to the type of mechanical deformation applied. It has been demonstrated
that the trapped H amount increases with the degree of cold work: a clear relationship between
the deformation degree and the locally trapped hydrogen amount could be established. This
indicates that mechanical deformation of steel (rolling, bending and punching) can induce more
potential traps for hydrogen, compared to non-deformed steel.

Microstructural characterizations (using LOM, SEM) and micro-hardness measurements in
punched steel revealed that the shear affected zone is located nearby the punched hole, where
excessive grain fragmentation and higher dislocation density are observed. EBSD analysis showed
that very large strain is localized in the vicinity of the punched edge. Our dedicated local
measurements confirmed the presence of a locally higher amount of hydrogen within the shear
affected zone, which can be considered to be critical for hydrogen embrittlement. Therefore, to
assess the risk of hydrogen embrittlement with regard to local hydrogen concentration in the
critical regions, local microcapillary cell measurements can be considered as a promising
technique.
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